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Abstract : We explored the transporting processes for the Asian dust observed over South Korea. The fre-
quency of Asian dust days (ADDs) were used to analyze the associations of the ADDs with land surface 
conditions over the four source regions, including inner-Mongolia, the Gobi Desert, Manchuria, and Loess 
Plateau, and atmospheric synoptic variables over central and eastern Asia. Precipitation and Palmer Drought 
Severity Index (PDSI) in the source regions during the previous summer were negatively correlated with 
the ADDs in South Korea. Statistically and physically more significant processes were found in the associa-
tions of atmospheric synoptic conditions with the ADDs. The intensified winds of northwesterly-northerly-
northwesterly over a pathway of the Asian dust from the source regions to South Korea were identified during 
high ADDs years in South Korea. A dipole pattern of anti-cyclonic and cyclonic anomalies over central and 
eastern Asia, respectively, supported the Asian dust pathway. 
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1. Introduction

Asian dust (dust storms) is a well-known sea-

sonal meteorological phenomenon in arid and 

semi-arid regions over the East Asian regions 

during the boreal spring (Kimura, 2012; Zhao et 

al., 2013). The severe dust storms in northwest 

China can extend to Korea, Japan and the Pacific, 

and even reach the west coast of North America 

(Husar et al., 2001). Asian dust causes not only 

the great loss of human life and property damage, 

but also degradation of atmospheric, soil, and 

water environments in the source regions over 

the northern China and southern Mongolia and 

their surrounding areas. For instance, Asian dust 

particles have affected human health by causing 

respiratory disease (Kim et al., 2007; Watanabe et 

al., 2012).

The frequency of Asian dust days is closely 

related to local meteorological conditions, includ-
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ing precipitation, winds, and temperature, as 

well as land surface conditions, including snow 

cover duration and vegetation cover (Huang 

and Gao, 2001). Previous studies indicated that 

higher surface air temperature (Littmann, 1991), 

less precipitation (Yoshino, 2002), and stronger 

winds (Ding et al., 2005; Kim et al., 2018) in 

the source regions are favorable conditions for 

the Asian dust frequency and intensity. The land 

surface conditions including vegetation cover and 

soil moisture content also affect the Asian dust 

activity (Kurosaki and Mikami, 2005; Kurosaki 

et al., 2011; Kim et al., 2018). Kurosaki and Mi-

kami (2005) identified that changes in soil and 

land surface conditions, rather than surface wind 

conditions, predominantly affect the increased 

frequency of dust outbreaks in the Mongolian 

grassland regions. Kurosaki et al. (2011) suggested 

that the vegetation in previous summer remains as 

dead leaves until spring of the following year, and 

the dead leaves control the erodibility in spring. 

Dead leaves reduce the erodibility by covering soil 

surface, extracting momentum from the air, and 

trapping soil particles in transport. It indicates 

that the genesis and enhancement of the Asian 

dust over the source regions are caused by com-

bined influence of meteorological conditions and 

land surface conditions.

Most studies on Asian dust have focused on the 

Asian dust activity observed over China, while 

research on the Asian dust observed over the Ko-

rean peninsula is relatively rare. As one of a few 

studies on Asian dust observed over South Korea, 

Kim and Lee (2013) found significant correla-

tions between weather conditions over the source 

regions in April and the Asian dust observed 

over South Korea during the boreal spring. The 

observed Asian dust in South Korea, originating 

from the inner-Mongolia and Gobi Desert, was 

negatively correlated with sea level pressure in 

April and relative humidity and precipitation dur-

ing the boreal spring over the source regions. The 

Asian dust from Gobi and Loess Plateau had a 

positive relationship with wind speed and a nega-

tive relationship with sea level pressure in April 

over the source regions. 

