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24 Abstract 

The serious degradation of regional air quality is a critical social issue in East Asia despite continuous 

efforts to reduce the emission of pollutants and their precursors. To better understand high-pollution events 

in this region, the synoptic weather patterns associated with springtime non-dust high PM10 (HPM) events 

and Asian dust (AD) events in Seoul, South Korea, are examined for the 2001-2018 period. While HPM 

events are associated with weak surface cyclonic circulations over the Southeast China, AD events are 

characterized by strong cyclones over Northeast China. Composite weather maps show that mid-

tropospheric circulation anomalies are exactly the opposite between the two events with anticyclonic 

anomalies over the Korean Peninsula for HPM events and cyclonic anomalies for AD events. The cluster 

analyses further reveal that HPM events are not determined by a single dominant weather pattern. The HPM 

events are associated with surface cyclonic circulations from southeastern China to the Sea of Okhotsk or 

anticyclonic circulations around the Korean Peninsula, accounting for transboundary pollution transport 

from China and regional stagnation of pollutants, respectively. This result is in contrast with the AD events 

which are primarily driven by vertically well-organized continental cyclones. 

 

Keywords: High PM10 events, Asian dust events, Synoptic weather patterns, Self-organizing map (SOM) 

analysis  
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41 1. Introduction 

With the acceleration of urbanization and industrialization in recent decades, the problem of air 

pollution in East Asian megacities has been addressed since the 2000s (Wang et al., 2014; Wang and Chen, 

2016; Nam et al., 2018). In particular, fine dusts, that include both particulate matters (PMs) with diameters 

of less than or equal to 10 μm (PM10) and 2.5 μm (PM2.5), have recently received significant attention due 

to their adverse effects on human health, visibility, and climate (Zheng et al., 2015; Lu et al., 2017; Corrigan 

et al., 2018). Although the trend of PM concentration has decreased in the 2000s due to government 

regulations such as emission restrictions, East Asia still suffers from the frequent occurrence of high PM 

events (Kim et al., 2017b). 

Regional air quality in East Asia is closely related to local emissions from both natural and 

anthropogenic sources (Hu et al., 2015; Chen et al., 2017; Ryou et al., 2018). It is also affected by the long-

range transport of natural dusts and anthropogenic aerosols (Zhang et al., 2016; Kim et al., 2017a; Yu et al., 

2019). The possible sources and pathways of PMs in Seoul, South Korea, are described in Fig. 1. The PM10 

concentration in Seoul, especially on highly polluted days, is influenced by the long-range transport from 

industrialized regions in eastern China as well as the arid regions in northern China and Mongolia (Chung 

et al., 2014; Wang et al., 2018). Among them, the transboundary transport of PMs from China to South 

Korea is a critical issue when PMs are trapped over Seoul (green arrow in Fig. 1). Such transport differs 

from the long-range transport of natural dusts from the desert (brown arrow in Fig. 1). Chung et al. (2014) 

showed that the source regions and transport mechanisms are quite different in these two episodic PM 

transportations. 

Natural dust events, which are often referred to as Asian dust events, frequently occur in Seoul during 

the dry season (Kim et al., 2008; Ahmed et al., 2015). The dusts mainly originate from arid regions, such 

as the Gobi Desert and Inner Mongolia and are transported downstream by strong background winds. These 

events are frequently observed, especially when the dust source region is dry and the surface wind is 

sufficiently strong to float dust particles from the surface (Kang et al., 2011; Shao et al., 2011). This strong 
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66 surface wind is typically related to the migratory cyclone, which occurs frequently in spring (Takemi and 

Seino, 2005; Cho et al., 2018). Furthermore, during transportation over East Asia, natural dusts can be 

mixed with suspended pollutants from anthropogenic sources, which changes their optical properties and 

chemical composition (Sun et al., 2005; Shin et al., 2015; Wang et al., 2018). 

