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Abstract 33 

Mineral dust affects health, climate, and ecosystems in various ways. East Asia is one 34 

of the major sources of mineral dust in the world. This study examines the year-to-year 35 

variability of dust deposition over Japan in April from the perspective of large-scale 36 

atmospheric circulations using atmospheric and aerosol reanalysis datasets for the period 37 

from 2011 to 2017. The increased dust deposition in Japan is explained by the intensified 38 

dust transport from the Mongolian Plateau by the anomalous westerly winds associated 39 

with a deepened trough over the East Asian continent toward the northwest of the 40 

Japanese islands in the middle to lower troposphere. The enhanced dust emission over 41 

Gobi Desert and the intensified extratropical cyclone activity are consistent with the 42 

larger-than-normal amount of dust in East Asia. Comparing the dust depositions over 43 

western and northern Japan, it is suggested that the slightly different anomalous trough 44 

positions may determine whether or not a large amount of dust is carried. A further 45 

analysis using the long-term (1967–2022) observation data of dust in Japan supports the 46 

importance of the intensified trough over the East Asian continent. Dust flux decomposed 47 

into cyclonic and anticyclonic components showed that both vortices contribute to the 48 

eastward dust transport in East Asia. These results suggest that Japanese dust events 49 

and their variability are affected by the stationary circulation anomaly as well as the 50 

baroclinic instability waves including transient cyclones and anticyclones. 51 

Keywords  mineral dust; aerosol; dust transport; interannual variability 52 

53 
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1. Introduction 54 

Mineral dust particles affect health, climate, and ecosystems in various ways. These 55 

particles in surface air are detrimental to human health (Perez et al. 2008; Stafoggia et al. 56 

2016; Hashizume et al. 2020). Dust promotes the chemical formation of toxic substances, 57 

such as nitropolycyclic aromatic hydrocarbons, on its particle surfaces (Kameda et al. 2016). 58 

It affects regional climate via the aerosol–radiation (both shortwave and longwave) and 59 

aerosol–cloud interactions by acting as both cloud condensation nuclei and ice-nucleating 60 

particles (Szopa et al. 2021). Once deposited to the ground surface, it supplies nutrients for 61 

marine and terrestrial plants (Ridgwell 2002; Zhang et al. 2018) and reduces the risk of acid 62 

deposition due to its neutralization effect (Terada et al. 2002; Rastogi and Sarin 2006). Dust 63 

deposition on snow and ice surfaces promotes their melting (Di Mauro et al. 2019; Niwano 64 

et al. 2021). 65 

East Asia is one of the major source regions of mineral dust in the world (Tanaka and 66 

Chiba 2006; Hu et al. 2019) and it originates from the Mongolian Plateau (mainly Gobi and 67 

Taklimakan Deserts). Because dust cannot be emitted under the weak surface winds, snow 68 

cover during winter, and vegetation during summer, East Asian dust events more frequently 69 

occur in April when the plateau land surface is open and strong surface winds frequently 70 

occur (Littmann 1991; Parungo et al. 1994; Kurosaki and Mikami 2003, 2004, 2005). 71 

Moreover, the Asian monsoon starts to turn from the winter phase to the summer phase in 72 

April, which is characterized by the turnabout of wind direction and northward extension of 73 
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the precipitation zone (Qian et al. 2002a; Ueda 2005; Ueda et al. 2009). A developing 74 

extratropical cyclone and associated cold front are identified as important factors for dust 75 

emission in Gobi Desert (Kawai et al. 2015, 2018). Emitted dust from Gobi Desert is 76 

transported to Korea and Japan by middle- to lower-tropospheric winds (Iwasaka et al. 1983; 77 

Parungo et al. 1994; Onishi et al. 2012). Taklimakan Desert is also a major source of mineral 78 

dust in East Asia (Uno et al. 2009; Yumimoto et al. 2019). Unlike Gobi, Taklimakan dust is 79 

mainly transported to the free troposphere (Matsuki et al. 2003) and around the Northern 80 

Hemisphere (Uno et al. 2009) because the Tarim basin is surrounded by high mountains 81 

with elevations of more than 5000 m. Dust containing air mass is forced to ascent before 82 

being transported out of the basin (Sun et al. 2001; Tsunematsu et al. 2005). 83 

As for the interannual variability, the dust storm frequency over East Asia is closely 84 

related to the modulation of a large-scale atmospheric circulation (Qian et al. 2002b; Gong 85 

et al. 2006a; Gong et al. 2006b; Kim 2008; Yang et al. 2008; Han et al. 2008). Qian et al. 86 

(2002b) showed that the increased cyclone frequency associated with the anomalous air 87 

temperature gradient is responsible for the high dust storm frequency in China. Kim (2008) 88 

pointed out that the geopotential height anomaly at the lower troposphere contributed to the 89 

intensified dust transport to southern Korea. The westerly jet variability accompanied by the 90 

anticyclonic circulation anomaly over the Mongolian Plateau and Middle Siberia is identified 91 

as an important factor in the long-term decreasing trend of dust storms over Taklimakan, 92 