Although the previous studies have identified 

the regional weather conditions in the source 

regions in influencing the Asian dust over South 

Korea, the effects of the land surface conditions 

related to vegetation activity and soil moisture 

on the Asian dust are less determined. More im-

portantly, the transporting mechanisms of Asian 

dust from the inner Asian to eastern Asian regions 

have not been investigated. It is hypothesized that 

the occurrence of the Asian dust over South Korea 

can be associated with a combination of land sur-

face and atmospheric synoptic factors, including 

vegetation activity, soil moisture, and wind and 

pressure patterns over source regions in the spring 

season. In order to understand the regional- and 

large-scale factors affecting the Asian dust, we 

analyze the associations of land surface conditions 

over the source regions and atmospheric synoptic 

patterns over central and eastern Asia with the 

Asian dust observed over South Korea. 
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2. Data and Methods

Study region includes the four major source re-

gions of Asian dust, which are in the inner-Mon-

golia, the Gobi Desert, Manchuria, and Loess 

Plateau. In order to classify the source regions of 

the Asian dust observed over South Korea, 7-day 

back trajectories are calculated by the Hybrid 

Single-Particle Lagrangian Integrated Trajectory 

(HYSPLIT) Model using the variables archived 

from the National Center for Environmental 

Prediction/the National Center for Atmospheric 

Research (NCEP/NCAR) reanalysis data (NOAA 

ARL, 2017). During the past 50 years (1961-

2010), the total backward trajectories of 665 

calculated. The run time of every trajectory was 

96 hours (4 days), with 3-h time resolution. The 

three-dimensional vertical velocity field is used to 

calculate the vertical motion of air parcel. 

The four regions include major desert and its 

surrounding areas in Mongolia and China: one in 

southern Mongolia and northern China includ-

ing the Gobi desert (Gobi: 38-46°N, 100-110°E); 

another in southeastern part of Mongolia and 

inner-Mongolia in China (inner-Mongolia: 41-

48°N, 110-120°E); the third in northeastern part 

of China (Manchuria: 41-45°N, 120-125°E); and 

the fourth in central China (Loess Plateau: 32-

38°N, 105-115°E). The four source regions are 

outlined in Figure 1. The land cover types of the 

Figure 1. Seasonal mean of the Normalized Difference Vegetation Index (NDVI) in central and eastern Asia during 
the boreal spring (March-May) for 1982-2006. Very low values of NDVI (0.1 and below) correspond to barren 
areas or sand like the Gobi Desert. Low values (0.1-0.3) represent shrub and grassland as in the inner-Mongolia 
and Manchuria, followed by a moderate transition range (0.3-0.5) in the Loess Plateau. Four source regions of 
Asian dust are outlined. Precipitation, PDSI, soil moisture, and NDVI are area averaged over the source regions.



36 Sunyoung Kim · Eungul Lee · Seungho Lee

study areas are mainly bare desert, semi-desert 

shrubs, low sparse grassland, and cold grassland 

(Loveland et al., 2000). In China, large areas of 

Sandy and Gobi (gravel) deserts are widespread 

in arid and semiarid regions, which cover 13.6% 

area of the country (Sun et al., 2001; Liu et al., 

2004). The major deserts and sandy areas in East 

Asia are mainly composed of stony (referred to 

gobi) and sandy surfaces. The arid areas have been 

identified as the major source regions of dust 

emission in East Asia (Laurent et al., 2005). 

Daily Asian dust data observed over South 

Korea are obtained from the Korea Meteorologi-

cal Administration (KMA, 2002; Kim, 2008). 

Modern meteorological observations in Korea 

began in the early 1900s, and dust events have 

been formally observed since that time. In this 

study, the Asian dust days (ADDs) was defined as 

a observed day of the Asian dust over Korea. The 

data of ADDs are employed to investigate asso-

ciations of the Asian dust over South Korea with 

land surface conditions and also to examine the 

transporting mechanisms of Asian dust during the 

past 50 years (1961-2010). Monthly precipitation 

from the Climatic Research Unit (CRU TS 3.1) 

(Mitchell et al., 2004), monthly Palmer Drought 

Severity Index (PDSI) from the National Center 

for Environmental Prediction (NCEP) (Dai et al., 

2004), and soil moisture from the National Oce-

anic and Atmospheric Administration (NOAA) 