Unlike Asian dust (AD) events, the sources and pathways of non-dust high PM (HPM) events are not 

fully understood, although there are several studies describing possible causes of HPM events (Liang et al., 

2016). The relative importance of local emissions versus transboundary transport, for instance, is not well 

quantified. It is also unclear how transboundary transport is organized according to the weather pattern. By 

presenting backward trajectory results of high PM10 days in Seoul, Lee et al. (2011) reported that high PM10 

episodes in Seoul are influenced by both internal and external sources, inferring that the latter occurs 

approximately twice as frequently as the former. Oh et al. (2015) further suggested that multi-day pollution 

episodes are favorable in Seoul when air pollutants emitted in eastern China are trapped within the boundary 

layer through strong anticyclonic circulation. The widespread anticyclonic anomalies in the mid-

troposphere from over eastern China to Korea are suggested as the key condition for long-lasting high PM10 

episodes in Seoul. The omega-shaped blocking and almost stationary atmospheric pattern may also provide 

favorable conditions for high PM concentrations in Seoul (Seo et al., 2017). However, a characterization of 

the synoptic weather patterns associated with HPM events and their difference from AD events are still not 

well reported. 

The purpose of the present study is to identify the synoptic weather patterns associated with HPM 

events and AD events in Seoul. The seasonal cycle and temporal variability in HPM events are documented 

by analyzing long-term PM10 observations in the Seoul metropolitan region. Then, the associated 

meteorological fields are examined with an emphasis on the vertical coupling between the surface and 

tropospheric circulations. To determine the robustness of the weather pattern derived from the composite 

analysis, a cluster analysis is also conducted. All analyses are separately performed for HPM and AD events. 

A direct comparison between HPM and AD events reveals a distinct difference in their synoptic weather 
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91 patterns. 

In the following section, the data and analysis methods are introduced. Section 3 describes the results 

of the composite analysis and clustering analysis. Finally, a summary and conclusions are presented in 

Section 4. 

 

2. Data and methods 

2.1. Data 

Two independent observational datasets are used to define the high-pollution events in Seoul during 

the last 18 years (2001–2018). These are daily PM10 data from the Ministry of Environment (MOE; 

https://www.airkorea.or.kr) in Korea and AD days reported by the Korean Meteorological Administration 

(KMA; https://www.kma.go.kr). To minimize possible measurement errors and to avoid influence of local 

scale variability which not the focus of this study, the PM10 concentrations, measured by the beta-ray 

absorption method, are simply averaged across 25 air quality monitoring stations in the Seoul metropolitan 

region (MOE, 2018). AD events are simple to obtain from KMA. The KMA announces the AD dates by 

considering the movement of desert dust, abrupt changes in local PM10 concentration and direct visual 

identification (Lee et al., 2013). 

The synoptic weather patterns, based on 6-hourly meteorological data, are obtained from the Japanese 

55-year Reanalysis (JRA-55; Kobayashi et al., 2015). These data are converted into daily-mean data by 

considering the local standard time in Korea. The variables of interest are sea level pressure (SLP), 

geopotential height (Z), and horizontal/vertical winds with a spatial resolution of 2.5˚ latitude by 2.5˚ 

longitude with 17 pressure levels. As synoptic circulations have significant seasonality, most analyses are 

conducted for anomaly fields with the daily climatology removed. 

 

2.2. High PM10 (HPM) and Asian dust (AD) events 

Two types of high-pollution events, i.e., non-dust high PM10 (HPM) events and Asian dust (AD) events, 
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116 are defined in this study. The days with a daily-mean PM10 concentration greater than 100 µg m-3, 

corresponding to the environmental standard of the ambient air quality in South Korea (MOE, 2018), are 

selected as high PM10 days. Among these dates, the days of non-dust events are subsampled by removing 

KMA-defined AD days. Consecutive days with high PM10 concentrations exceeding 100 µg m-3 are 

considered to be a single event, and the maximum PM10 concentration day is set as the central day. To avoid 

double counting, each HPM event is set as at least three days apart from another. 