Gobi Deserts, and the Tibetan Plateau since the 1970s or mid-1980s (Ding et al. 2005; Wang 93 
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et al. 2008; Kang et al. 2016). Moreover, dust emission over northern China is strongly 94 

controlled by the land surface conditions such as soil moisture associated with precipitation 95 

anomaly as well as vegetation (Liu et al. 2004). 96 

In Japan, although dust events and characteristics in the western side of Japan have 97 

been investigated (Zhang et al. 2003; Shimizu et al. 2004; Onishi et al. 2012), those of 98 

northern Japan have never been much examined. The impacts of dust deposition on the 99 

western and northern parts of Japan are distinct. Northern Japan, especially on the Sea of 100 

Japan side, is a heavy snowfall area (Ninomiya 1968; Steenburgh and Nakai 2020); hence, 101 

the impact of dust deposition on the surface snow is expected. The interannual variability of 102 

dust events has been reported, but the relationship between the interannual variability and 103 

the atmospheric circulations has not yet been assessed. This study investigates the 104 

characteristic of the anomalous atmospheric circulation associated with the interannual 105 

variation of dust deposition in western and northern Japan using an aerosol reanalysis 106 

dataset. Moreover, we attempt to reveal the climatological mean dust behavior and the 107 

continuous spatial distribution in the troposphere using three-dimensional (3D) dust 108 

concentration data. 109 

 110 

2. Data and methods 111 

2.1 Reanalysis datasets 112 

The atmospheric data used were the Japanese 55-year Reanalysis dataset (JRA-55; 113 
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Kobayashi et al. 2015), with a horizontal resolution of 1.25° × 1.25° and 37 vertical levels 114 

from 1000 to 1 hPa, which is available from 1958. The global dust data were obtained from 115 

the Japanese Reanalysis for Aerosol (JRAero; Yumimoto et al. 2017) with a horizontal 116 

resolution of approximately 1.1° × 1.1°, 48 vertical levels using the hybrid sigma pressure 117 

coordinate system, and available from 2011 to 2017. JRAero employs a global aerosol 118 

transport model developed by the Meteorological Research Institute (MASINGAR mk-2; 119 

Yukimoto et al. 2012), which includes advection, convective, diffusive transport, emissions, 120 

chemical reaction, and removal processes. Satellite aerosol observations are assimilated by 121 

a two-dimensional variational data assimilation system (Yumimoto et al. 2017). It has been 122 

confirmed that the model simulation in MASINGAR (Tanaka et al. 2003) well reproduced the 123 

observed temporal variability of dust deposition in Japan (Tanaka and Chiba 2005; Lee et 124 

al. 2006; Inomata et al. 2009). In this study, the 3D variables in JRAero were vertically 125 

interpolated in 11 pressure levels from 1000 to 100 hPa to match with the JRA-55 pressure 126 

levels. The 6-hourly and monthly mean data of these reanalysis datasets from 2011 to 2017 127 

were utilized considering the available period of JRAero. We additionally used dust 128 

observation data by the Japan Meteorological Agency (JMA) from 1967 to 2022. JMA has 129 

visually observed the carried dust at 11 stations in Japan and provides the number of dust 130 

observed days on their website (see Data Availability Statement). 131 

 132 

2.2 Variations of dust deposition in Japan 133 
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A linear regression analysis between the interannual variations of dust deposition over 134 

Japan and the monthly mean atmospheric circulation fields was conducted. The dust 135 

deposition indices used for the regression analysis are defined as the area-averaged total 136 

dust deposition (i.e., dry plus wet deposition) of JRAero on land over the southwestern part 137 

[30–37°N, 129–137°E] (Domain 1) and the northeastern part of Japan [37–46°N, 137–138 

146°E] (Domain 2) (color rectangles in Fig. 1a). The dust deposition on the sea was masked 139 

before the area average. As shown in Fig. 1b, the amount of deposited dust both in Domains 140 

1 and 2 is maximized in April, which is consistent with the dust seasonality shown by 141 

previous studies. Thus, we focus on the April variability in this study. Figure 1a illustrates the 142 

amount of total dust deposition in April averaged in the whole analysis period. A large amount 143 

of dust deposits in western Japan, especially on the Sea of Japan side; however, the 144 

northern Japan deposition is almost the same amount, indicating the importance of dust 145 

analysis over northern Japan. Figure 1c depicts the mean dust deposition over Domains 1 146 

and 2 for every analysis year. We may notice a striking interannual variability of dust 147 

deposition. The relationship of the magnitude of Domains 1 and 2 deposition amounts varied 148 

from year to year. In the following, the unit of regressed quantities was per one standard 149 

deviation (σ) of each index. 1σ of Domain 1 was 9.88 mg m−2 day−1 whereas that of Domain 150 

2 was 13.08 mg m−2 day−1. Statistical significance was confirmed through a t-test. For our 151 

analysis period, the statistically significant correlation coefficient at the 90% confidence level 152 

was approximately 0.67. 153 
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 154 