Climate Prediction Center (CPC) Soil Moisture 

v2 (Fan and Dool, 2004) are used to examine sur-

face moisture conditions over the source regions 

associated with the variations of Asian dust. To 

analyze the effects of the vegetation conditions 

on the Asian dust, we use the NOAA Advanced 

Very High Resolution Radiometer (AVHRR) 

Normalized Difference Vegetation Index (NDVI) 

data obtained from Global Inventory Modeling 

and Mapping Studies (GIMMS), Global Land 

Facility at the University of Maryland (Tucker et 

al., 2005). The atmospheric variables of u- and 

v-winds, mean sea level pressure (SLP), and geo-

potential height in central and eastern Asia from 

the NCEP/NCAR reanalysis data (Kalnay et al., 

1996) are used to identify the large-scale atmo-

spheric factors influencing the Asian dust over 

South Korea. Spatial resolutions (longitude by lat-

itude) of these datasets are 0.5° by 0.5° for CRU 

precipitation and NOAA CPC soil moisture, and 

2.5° by 2.5° for NCAR PDSI and NCEP/NCAR 

reanalysis. Spatial resolution of the AVHRR 

GIMMS NDVI is regridded from the original 

resolution (8 km by 8 km; approximately 0.073° 

by 0.073°) to 0.5° by 0.5°.

Correlation analysis is used to examine the rela-

tionships of ADDs with land surface factors (pre-

cipitation, PDSI, soil moisture and NDVI) in the 

source regions. The gridded land surface variables, 

which have different spatial resolutions, are area 

averaged over the four source regions shown in 

Figure 1. Data periods used in statistical analysis 

are consistent with the 50 years for 1961-2010, 

except for NDVI which is only available for a 

25 year period spanning from 1981 to 2006. To 

explore transporting processes in the atmosphere 

associated with the variations of the Asian dust, 

composite analysis is applied to u- and v-wind 

fields, SLP, and geopotential height. The differ-

ences of atmospheric variables during March and 
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April for extreme years of ADDs are calculated. 

The 5 highest (1993, 1995, 1998, 2001, 2006) 

and 5 lowest (1963, 1964, 1970, 1987, 1997) 

years of ADDs are adopted for the composite 

analysis. We quantify the statistical significance of 

the composite differences by conducting at test 

for a two-sample difference of means.

3. Results and Discussion

1)  Relationships between land surface 

conditions over the source regions 

and the Asian dust over South Korea

We examine the associations of the Asian dust 

over South Korea with precipitation in the source 

regions during the previous summer, which can 

control surface moisture conditions and vegeta-

tion activity in the following spring season. A 

statistically significant negative relationship be-

tween ADDs in South Korea and precipitation 

over the inner-Mongolia during the previous July 

is observed (r = -0.338, p-value < 0.05) (Table 

1; Figure 2a). The results support that increased 

precipitation during the previous summer over 

the source regions results in decreasing Asian dust 

over South Korea. The amount of precipitation 

during the growing season controls plant produc-

tion and vegetation in the previous summer re-

mains as dead leaves until spring in the following 

year. Dead leaves in spring, which are the residues 

of vegetation from the previous summer, suppress 

the occurrence of Asian dust (Kurosaki et al., 

2011). Consistently, the negative correlations of 

PDSI during the previous summer with ADDs 

in South Korea are observed over the all source 

regions. A significant correlation is shown in the 

associations of PDSI in the inner-Mongolia (r = 

-0.367, p-value < 0.01; Figure 2b) and Gobi (r = 

-0.332, p-value < 0.05) with ADDs. The preced-

ing summer precipitation probably affect surface 

Table 1. Correlation coefficients between land surface factors in the source regions and Asian dust days (ADDs) 
over South Korea. The variables are monthly or seasonally averaged values as indicated in parenthesis. Here ** 
and * represent that correlations are significant at the 1% and 5% levels, respectively. The degrees of freedom in 
correlation analysis are 48 for precipitation, PDSI, and soil moisture, which are available for 1961-2010, and 23 
for NDVI, which is only available for a 25 year period from 1981 to 2006, respectively. MAM and JJA represent the 
seasonally averaged values for March-May and June-August, respectively.