Based on these criteria, a total of 146 HPM events and 67 AD events were detected for the 2001-2018 

period. Specifically, 40 and 67 HPM events are identified in spring (March–May; MAM) and winter 

(November–February; NDJF), respectively. This is because high-pollution events are more frequent in these 

seasons. Likewise, 46 and 20 AD events are detected in spring and winter, respectively. 

 

2.3. Composite analysis 

The time evolution of synoptic weather patterns, associated with HPM and AD events, are examined 

with composite weather maps in daily intervals from 2 days before and to the central day of each event. 

The analysis domain is set to the East Asia region (20˚-60˚N, 90˚-150˚E) to account for both local emissions 

and long-range transport (Fig. 1). The vertical structure of atmospheric circulation is also examined from 

1000 hPa to 500 hPa, focusing on the lower- to mid-troposphere. 

In all analyses, the statistical significance is tested by conducting a two-tailed Student’s t-test with a 

null hypothesis of a zero population mean. The degree of freedom is determined by assuming that each 

event is independent. 

 

2.4. Cluster analysis 

The self-organizing map (SOM) analysis (Kohonen, 2001) is conducted to cluster weather patterns 

associated with HPM and AD events. The SOM works by reducing multiple weather maps into several 
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140 representative patterns in physical space, assuming non-linearity of datasets through iterative training. After 

completion of a sufficient training process, each weather map is assigned to the optimal cluster with the 

best matching unit. See the appendix of Johnson et al. (2008) for a detailed description of the SOM analysis. 

The patterns classified by this method have been used to understand meso-scale precipitation patterns (e.g., 

Jo et al. 2019) and synoptic-scale atmospheric circulation patterns (e.g., Horton et al., 2015; Huang et al., 

2017). For example, by applying the SOM method to the daily SLP anomaly fields, Johnson et al. (2008) 

characterized various teleconnection patterns in association with the North Atlantic Oscillation. 

One of the key parameters that need to be specified in the SOM analysis is the number of nodes (or 

clusters). When too many nodes are used, some clusters could become similar and eventually have low 

compressibility. If the number of nodes is too small, dissimilar maps could be assigned into the same cluster, 

which could result in inaccurate clustering (Johnson et al., 2008). Using the daily SLP anomaly fields at the 

central date of each event as input data, a series of sensitivity tests were conducted with varying SOM array 

sizes (not shown). The East Asian region around the Korean Peninsula (20˚-60˚N, 100˚-140˚E) is selected 

as the SOM analysis domain. By considering both compressibility and accuracy, three nodes with a 1×3 

array are chosen as the optimal size for both HPM and AD events. Although not shown, the overall results 

are not strongly sensitive to the details of the array (e.g., four nodes with a 2×2 array). 

 

3. Results 

3.1. HPM and AD events in Seoul 

Figure 2a shows the seasonal cycle of the number of HPM and AD events in Seoul. The HPM events 

(red bar) exhibit a gradual seasonality with maximum and minimum frequencies in January and August, 

respectively. The winter maximum is likely caused by high emissions under dry and stagnant weather 

conditions. In contrast, the summer minimum is mainly due to the washout effect of monsoon precipitation 

in late June to August (Wang et al., 2015; Cheng et al., 2016) and that of typhoon-related precipitation in 

late summer (Liu et al., 2018). 
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165 It is also noteworthy that the number of HPM events (red bars) is relatively smaller in April than in 

March and May. Such sub-seasonal variation, which also appears in the total number of HPM days, can be 

partly related to more frequent precipitation in April than in March and a stronger surface wind in April 

than in May (not shown). Note that a strong surface wind could enhance the vertical mixing and ventilation 

of pollutants. Accordingly, the PM10 concentration in Seoul is negatively correlated with the local wind 

speed (Kim et al., 2017b). 