2.3 Dust flux and curvature 155 

One of the goals of this study is to assess the separate contribution of cyclonic and 156 

anticyclonic winds to dust transport. In diagnosing the dust transport by wind, the horizontal 157 

dust flux 𝐃𝐅 is defined as follows: 158 

𝐃𝐅 ≡ 𝐶dust ∙ 𝐯, (1) 159 

where 𝐶dust is the dust concentration (μg m−3) and 𝐯 = (𝑢, 𝑣) is the horizontal wind vector, 160 

with 𝑢 as the zonal wind and 𝑣 as the meridional wind. The time-averaged dust flux may 161 

be decomposed into cyclonic and anticyclonic components, that is, 162 

[𝐃𝐅] = [𝐶dust ∙ 𝐯]L + [𝐶dust ∙ 𝐯]H + 𝑁, (2) 163 

where the square brackets indicate the time average and the subscripts indicate cyclonic (L) 164 

and anticyclonic (H) contributions. The third term 𝑁 = [𝐶dust ∙ 𝐯]N  represents the neutral 165 

contribution as the residual. The cyclonic and anticyclonic winds are defined herein by the 166 

curvature 𝜅2 defined as follows (Okajima et al. 2021): 167 

𝜅2 ≡
1

𝑅𝑆
=

1

𝑉3
(−𝑢𝑣𝑢𝑥 + 𝑢2𝑣𝑥 − 𝑣2𝑢𝑦 + 𝑢𝑣𝑣𝑦), (3) 168 

where 𝑅𝑆  is the curvature radius and 𝑉  is the scalar wind speed. Subscripts 𝑥  and 𝑦 169 

denote partial derivatives with respect to the longitude and latitude, respectively. Curvature 170 

vorticity (𝑉/𝑅𝑆) is one of the components of vorticity, together with shear vorticity. Winds 171 

accompanied by a positive (negative) curvature with a zero threshold are identified as 172 

cyclonic (anticyclonic) winds in the Northern Hemisphere. We can set a non-zero threshold 173 
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for the curvature (e.g., 0.4 × 10−6 m−1 utilized in Okajima et al. 2021) instead of the zero 174 

curvature threshold to consider a marginal zone of cyclonic and anticyclonic vortices. If the 175 

non-zero curvature threshold is adopted, the third term on the right-hand side of Eq. (2) 176 

remains. Whereas it vanishes under the zero curvature threshold because all grid points are 177 

classified into the cyclonic or anticyclonic zone. This discrimination was calculated based on 178 

the 6-hourly wind data of JRA-55. The dust data from JRAero were horizontally interpolated 179 

into the JRA-55 grid. 180 

 181 

3. Results 182 

3.1 Dust emission 183 

First, the dust emission variation was investigated as a factor of the dust deposition 184 

variability in Japan. Figure 2 shows the regressed anomalies of dust emission around the 185 

Mongolian Plateau, a main source region of the carried dust. At first glance, we notice the 186 

similarity between the anomalies regressed on the dust deposition variabilities in Domains 187 

1 and 2. The positive anomaly in Gobi Desert, which is one of the maxima of the mean 188 

emission (magenta contours) around the boundary of China and Mongolia, means that the 189 

emission simultaneously increased when the deposition over Japan increased. The peak of 190 

the anomaly was found over the east of the climatological maximum of emission in Gobi 191 

Desert. The enhanced emission over the main dust source area simply explained the 192 

increased deposition in the downstream. This result was consistent with the dust carried to 193 
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East Asia originating from Gobi Desert. Interestingly, dust emission over the northeastern 194 

portion of the Taklimakan Desert in Tarim Basin northwest of the Tibetan Plateau exhibited 195 

a negative correlation, especially for Domain 2. A seesaw-like variability between the Gobi 196 

and Taklimakan deserts in the interannual timescale was implied. 197 

The dust storms over the Mongolian Plateau are controlled not only by the surface wind 198 

speed but also by the land surface conditions (Kurosaki and Mikami 2003, 2004, 2005; Zou 199 

and Zhai 2004; Ding et al. 2005; Lee and Sohn 2011; Song et al. 2016). Kurosaki and Mikami 200 

(2005) showed that the strong surface wind is a major factor in the desert regions, whereas 201 

the vegetation determines dust outbreaks over the grassland regions. They also assessed 202 

the snow cover contributions. Consequently, the combined effects of anomalous winds and 203 

the land surface conditions, such as vegetation, snow cover, and soil moisture, are 204 

responsible for the dust emission variation over the Mongolian Plateau. Section 3.2 205 

discusses the modulated wind fields. 206 

 207 

3.2 Anomalous atmospheric circulation 208 

Our main interest is to investigate the relationship between dust deposition variability 209 

and atmospheric circulation. Figures 3a and b show the regressed anomalies of the sea 210 

level pressure (SLP) and surface winds associated with the dust deposition variation in 211 

Japan based on the monthly mean data. The cyclonic circulation anomaly appears over 212 

Japan when the dust deposition increases, accompanied by the anticyclonic anomaly over 213 
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the Kamchatka Peninsula. These features were roughly the same between Domains 1 and 214 

2. However, as for Domain 1, the significant westerly anomalies south of Japan 215 

corresponding to the southern margin of the anomalous cyclone were widely dominant over 216 

southwestern Japan. The significance of surface westerly anomaly is confirmed also in the 217 