Land surface factors
Source regions

Precipitation 
(Previous July)

PDSI 
(Previous JJA)

Soil Moisture 
(MAM)

NDVI 
(MAM)

Inner Mongolia
-0.338*

(MAM ADD)
-0.367**

(MAM ADD)
-0.228

(March ADD)
0.317

(MAM ADD)

Gobi
-0.094

(MAM ADD)
-0.332*

(MAM ADD)
-0.026

(MAM ADD)
0.389

(March ADD)

Manchuria
-0.082

(MAM ADD)
-0.177

(April ADD)
-0.134

(March ADD)
-0.347

(March ADD)

Loess plateau
-0.232

(April ADD)
-0.016

(April ADD)
0.092

(March ADD)
0.014

(MAM ADD)
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moisture conditions in the following spring if 

it remains in deeper soil layers throughout cold 

seasons. Spring soil moisture can also directly in-

fluence to dust outbreaks. Negative associations 

of spring soil moisture over the source regions, 

except for Loess Plateau, with ADDs in South 

Korea are observed, but they are statistically insig-

nificant (Table 1; Figure 2c). The results suggest 

that the occurrence of the Asian dust over South 

Korea is more frequent when land surface of the 

source regions is drier during the spring season as 

well as the previous summer. 

NDVI values in the most of source regions are 

usually less than 0.3 during the boreal spring, and 

natural vegetation distributions are different from 

west to east and north to south over the source 

regions (see Figure 1). The source regions of Asian 

dust in the northern China (Gobi and inner-

Mongolia) are desert, semi-desert, and grassland. 

The NDVI values increase slightly in spring and 

summer, but the values are still low reflecting that 

vegetation is sparsely distributed, especially in vast 

areas of northwest China. A negative correlation 

of ADDs with spring vegetation activity in Man-

churia is observed (Figure 2d), while the associa-

tions of ADDs with spring NDVIs over the other 

Figure 2. The relationships of (a) precipitation in previous July, (b) PDSI in previous JJA, (c) soil moisture in 
MAM, and (d) NDVI in MAM over the inner-Mongolia or Manchuria with the Asian dust days (ADD) observed 

over South Korea.
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source regions are positive (Table 1). The negative 

and positive correlations for the all source regions 

are not statistically significant at the 5% level. 

Some previous studies showed that increased 

vegetation activity over the source regions sup-

press the Asian dust outbreaks (Kimura et al., 

2009; Lee and Kim, 2012), while they used the 

Asian dust data observed over the source regions 

in China and Mongolia not over South Korea. 

Although the variation of dust storms seems not 

related to the vegetation in desert areas without 

vegetation or with very sparse vegetation (Zou 

and Zhai, 2004), the association of Asian dust 

with vegetation activity needs to be investigated 

further, considering the recent land cover and 

land use changes related to changing agriculture 

practices in the source regions, especially in the 

Loess Plateau and Manchuria (Ramankutty and 

Foley, 1999).

Asian dust over South Korea is associated with 

land surface conditions in the source regions 

indicated by precipitation, PDSI, soil moisture, 

and NDVI. Some land surface variables over the 

source regions are significantly correlated with 

the occurrence of Asian dust over South Korea, 

but not all. The Asian dust over South Korea is 

observed in geographically different regions from 

the source regions. Thus, it should be investi-

gated how Asian dust can be transported from 

the source regions to South Korea. In the next 

section, we analyze the associations between at-

mospheric synoptic conditions and Asian dust 

to examine transporting processes of Asian dust 

from the remote regions to South Korea.