Unlike HPM events, AD events (blue bars) are noticeably more frequent during springtime (March to 

May) than during other seasons. AD events are not observed from June to September. Even during winter, 

when HPM events are frequent, AD events occur much less often than in spring. This seasonal cycle, 

characterized by predominant AD events in spring, is determined not only by surface conditions and 

sufficiently strong surface winds in dust source regions (i.e., the Gobi Desert and Inner Mongolia; Fig. 1), 

but also by wind directions that can transport the dust to downstream (Qian et al., 2002; Takemi and Seino, 

2005). Here, a strong surface wind is typically caused by a migratory cyclone in northern China. As shown 

in Penny et al. (2010) and Cho et al. (2018), a synoptic-scale cyclone, which can lift desert dusts and often 

carry them downstream, is the most active during spring in this region. Although surface wind is also 

sufficiently strong in winter, dust source regions are frozen or partly covered by snow, preventing dust 

erosion (Nandintestseg and Shinoda, 2011). 

Figures 2b and c illustrate the long-term changes of HPM and AD events for the spring (MAM) and 

winter seasons (NDJF). The number of springtime HPM events has slightly decreased with a significant 

trend of -0.18±0.17 events year-1 since 2003 (red bars), or an insignificant trend of -0.15±0.15 events year-

1 since 2001. A decline in HPM events is also found in wintertime with -0.31±0.18 events year-1 over the 

analysis period. 

Kim et al. (2017b) mentioned that the overall decrease in PM10 concentrations in Seoul is caused by 

the emission control efforts of the Korean government and neighboring countries. Nevertheless, high-

pollution events still occur, such as during the 2013/2014 winter. Such events are likely caused by relatively 
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190 weak atmospheric circulations that enhance the accumulation of PM10 concentrations emitted from local 

sources. 

The blue bars in Fig. 2b denote the number of springtime AD events with a significant declining trend 

(-0.16±0.13 events year-1). Only two or fewer AD events have been reported since 2009, except for 2011 

and 2015. This trend is quite similar to the frequency change in HPM events. The wintertime AD events, 

however, show essentially no trend during the analysis period (blue bars in Fig. 2c). A pronounced 

interannual variability is evident with relatively frequent AD events during winters from 2007/08 to 2010/11. 

This variability is likely caused by the hydro-climate variability in dust source regions and dust transport 

to the Korean Peninsula although the exact mechanism remains to be determined. 

The above results suggest that HPM and AD events have different temporal characteristics with 

different seasonal cycles and long-term variabilities. In fact, their interannual variabilities are not correlated. 

Even in spring, when both HPM and AD events frequently occur, their occurrence frequencies (i.e., the red 

and blue bars in Fig. 2b) are not correlated with each other. 

Figure 3 further shows that the daily evolution of PM10 concentration differs between HPM and AD 

events. The PM10 concentration of HPM events nearly doubled from lag -2 day to the central day (lag 0 

day). On average, the maximum concentration reaches 122.3 µg m-3 in spring and 133.5 µg m-3 in winter 

(Fig. 3a). The PM10 concentration of AD events rapidly increases during the two days (more than three 

times). Although relatively comparable to HPM events at lag -2 days, a maximum PM10 concentration at 

the AD central day often exceeds 224.9 µg m-3 in spring and 186.9 µg m-3 in winter (Fig. 3b). Note that 

the springtime AD events have a higher PM10 concentrations than the wintertime events. This finding is 

different from that of the HPM events which show a slightly higher concentration in winter than in spring. 

 

3.2. Composite analyses 

Do synoptic weather patterns differ between HPM and AD events? Below, the three dimensional 

atmospheric circulation patterns during HPM and AD events are compared. Only the spring season is 
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215 considered, which is when the numbers of HPM and AD events are comparable. As shown in the 

supplementary material, the overall results do not change much during winter. 

Figure 4a presents the seasonal-mean SLP and 925-hPa wind fields. A weak westerly of less than 5 m 

s-1 is prevalent around Seoul (denoted in a red triangle), which results from a cyclonic circulation in the 

northeast and an anticyclonic circulation in the southern of the Korean Peninsula. Under this weak 

background flow, anomalous winds become comparable to or even stronger than the climatological winds 

(Figs. 4b-g). 