Domain 2 variation (Fig. 3b). 218 

Figures 3c–f depict the anomalies of the geopotential height, winds, and dust 219 

concentration at 700 hPa. Overall, the anomalies associated with the dust deposition 220 

variations in the Domains 1 and 2 are similar. The high dust concentrations over the region 221 

from the northwest of the Tibetan Plateau via Japan to the western North Pacific were 222 

consistent with the enhanced dust emission (Fig. 2) and subsequently increased the dust 223 

deposition. An anomalous trough over the northwest of the Japanese islands tilting westward 224 

with altitude exhibited a baroclinic structure. The related intensification of the cyclonic winds 225 

(Figs. 3e and f) was responsible for the higher-than-normal dust concentrations through dust 226 

transport from its source region. Indeed, comparing each analysis year (Fig. S1), the higher 227 

concentration of dust distributes over the southern rim of the cyclonic anomalies such as the 228 

2012 and 2013 cases. In contrast, the anomalous ridge over East Asia accompanied lower 229 

concentrations of dust such as in the 2014 case. These results indicate the significant 230 

impacts of the anomalous westerlies on the dust transport from the Mongolian Plateau to 231 

Japan. 232 

If we pay attention to the difference between the circulation anomalies associated with 233 
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the Domains 1 and 2 variations, the anomalous trough in the Domain 1 anomaly was 234 

centered at the eastern coast of the Asian continent (Fig. 3c), and significant wind anomalies 235 

(purple vectors) were only toward western Japan (Fig. 3e). Meanwhile, the cyclonic anomaly 236 

of Domain 2 shifted northwestward from that of Domain 1 (Fig. 3d), and significant wind 237 

anomalies were toward northern Japan (Fig. 3f). Figure 4 shows the difference between the 238 

regressed anomalies associated with Domains 1 and 2 variabilities. Note that the figure 239 

plotted is the anomaly of the Domain 2 variation minus that of the Domain 1 variation, 240 

highlighting the Domain 2 anomaly. The SLP anomaly associated with the variation in 241 

Domain 2 is lower over the East Asian continent (Fig. 4a). As for the difference at 700 hPa 242 

(Fig. 4b), the noteworthy negative anomaly over the eastern Siberia continent indicates the 243 

anomalous trough in the Domain 2 variability is deeper than that of Domain 1. This slightly 244 

different position and intensity of the anomalous trough may explain the dust deposition 245 

variability between Domains 1 and 2. 246 

Figures 5a and b show the altitude–longitude cross-sections of the dust concentration 247 

and the winds averaged over 30–35°N and 35–45°N, which are across Domains 1 and 2, 248 

respectively, to assess the vertical structure of the abovementioned anomalies. The dust 249 

concentrations were higher than normal, especially over the eastern foot of the Tibetan 250 

Plateau. Moreover, the anomalous westerlies were indicative of the intensified eastward dust 251 

transport (Fig. 5a). The anomalous descent was significantly confirmed over 120–140°E in 252 

the lower to middle troposphere, which may be favorable to dust deposition. As for the cross-253 



 12 

section along with the dust source regions toward Domain 2 (Fig. 5b), the higher-than-254 

normal dust concentration over the western Mongolian Plateau (Gobi Desert; 100–120°E) 255 

was consistent with the anomalous dust emission (Fig. 2). In contrast, the dust concentration 256 

decreased over Taklimakan Desert (85–95°E). The eastward anomalies of the mid-257 

tropospheric winds transported more dust from the source area to Japan. Here, one may 258 

notice the statistically non-significant anomaly of dust concentration in the lower troposphere 259 

just over Japan (~130–140°E). This may be related to both enhanced removal and transport 260 

processes. When the dust is removed from the atmosphere and deposited on the ground 261 

surface, the dust concentration decreases in the atmosphere just over the region if the dust 262 

was not carried from other regions. While our results showed that the dust was anomalously 263 

transported from the Mongolian Plateau, contributing to the increase in dust concentration. 264 

The complex processes for aerosol may be responsible for the non-significant anomalies of 265 

the dust concentration in the lower troposphere over Japan. 266 

 267 

3.3 Transient cyclone activity 268 

Although the stationary component variability was mainly discussed in the preceding 269 

sections based on the monthly mean data, the transient eddy activity is investigated in this 270 

subsection. Extratropical cyclones are an important factor in the springtime dust storms over 271 

East Asia (Qian et al. 2002b; Minamoto et al. 2018). In the present study, we utilized the 272 

local deepening rate (LDR: Kuwano-Yoshida 2014) representing the differentiation of the 273 
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surface pressure per unit time to diagnose its monthly mean activity. The LDR estimated by 274 

the 24 h central difference (LDR24) is defined as follows: 275 

LDR24 = −
𝑝(𝑡 + 12ℎ) − 𝑝(𝑡 − 12ℎ)

24
|
sin 60°

sin 𝜃
| , (4) 276 

where 𝑝 is the surface pressure, 𝑡 is the time, and 𝜃 is the grid point latitude. We used 277 

the 6-hourly surface pressure of JRA-55 for the calculation. The threshold for the time 278 

averages of the positive LDR24 was set at 0.5 hPa h−1 to extract comparatively rapid 279 

deepening lows. LDR24P0.5 denotes the time average of LDR24 ≥ 0.5 hPa h−1 with all other 280 

values set to 0. Note that it is more lenient than the typical threshold for explosively 281 

developing (bomb) cyclones (LDR24P1). 282 

Figure 6 shows the mean LDR24P0.5 and its anomaly associated with the dust 283 

deposition variation over Japan, which were applied with weak horizontal smoothing. In the 284 

climatological mean state (black contours), extratropical cyclones tended to develop over 285 

the east of Japan, roughly corresponding to the “storm track” in spring (Chen et al. 1991; 286 