2)  Roles of atmospheric synoptic con-

ditions in transporting Asian dust to 

South Korea

Figure 3a shows the difference of u-wind at 850 

hPa between the 5 years of highest and of lowest 

(a) U-wind composite  (b) V-wind composite

  

Figure 3. Composite differences of 850 hPa (a) u-wind and (b) v-wind (m/s) during March and April for the 5 
years of highest and of lowest Asian dust years over South Korea. Positive (red) and negative (blue) values 
represent (a) westerly and easterly and (b) southerly and northerly anomalies, respectively. Significant regions 

at the 10% level are contoured when the null hypothesis of paired-difference t-test is applied. 
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ADDs in South Korea during March and April, 

which are the two months with high occurrence 

of Asian dust observed over South Korea (24% 

and 37% of Asian dust occur in March and April, 

respectively). Positive anomalies of westerly winds 

in March and April are found from the Siberian 

Plateau to the Korean peninsula through central 

Mongolia with significant westerly-wind anoma-

lies over the southern Russia and central Mon-

golia during the years of high ADDs in South 

Korea. It means that westerly winds are stronger 

over the major source regions during the year of 

high Asian dust in South Korea, compared to low 

Asian dust year. On the other hand, significant 

negative (easterly) anomalies are shown in the 

border of China and India and near the Tibetan 

Plateau. The intensified westerly winds over the 

inner and eastern Asian regions can support 

transporting particles of the Asian dust from the 

source regions of Gobi and the inner-Mongolia to 

Korea. Figure 3b shows the difference of v-wind 

at 850 hPa during March and April between the 

5 years of highest and of lowest ADDs in South 

Korea. Strong negative (northerly) anomalies 

are observed at the eastern China including the 

Loess Plateau and a part of Gobi and the inner-

Mongolia. It means that, northerly winds over the 

eastern China are stronger during the year of high 

Asian dust in South Korea than low Asian dust 

year. The intensified northerly winds in the east-

ern China could enhance the transporting pro-

cesses of Asian dust particles from the four sources 

Figure 4. Composite differences of wind vector (m/s) and geopotential height (gpm; shaded) at 500 hPa during 
March and April for the 5 years of highest and of lowest Asian dust years over South Korea. Positive (red) and 

negative (blue) values represent higher and lower geopotential height anomalies, respectively.
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regions to Korea. 

The compostie differences of wind vector at 

500 hPa between the 5 years of highest and of 

lowest ADDs during March and April (Figure 

4) are consistent with those of u- and v-winds at 

850 hPa as shown in Figure 3. During the years 

of high Asian dust, northwesterly winds over 

Mongolia and Yellow Sea are stronger by 3-4 m/s, 

compared to low Asian dust years. The intensified 

northwesterly winds over the major pathway of 

Asian dust play an important role for transporting 

the Asian dust from the source regions to Korea. 

In addition, wind anomalies of northerly over the 

eastern China contribute to transporting the dust 

particles from Gobi and the inner-Mongolia to 

the northern and central China. The results sug-

gest that the wind anomalies of northwesterly-

northerly-northwesterly over Mongolia-northern 

and central China-Yellow Sea are a key pathway 

for transporting the Asian dust from the source 

regions to South Korea. 

In order to identify the synoptic pattern related 

to the wind anomalies during the high Asian 

dust years in South Korea, we perform composite 

analysis of SLP and geopotential height. Com-

posite differences of SLP between the 5 years 

of highest and lowest ADDs during March and 

April are shown in Figure 5. The SLP anomalies 

are consistent with the compostie differences of 

geopothential height at the 500 hPa level. Figure 

Figure 5. Composite differences of mean SLP (hPa) during March and April for the 5 years of highest and of 
lowest Asian dust years over South Korea. Positive (red) and negative (blue) values represent higher and 
lower SLP anomalies, respectively. Significant regions at the 10% level are contoured. Signficant positive 
(high pressure) and negative (low pressure) anomalies are observed in the central and eastern Asia regions, 

respectively.



42 Sunyoung Kim · Eungul Lee · Seungho Lee

4 shows the positive anomalies of geopothential 

height over the weatern Mongolia, northwestern 

China, southern Russia, and eastern Kazakhstan. 