Figures 4b-d illustrate the temporal evolutions of SLP and 925-hPa wind anomalies from lag -2 day to 

the central day, which are associated with HPM events. The negative SLP anomaly, located over Mongolia 

at lag -2 day, rapidly moves southeastward and reaches southeastern China on the central day. This system, 

however, is not well organized and decays over time (Fig. 4b). Although statistically insignificant, the 

associated wind anomalies are southerlies around the Korean Peninsula (Fig. 4d). By considering 

climatological winds, the total winds are weak southwesterlies. These winds may provide favorable 

conditions for pollutant transport from the industrial regions of eastern China to Korea. 

The cyclonic anomalies shown in Figs. 4b-d, are vertically shallow and confined to near the surface 

without significant wind anomalies in the upper level (Figs. 5b-d). Positive geopotential height anomalies 

are observed at the 500-hPa level (e.g., Fig. 5d), unlike the negative SLP anomalies over the region (e.g., 

Fig. 4d). Moreover, although the surface system weakens over time, the mid-tropospheric anomalies 

become stronger as they slowly travel southeastward to Seoul. These contrasting features between the 

surface and mid-troposphere clearly indicate that circulation anomalies associated with HPM events are not 

well organized in the vertical direction. 

As Figs. 4e-g and 5e-g show, identical analyses are also conducted for AD events. A well-developed 

cyclone, passing through the arid regions of Mongolia and northern China (Fig. 4e) and traveling eastward 

over time (Figs. 4f-g), is evident. At lag -2 day, the near-surface wind speed over northern China is up to 

10 m s-1 (sum of Figs. 4a and e) which could trigger wind erosion over the Gobi Desert and Inner Mongolia 
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240 especially along the cold front of the developing cyclone (Takemi and Seino, 2005). Then, the lifted dust 

could be transported downstream with the cyclone and westerly belt (Ghim et al., 2017). 

Here, it should be highlighted that the surface cyclone during AD events is well organized in the 

vertical direction. As shown in Figs. 5e–g, the cyclonic anomaly in the mid-troposphere, which develops 

over time, is well coupled with the surface cyclone; they travel with similar speeds and directions. 

These results indicate that the overall weather patterns associated with HPM and AD events are 

different. While the HPM events are accompanied by a weak cyclone over eastern China, AD events are 

associated with a well-developed continental cyclone over the northeast of the Korean Peninsula. These 

weather patterns lead to nearly opposite near-surface wind anomalies over Seoul; i.e. anomalous 

southwesterlies during HPM events but northwesterlies during AD events (comparing Figs. 4d with g). The 

difference between HPM and AD events is even clearer in the mid-troposphere where opposite signs of 

geopotential height anomalies are found (compare Figs. 5d with g). These anomalies intensify over time as 

they travel toward Seoul. 

Figure 6 further depicts the difference in vertical structures between HPM and AD events. The 

geopotential height and wind anomalies that are averaged over 35˚-40˚N, which is centered at Seoul, are 

shown in the longitude-pressure domain. Here, the vertical motion is represented by the reversed p-velocity 

multiplied by the aspect ratio. The circulation anomalies associated with HPM events develop in the mid- 

to upper-troposphere and then extend downward over time (Figs. 6a-c). Unlike the positive geopotential 

height anomalies in the upper level, the negative anomalies in the western Seoul are at a maximum near the 

surface (Figs. 6b and c). Although vertical motions accompany weak updrafts, they are negligibly weak 

around Seoul on the central day (Fig. 6c). 

The circulation anomalies associated with AD events are characterized by negative geopotential height 

anomalies near the surface, and these anomalies extend slightly upward over time (Figs. 6d-f). Vertical 

motion around Seoul is dominated by a downdraft on the backside of the surface cyclone on the central day 

(Fig. 6f). This circulation pattern, i.e., anomalous westerlies in the mid-troposphere (Fig. 6d) and downdraft 
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265 below (Fig. 6f), likely favors the eastward transport of natural dust to the Korean Peninsula. 