Hayasaki and Kawamura 2012). In the variability for Domain 2 (Fig. 6b), the significant 287 

positive anomalies of the transient cyclone activity were evident around Japan, indicating 288 

the enhancement of the cyclone activity when a larger-than-normal amount of dust is 289 

deposited in northern Japan. The distribution of the positive LDR anomaly well regionally 290 

corresponds to the maximum developing points of bomb cyclones associated with the 291 

Kuroshio Current (Yoshiike and Kawamura 2009; Hirata et al. 2016) as well as springtime 292 

extratropical cyclones (Hayasaki and Kawamura 2012). This result may imply that 293 
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explosively developing cyclones, that are subsequently located over the northeast of Japan, 294 

can carry the dust more northward in comparison with the non-significant anomalies for the 295 

Domain 1 variability (Fig. 6a). In contrast, the extratropical cyclone activity was suppressed 296 

over the center of its climatological maximum (negative regression coefficients in Fig. 6). 297 

The northeast–southwest pair of the negative and positive LDR anomalies was consistent 298 

with the SLP anomalies (Figs. 3a and b). It is suggested that the anomalous extratropical 299 

cyclone activity may be also responsible for the increase of the dust concentration and 300 

deposition around Japan through the intensified dust transport. 301 

 302 

3.4 Dust behavior under cyclonic and anticyclonic vortices 303 

The preceding sections suggested that the dust transport by the middle- to lower-304 

tropospheric winds plays an essential role in the dust deposition and concentration variability 305 

over East Asia. Although the cyclonic flows and activity were mainly examined considering 306 

the accompanied strong winds when focusing on the emission and transport processes (e.g., 307 

Fig. 6; Qian et al. 2002b; Kawai et al. 2015, 2018; Minamoto et al. 2018), the discussion on 308 

anticyclones has been conventionally neglected. The cyclonic and anticyclonic contributions 309 

to the dust transport will be discussed separately herein based on the discrimination using 310 

the curvature of winds [Eq. (3)]. 311 

Figures 7a and b show the mean cyclonic and anticyclonic dust fluxes at 700 hPa with 312 

the zero curvature threshold, respectively. Note that the time averages included zero values. 313 
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The total dust flux (i.e., cyclonic plus anticyclonic fluxes; Fig. S2a) indicates the eastward 314 

dust transport, as shown by Zhao et al. (2006). Both the cyclonic and anticyclonic fluxes 315 

were eastward in the midlatitude, and their magnitude exhibited eastward negative gradients 316 

over East Asia. The cyclonic contribution was slightly larger than the anticyclonic one around 317 

the region from the Korean Peninsula to the Sea of Japan (estimated as approximately 50–318 

65 % relative to the total flux magnitude), suggesting that the anticyclonic winds are not 319 

neglectable in the mean dust transport in coastal East Asia. These features were almost 320 

consistent with the results in the case of the non-zero curvature threshold (0.4 × 10−6 m−1) 321 

shown in Fig. S2. The non-curvature dust flux in the marginal zone was also eastward (Fig. 322 

S2b). This neutral contribution was smaller than the cyclonic contribution (Fig. S2c) but 323 

larger than the anticyclonic (Fig. S2d) around East Asia. 324 

Figures 7c–f depict the anomalous dust fluxes regressed onto the interannual variability 325 

of dust deposition in Japan. The cyclonic dust flux from Gobi Desert via the Korean 326 

Peninsula to Japan was significantly intensified (Figs. 7c and e), bearing resemblance to the 327 

stationary wind anomalies (Fig. 3). The slight regional difference of the significant zonal flux 328 

anomalies between Domains 1 and 2 (gray shading, Figs. 7c and e) could be responsible 329 

for each regional increase of dust deposition. The anticyclonic dust flux also seemed to be 330 

stronger than normal, especially in the Domain 2 variation (Fig. 7f). However, we cannot find 331 

significant anomalies for the Domain 1 variation (Fig. 7d). Figure 7f implies that anticyclonic 332 

vortices were also important players in the dust transport and resultant deposition to 333 
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northern Japan, together with the cyclonic ones. The results with the non-zero curvature 334 

threshold indicated the almost same features (Figs.S2e–h). 335 

We also assessed the dust emission and deposition under cyclonic and anticyclonic 336 

vortices. Figure 8a shows the proportion of dust emission under cyclonic surface vortices to 337 

the climatological mean. The curvature threshold was set at 0 here; hence, the local 338 

residuals represented the corresponding probability under anticyclonic vortices. The surface 339 

curvature was obtained from the winds 10 m above the ground of JRA-55. The warm color 340 

shading around the eastern Gobi Desert shows that almost all amounts of dust were emitted 341 

in association with cyclonic winds. This result is consistent with the cyclonic winds being 342 

generally stronger and the subsequent dust storm frequency (Kurosaki and Mikami 2003, 343 

2005). Moreover, previous studies investigating extreme dust events demonstrated an 344 

essential role of extratropical cyclones and related cold fronts in dust emission over Gobi 345 