The center of negative anomalies of geopothential 

height over the Korean peninsula is also con-

sistent with those of SLP over the region. The 

enhanced geopotential height at the mid-tropo-

sphere over the central and inner Asia regions, 

corresponding to an anomalous anticyclonic 

circulation (i.e. clockwise circulation of winds), 

causes anomalous northwesterly winds to oc-

cur over Mongolia and northerly winds over the 

northern China. On the other hand, the lower 

anomalies of geopotential height over the Korean 

peninsula, corresponding to an anomalous cy-

clonic circulation (i.e. counter-clockwise circula-

tion of winds), cause anomalous northerly winds 

over the central China and northwesterly over Yel-

low Sea. The anomalies of synoptic patterns dur-

ing the years of high Asian dust, which cause the 

anomalous anticyclonic and cyclonic circulations, 

support the pathway of northwesterly-northerly-

northwesterly winds for transporting the dust 

particles from the source regions to South Korea. 

4. Conclusions and Remarks

We examine the effects of land surface and at-

mospheric synoptic conditions on the Asian dust 

occurrence in South Korea (ADDs observed over 

South Korea) using land surface data (precipita-

tion, PDSI, soil moisture, and NDVI) over the 

source regions and atmosphric synoptic data (zon-

al and meridional winds, sea level pressure, and 

geopotential height) over Asia. We analyze the as-

sociations of the land surface conditions over the 

source regions with ADDs in South Korea and 

the pathway of the Asian dust from the source 

regions to the Korean peninsula. Major results are 

summaized as follows.

A negative correlation between previous July 

precipitation over the inner-Mongolia and the 

following spring Asian dust occurrence in South 

Korea is observed. PDSI during the previous 

summer over the all source regions are negatively 

associated with ADDs in South Korea, including 

a statistically significant correlation in the inner-

Mongolia and Gobi. Negative associations of 

soil moisture in spring over the source regions, 

except for the Loess Plateau, with Asian dust are 

observed, while they are statistically insignificant. 

The results suggest that drier land surface during 

the spring and previous summer seasons over the 

source regions could provide more favorable con-

ditions for the Asian dust occurrence over South 

Korea. 

We indentify that atmospheric synoptic condi-

tions are important factors for transporting the 

Asian dust particles from the source regions to 

South Korea. During the years of high Asian dust 

in South Korea, significantly intensified westerly 

winds are observed over the southern Russia and 

central Mongolia as well as Yellow Sea in March 

and April. Northerly winds are also significantly 

stronger over the eastern China including the 

Loess Plateau and a part of Gobi and the inner-

Mongolia during the years of higher ADDs in 

South Korea than low Asian dust years. The com-

posite differences of wind vectors support that the 
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wind anomalies of northwesterly-northerly-north-

westerly over Mongolia-northern and central Chi-

na-Yellow Sea are a key pathway for transporting 

the Asian dust from the source regions to South 

Korea. As the synoptic patterns related to the 

anomalous winds, the composite differences of 

geopotential height at the mid-troposphere show 

a dipole pattern of atmospheric height with high 

and low anomalies over central and eastern Asia, 

respectively. The anomalous dipole pattern can 

cause the anticyclonic and cyclonic circulations in 

central and eastern Asia, respectively, and thereby 

support the pathway of northwesterly-northerly-

northwesterly winds for transporting Asian dust 

particles from the source regions to South Korea. 

Our findings indicates that, in addition to the 

meteorological and land surface conditions over 

the source regions, atmospheric synoptic condi-

tions should be considered to explain how the 

Asian dust over the source regions influences the 

occurrence of Asian dust over South Korea. The 

identified associations between Asian dust occur-

rence in South Korea and synoptic conditions 

could contribute to enhance the predictive skill 

of the Asian dust prediction model, which has 

been performed mainly by weather variables in 

the source regions (Fan and Wang, 2004; Hara et 

al., 2006; Gao et al., 2009; Fengmei and Chon-

gyi, 2010) and large-scale climate indices includ-

ing the El Niño-Southern Oscillation (ENSO), 

North Atlantic Oscillation (NAO), Arctic Oscilla-

tion (AO), and Antarctic Oscillation (AAO) (Fan 

and Wang, 2004; Gong et al., 2006; Zhao et al., 

2013) in the previous studies.
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