 

3.3. Cluster analyses 

The above results indicate that HPM and AD events are associated with different weather patterns. 

However, the composite maps do not necessarily represent all events, although they are statistically 

significant. To evaluate the robustness of the composite maps, SLP and 500-hPa geopotential height 

anomalies averaged over the boxed regions in Figs. 4 and 5 are examined for individual cases (Fig. 7). 

Consistent with the composite maps, the majority of HPM events are characterized by negative SLP and 

positive 500-hPa geopotential height anomalies (Fig. 7a). However, the spreads of these events are 

substantially large and only 52.5% of HPM events are distributed in the upper-left quadrant. More 

importantly, the correlation of the two variables is not statistically significant. 

The SLP and geopotential height anomalies are well defined among AD events. Approximately 70 % 

of AD events are accompanied by cyclonic anomalies from the surface to 500 hPa (lower-left quadrant of 

Fig. 7b). The SLP anomalies are significantly correlated with 500-hPa geopotential height anomalies. These 

results indicate that while HPM events occur under various meteorological conditions, most AD events are 

driven by continental cyclones which are well organized in the vertical direction. 

 

3.3.1. SOM clusters for HPM events 

To better understand the varying synoptic weather patterns associated with HPM events (Fig. 7a), 

HPM events are further classified into three subgroups using the SOM method. Figure 8 presents the 

synoptic patterns of all clusters in terms of 500-hPa geopotential height, SLP, and 925-hPa wind anomalies. 

The three clusters consist of 14, 15, and 11 HPM events, respectively. Each cluster shows a distinct weather 

pattern, implying that the composite maps represent a mixture of different weather patterns (Figs. 4d and 

5d). 

Cluster 1 of HPM events is characterized by strong cyclonic SLP anomalies over the Sea of Okhotsk 
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290 on the central day (Fig. 8b). As a result, strong southwesterlies are prevalent around Seoul. In the mid-

troposphere, weak anticyclonic anomalies appear over Japan and the East Sea (or Sea of Japan), with 

negative anomalies over the Sea of Okhotsk, resulting in an enhanced westerly jet. Note that the direction 

of surface winds over eastern China does not favor the accumulation of PM10 concentration in Seoul. Instead, 

these winds can effectively carry pollutants from upstream source regions. Although not shown, cyclonic 

anomalies in this cluster are formed downstream of the Altai-Sayan Mountains and travel eastward over 

time. This result suggests that the HPM events in this cluster are partly related to the transboundary pollution 

transport from the industrial regions of eastern China to Korea. 

In contrast to cluster 1, the surface weather pattern of cluster 3 is dominated by anticyclonic anomalies 

over broad regions spanning from Mongolia to Japan (Fig. 8f). The weak positive anomalies around Japan 

are well connected with anticyclonic anomalies in the free atmosphere (Fig. 8e). Considering that 

anticyclonic circulation leads to a calm atmosphere and downdraft, this condition may facilitate the 

accumulation of local pollutants. Note from Figs. 8e and f that wind anomalies nearly offset the 

climatological northwesterlies in the both mid-troposphere and near surface (comparing Figs. 5a and 4a). 

The anomalies cause stagnant conditions over the Korean Peninsula as discussed in Lee et al. (2011) and 

Oh et al. (2015). 

Figures 8c and d present cluster 2. This cluster seems to be a mixture of clusters 1 and 3 with cyclonic 

anomalies over northern China and anticyclonic anomalies over Japan. Near-surface winds around Seoul 

are close to climatological winds, making synoptic weather patterns difficult to interpret. In the mid-

troposphere, strong anticyclonic circulation anomalies appear over the northern part of the Korean 

Peninsula. This result is consistent with previous studies which suggest that positive 500-hPa geopotential 

height anomalies are associated with the accumulation of local pollutants (Lee et al., 2011; Oh et al., 2015). 