Desert (Kawai et al. 2015; Kai et al. 2021) as well as the transport to Japan (Minamoto et al. 346 

2018). Meanwhile, over northeastern Taklimakan Desert in Tarim Basin, the anticyclonic 347 

contribution almost accounted for the mean dust emission. Taklimakan Desert is surrounded 348 

by mountains, except on its northeastward side (thick black contours). Aoki et al. (2005) 349 

showed an intruding course of surface winds into the Tarim Basin accompanied by an 350 

anticyclonic curvature and coldness associated with the topographic effect. Thus, this 351 

topography may cause the anticyclonic distributions. 352 

Figures 8b and c show the climatological mean and the proportion of wet and dry dust 353 
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depositions, respectively, under cyclonic curvature at 850 hPa, which generally captures the 354 

synoptic-scale eddies. The climatological mean of wet deposition (white contours, Fig. 8b) 355 

bore a striking resemblance to the whole mean deposition (Fig. 1a), implying that the wet 356 

process is dominant for the dust deposition around Japan. The local residuals of the 357 

proportion (shading) corresponded to the anticyclonic vortices. Both the wet and dry dust 358 

depositions mainly occur under the cyclonic vortices, especially over the sea and 359 

northeastern China, where the main track of synoptic-scale cyclones can be observed in 360 

spring (Chen et al. 1991). The larger contribution of the cyclonic vortices is consistent with 361 

the intensified extratropical cyclone activity when dust deposition and/or dust storms 362 

increase (Fig. 6; Qian et al. 2002b). However, the cyclonic and anticyclonic contributions are 363 

locally fifty-fifty (green shading), indicating that the anticyclones could be treated as a 364 

responsible factor for dust deposition in Japan. 365 

To discuss the suggestion, we show a case with an anticyclone playing an essential role 366 

in dust transport and deposition (Fig. S3). In this example, a large amount of dust was 367 

clockwise carried around the northern margin of an eastward-moving anticyclone near the 368 

Korean Peninsula. The carried dust was subsequently deposited in northern Japan through 369 

the wet process. The accompanying rainfall may be associated with the preceding 370 

developing cyclone. This case indicates that the baroclinic instability waves are important in 371 

the whole dust behavior process, especially in transportation and deposition, and supports 372 

the aforementioned results. 373 
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 374 

4. Summary and discussion 375 

This study investigated the anomalous atmospheric circulation fields associated with the 376 

interannual variability of dust deposition in Japan during the spring season using the global 377 

aerosol reanalysis dataset. In the larger-than-normal deposited dust years, an anomalous 378 

trough emerged over the East Asian continent toward the northwest of Japan in the mid-379 

troposphere, transporting dust from the Mongolian Plateau via the Korean Peninsula to 380 

Japan. The enhanced emission around Gobi Desert supported this process. The intensified 381 

extratropical cyclone activity was consistent with the negative SLP anomaly around Japan, 382 

implying more frequent dust storms. The locally different dust variation between Domains 1 383 

(western Japan) and 2 (northern Japan) seemed to be caused by the slightly shifted 384 

anomalous flows. Differences in sensitivity to the transient eddy activity and anticyclonic 385 

dust transport were also recognized. We further examined the dust behavior under cyclonic 386 

and anticyclonic vortices and found that the cyclonic contribution for the mean dust transport 387 

was slightly larger compared with the anticyclonic contribution, but the anticyclonic transport 388 

of dust was not neglected especially for the Domain 2 variability. The dust emission around 389 

Gobi Desert mainly occurred under the surface cyclonic vortices, whereas that over 390 

Taklimakan Desert was an outbreak under the anticyclonic vortices caused by their unique 391 

topography. The dust deposition was mainly under cyclonic vortices; however, the dust 392 

deposition under anticyclonic vortices could not be neglected. 393 
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Although we attempted to clarify the interannual variability of dust in East Asia using the 394 

full period of the JRAero dataset, the analysis period in the present study may be short. 395 

Moreover, it has been pointed out that the global climate models include a bias about the 396 

wet removal process associated with the reproducibility of rainfall (Wang et al. 2021). To 397 

treat these problems, we further investigated the interannual variability using the long-term 398 

dust observations by JMA from 1967 to 2022. Figure 9a depicts the interannual time series 399 

of the number of days that dust was observed at any point of the 11 observation stations in 400 

Japan. The top 20% of the most frequent years were selected and their composited 401 

circulation anomaly at 700 hPa is shown in Figure 9b. The significant cyclonic anomaly over 402 

the Siberian continent towards northeastern China bears striking resemblance to the 403 

modulated atmospheric circulation fields in JRAero (Figs. 3c–f). The intensified westerlies 404 

from the Mongolian Plateau to Japan were responsible for the enhanced dust transport and 405 

the resultant high frequency of dust observation. This process may involve the mechanisms 406 

mentioned in Section 3, supporting our results using JRAero. We further analyzed the 407 

difference between western and northern Japan variability using the JMA observation (Fig. 408 

S4). The results classifying the 11 observation stations into western and northern Japan 409 

supported the significance of the deepened trough over the Siberian continent towards 410 

northeastern China and the related strong dust transport by westerlies (Fig. S4b, c). 411 