As earlier addressed, one of the key features of spring synoptic weather systems in East Asia is the 

routine passage of migratory cyclones and anticyclones. These systems, which are evident in clusters 1 and 

3, likely affect the PM10 concentration in Seoul in different ways. The cyclonic system on the west of the 
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315 Korean Peninsula provides a feasible condition for pollution transport from eastern China to Korea. On the 

other hand, the presence of an anticyclonic system on the eastern Korean Peninsula could facilitate the 

accumulation of locally emitted pollutants. 

 

3.3.2. SOM clusters for AD events 

 Figures 4 and 5 show that the continental cyclone within 40˚-50˚N, corresponding to the baroclinic 

frontal zone, is responsible for AD events. This cyclone appears in all clusters (Fig. 9) with varying spatial 

scales. The area of the cyclonic anomaly in cluster 1 is relatively broad, covering northern China to Japan 

(Fig. 9b), whereas a synoptic-scale cyclone centered over eastern Japan is well defined in cluster 2 (Fig. 

9d). The cyclonic anomaly in cluster 3 is weak and has a rather small spatial scale (Fig. 9f). In the mid-

troposphere, all clusters exhibit strong cyclonic anomalies around the Korean Peninsula. 

In cluster 1, which explains 15 events, the broad region of cyclonic anomalies tends to expand 

southeastward over time (Fig. 9b). Although not shown, this circulation pattern reaches the maximum 

intensity one day before the central day, and accompanies anomalous westerlies from the surface to the 

mid-troposphere around Seoul. Under this condition, not only desert dust but also industrial pollutants over 

Northeast China could affect PM10 concentrations in Seoul. 

The near-surface cyclones in clusters 2 and 3, which are located over Japan, show different 

development stages. In cluster 2, the continental cyclone tends to increase (or at least maintain) its spatial 

scale as the cyclone travels eastward, reaching its maximum intensity on the central day (Fig. 9d). However, 

the cyclone in cluster 3 is rather weak (Fig. 9f), even though the circulation anomaly is well defined in the 

mid-troposphere as in cluster 2 (Fig. 9e). Although not shown, this cyclone becomes weaker from lag -2 

day to the central day, implying that the cluster-3 AD events are associated with slightly decaying cyclones. 

These results confirm that most AD events are caused by migratory continental cyclones. A subtle 

difference among AD events could be explained by the different spatiotemporal scales and the 

developmental stages of individual cyclones. Notably, the variability among AD-event clusters is far 
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340 smaller than that among HPM-event clusters. All AD-event clusters are characterized by synoptic-scale 

cyclones to the east or northeast of Seoul with a similar vertical structure. This similarity contrasts with the 

diverse synoptic weather patterns associated with HPM events (comparing Figs. 8 with 9). 

  

4. Summary and conclusions 

In this study, we examined the synoptic weather patterns when high PM10 concentrations are 

observed in Seoul, South Korea, over the past 18 years (i.e., 2001-2018). Two types of high PM10 events, 

non-dust high PM events (i.e., HPM events) and Asian dust events (i.e., AD events), are identified, and 

associated synoptic weather patterns of these two events are compared. The key findings are summarized 

as follows. 

First, both HPM and AD events exhibit a distinct seasonal cycle with a maximum occurrence 

frequency during the cold season but a distinct minimum during the summer Asian monsoon period. Both 

events are common in spring (March-May) with a weak hint of decreasing frequency over the last 18 years. 

Second, the synoptic weather patterns during HPM and AD events are quite different. While HPM 

events accompany weak cyclonic anomalies that are mostly confined to the near surface, AD events are 

associated with strong cyclonic anomalies that are vertically well organized. As such, mid-tropospheric 

circulation anomalies are anticyclonic for HPM events but cyclonic for AD events. Consistent with previous 

findings (Kim et al., 2010; Park et al., 2013), strong continental cyclones, initiated over Mongolia, are 

firmly correlated with the occurrence of AD events in Seoul. 