It is well known that interannual climate variability is highly affected by global 412 

teleconnections, such as the Arctic Oscillation (AO) and El Niño–Southern Oscillation 413 
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(ENSO). Gong et al. (2006a) pointed out a possible impact of AO on the variation of dust 414 

storm frequency in northern China. We calculated correlation coefficients using the long-415 

term dust observations by JMA in April from 1967 to 2022. Here, the AO index in April and 416 

the springtime (MAM-mean) Niño3.4 index representing the ENSO phase were obtained 417 

from NOAA Climate Prediction Center [https://origin.cpc.ncep.noaa.gov/]. The simultaneous 418 

correlation coefficient between the AO index and the number of dust observed days in Japan 419 

was −0.107, indicating a weak correlation. The same could be said for the results when the 420 

observation stations are classified into western and northern Japan (r = −0.082 and r = 421 

−0.048, respectively). Whereas the correlation coefficient with the Niño3.4 index was 0.153, 422 

0.140, and 0.172 in whole, western, and northern Japan, respectively. These results suggest 423 

that it may be difficult to say a robust linkage between the dust observation in Japan and AO 424 

as well as ENSO only from our results obtained through the analyses for the simultaneous 425 

relationship. However, we should not neglect the great influences of the teleconnection 426 

patterns on the circulation and precipitation variabilities over East Asia. These influences 427 

can be memorized in the land surface condition and affect the dust variability with monthly- 428 

to seasonal-scale time lag. It is still a controversial problem and necessary to examine 429 

carefully in further study. 430 

As for the analysis of the extratropical cyclones, our result implied a relationship between 431 

bomb cyclones and the dust deposition variation in Japan (Fig. 6). To verify the influence of 432 

bomb cyclones on dust transport to northern Japan is awaited. Furthermore, recent studies 433 
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focusing on dust events in Europe or Middle East showed a relationship between dust 434 

transport and an atmospheric river (referred to as a dusty atmospheric river) (Dezfuli et al. 435 

2021; Francis et al. 2022). Because East Asia is also one of the regions where atmospheric 436 

rivers are frequently observed (Kamae et al. 2017), their association is an interesting 437 

problem. 438 

The environmental impacts of aerosols on deposition (nutrients, neutralization, and 439 

snow-albedo feedback), surface air concentration (toxicity and visibility), and upper 440 

troposphere (regional climate) differ from each other. The environmental impacts also differ 441 

depending on species (dust, sulfate, carbonaceous, sea-salt, etc.). The current analysis to 442 

relate atmospheric circulation fields and its constituent behaviors for different quantities 443 

(deposition/concentration of different species) will be interesting. The reanalysis period of 444 

JRAero is now planned to extend (currently extended to 2019) but the version we used in 445 

this study provided seven years (2011–2017). On the other hand, other aerosol reanalyses 446 

such as the Copernicus Atmosphere Monitoring Service (CAMS) reanalysis (2003–2021; 447 

Inness et al. 2019) and the Modern-Era Retrospective analysis for Research and 448 

Applications Version 2 (MERRA-2) (1980–; Gelaro et al. 2017) provide longer periods of 449 

reanalysis data. To enhance the robustness of current findings, a similar study using other 450 

aerosol reanalysis data for longer periods will be needed. This study only focused on mid-451 

spring; hence, the other seasons will be examined in upcoming work. 452 

 453 



 22 

Data Availability Statement 454 

The JRA-55 datasets are provided by JMA and available at https://jra.kishou.go.jp/JRA-455 

55/index_en.html (last accessed: August 23, 2022). The JRAero datasets are by MRI and 456 

the Research Institute for Applied Mechanics (RIAM) of Kyushu University and are available 457 

at https://www.riam.kyushu-u.ac.jp/taikai/JRAero/index.html (last accessed: August 23, 458 

2022). The dust observations by JMA are available at 459 

https://www.data.jma.go.jp/gmd/env/kosahp/kosa_data_index.html (in Japanese; last 460 

accessed: August 23, 2022). 461 

 462 

Supplement 463 

Supplement 1 shows the anomalies of geopotential height and dust concentration at 700 464 

hPa in each year from 2011 to 2017. Supplement 2 shows the mean total dust flux at 700 465 

hPa, the non-zero curvature threshold fluxes, and their regressed anomalies. Supplement 3 466 

shows a case of dust events associated with an anticyclone on April 15, 2016. Supplement 467 

4 shows the composited circulation anomaly at 700 hPa using the JMA observation 468 

classified into western and northern Japan. 469 
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 686 

Fig. 1 (a) Mean total dust deposition in April from 2011 to 2017. (b) Seasonal time series of 687 

2011–2017-mean dust deposition averaged over the land in Domains 1 [30–37°N, 129–688 

137°E] and 2 [37–46°N, 137–146°E]. (c) Similar to (b), but for interannual time series in 689 

April from 2011 to 2017. In (c), dashed lines denote the average in each domain. Units: 690 

mg m−2 day−1. The rectangles in panel (a) indicate Domains 1 (red) and 2 (blue). 691 
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 694 

Fig. 2 Regression coefficients between the dust emission and dust deposition indices of 695 