Third, the surface weather patterns associated with HPM events exhibit a considerable variation among 

the events. Based on SOM clustering, HPM events are classified into those associated with (i) cyclonic 

anomalies from Mongolia to the Sea of Okhotsk, (ii) anticyclonic anomalies around the Korean Peninsula, 

and (iii) a mixture of them. The cyclonic and anticyclonic anomalies likely provide favorable conditions 

for pollutant transport and the regional stagnation of pollutants, respectively. 

Fourth, most AD events accompany a continental cyclone that approaches from northern China to the 

341 

342 

343 

344 

345 

346 

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 

358 

359 

360 

361 

362 

363 

364 



Page 16 / 31 

365 Korean Peninsula. Differences among the events are mainly determined by the spatial scale and intensity 

of the cyclone. 

In conclusion, this study demonstrates that synoptic weather patterns play an important role in 

regulating the air quality in Seoul. The detailed mechanisms, however, are not explored in this study. The 

physical and/or chemical processes, which are responsible for HPM and AD events, could be quantitatively 

addressed by integrating a numerical model (e.g., Kim et al., 2017a, 2017b). The model experiments with 

and without enhanced local emissions could be particularly useful to better understand the synoptic weather 

patterns leading to HPM and AD events in Seoul. Such modeling studies will be conducted in a future study. 
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507  

508 Figure 1. Schematic diagram of the source regions and transport pathways of high PM10 concentrations in 

Seoul, Korea. Desert regions are shaded. The geographical location of Seoul is denoted by the red triangle. 509  
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 510 

511 Figure 2. (a) Seasonal cycles of the number of HPM (red) and AD (blue) events in Seoul and (b, c) their 

changes during (b) MAM and (c) NDJF since 2001. 512 
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 513 

514 Figure 3. Temporal evolutions of daily-mean PM10 concentrations during (a) HPM and (b) AD events in 

Seoul for MAM (red) and NDJF (blue). Box shows the 75th and 25th percentiles along with the mean value. 

The bars denote the 90th and 10th percentiles. 
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 517 

518 Figure 4. (a) Climatological SLP and 925-hPa wind fields during MAM. (b-g) Composite SLP and 925-hPa 

wind anomalies from lag -2 to lag 0 days during (left) HPM events and (right) AD events. The shading and 

black vectors denote statistically significant values at the 95% confidence level. The red triangle indicates 

the geographical location of Seoul. The green boxes are the analysis domains used in Fig. 7. 
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 522 

 523 Figure 5. Same as Fig. 4, but for the 500-hPa geopotential height and wind anomalies. 
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 524 

525 Figure 6. Longitude-pressure cross-section of geopotential height and wind anomalies from lag -2 to lag 0 

days during (a-c) HPM and (d-f) AD events. The vector indicates zonal wind and p-velocity anomalies 

multiplied by the aspect ratio. To represent the vertical motion, the p-velocity sign is reversed. The shading 

and black arrows denote statistically significant values at the 95% confidence level. The topography is 

shaded gray.  
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 530 

531 Figure 7. Scatterplot of the area-averaged SLP and 500-hPa geopotential height anomalies for (a) HPM and 

(b) AD events. The analysis domain used in each plot is denoted by the green boxes in Figs. 4 and 5. 

Individual events are denoted by gray circles. The mean ± standard deviations are denoted with a red 

rectangle and error bars. The correlation coefficient, r, that is statistically significant at the 95% confidence 

level is indicated with an asterisk.  
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  536

537 Figure 8. (Top) 500-hPa geopotential height and wind anomalies on the central date of HPM events for each 

cluster. (Bottom) Same as top panels but for the SLP and 925-hPa wind anomalies. The number of events 

and proportion of each cluster are indicated in the subtitle. Values that are statistically significant at the 95% 

confidence level are shaded.  
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 541 

Figure 9. Same as Fig. 8, but for AD events. 542 
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