Domains (a) 1 and (b) 2 in April (shading; unit: mg m−2 day−1). The oblique lines denote 696 

where the correlation is significant at the 90% confidence level. The magenta contours 697 

indicate the mean dust emission from 2011 to 2017. The 500, 2000, and 4000 mg m−2 698 

day−1 lines are plotted. The solid black contours indicate 2000 m topography. 699 

  700 
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 701 

Fig. 3 Regression coefficients on the dust deposition indices of Domains (a, c, e) 1 and (b, 702 

d, f) 2 in April. (a, b) SLP (shading; unit: hPa) and surface winds 10 m above the ground 703 

(vector; unit: m s−1). (c, d) Dust concentration (shading; unit: μg m−3) and geopotential 704 

height (contours; unit: m) at 700 hPa. (e, f) Horizontal winds (vector; unit: m s−1) and 705 

vertical p velocity (shading; unit: 10−2 Pa s−1) at 700 hPa. In (e, f), the 750 mg m−2 day−1 706 

lines of the regressed anomaly of dust emission (as the shading in Fig. 2) are 707 

superimposed by red contours. The oblique lines denote where the correlation between 708 

the shading variables and the indices is significant at the 90% confidence level. The purple 709 

vectors indicate where the zonal or meridional component is statistically significant at the 710 
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90% confidence level. The data below the local surface are masked. 711 

 712 

 713 

Fig. 4 Difference between the regressed anomalies associated with the dust deposition 714 

variations in Domains 1 and 2 (Domain 2 minus Domain 1 is shown) in April. (a) SLP 715 

(shading; unit: hPa) and surface winds 10 m above the ground (vectors; unit: m s−1). 716 

Vectors below 0.1 m s−1 were omitted. (b) Geopotential height (shading; unit: m) and 717 

horizontal wind (vectors; unit: m s−1) at 700 hPa. Vectors below 0.2 m s−1 were omitted. 718 

Contours in (a) and (b) represent the regressed anomalies of SLP and 700-hPa 719 

geopotential height for Domain 2, the same as the shading in Fig. 3b and contours in Fig. 720 

3d, respectively.  721 
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 722 

 723 

Fig. 5 Longitude–pressure cross-sections of the regression coefficients (a) along 30–35°N 724 

on the dust deposition index of Domain 1 and (b) along 35–45°N on that of Domain 2. The 725 

dust concentration (shading; unit: μg m−3) and winds (vector; vertical unit: Pa s−1; zonal 726 

unit: m s−1) are plotted. The oblique lines denote where the correlation between the 727 

shading variable and the indices is significant at the 90% confidence level. The purple 728 

vectors indicate where the zonal or vertical component is statistically significant at the 729 

90% confidence level. The thin black contours denote the April mean dust concentrations 730 

of 50, 200, and 400 μg m−3. The data below the local surface are masked. 731 

  732 
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 733 

 734 

Fig. 6 Regression coefficients between LDR24P0.5 and the dust deposition indices of 735 

Domains (a) 1 and (b) 2 (shading). The oblique lines denote where the correlation is 736 

significant at the 90% confidence level. The black contours denote the mean LDR24P0.5 737 

in April from 2011 to 2017. The units are hPa day−1. 738 

  739 
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 740 

Fig. 7 (a, b) Mean cyclonic and anticyclonic dust fluxes at 700 hPa in April from 2011 to 2017, 741 

respectively (vector). The magenta contours indicate their zonal component of 140 μg m−2 742 

s−1. (c)–(f) Regression coefficients between the dust fluxes and dust deposition indices of 743 

Domains (c, d) 1 and (e, f) 2 (vector). (c, e) Cyclonic and (d, f) anticyclonic dust fluxes are 744 

displayed. The gray shading denotes where the correlation between the zonal 745 

components and indices is significant at the 90% confidence level. The magnitude of 746 

fluxes is indicated by colors and all units are in μg m−2 s−1. 747 

  748 
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 749 

 750 

Fig. 8 Proportion of the cyclonic vortex contribution during April. (a) Cyclonic contribution to 751 

the mean dust emission (shading). The magenta contours indicate the mean dust 752 

emission from 2011 to 2017 of 5, 500, 2000, and 4000 mg m−2 day−1. The solid black 753 

contours indicate 2000 m topography. (b, c) Cyclonic contribution to the mean wet and dry 754 

dust depositions, respectively (shading). The white contours indicate the mean dust 755 

deposition from 2011 to 2017 (unit: mg m−2 day−1). 756 
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 758 

Fig. 9 (a) Interannual time series of the number of days in April that dust was observed at 759 

any observation station in Japan from 1967 to 2022. (b) Composited anomalies in April of 760 

geopotential height (contours; unit: m) and winds (vector; unit: m s−1) at 700 hPa in the 761 

dust frequent years (the top 20%; 1969, 1983, 1988, 1992, 1993, 1994, 2000, 2001, 2002, 762 

2004, 2005, 2006, and 2007). The anomalies are deviations from the climatological mean 763 

defined as a 30-year average from 1991 to 2020. Light and heavy shading indicate where 764 

the anomalies of geopotential height are significant at the 95% and 99% confidence levels, 765 

respectively. Vectors below 0.5 m s−1 were omitted. Color dots are plotted at the location 766 

of the 11 observation stations of JMA; red: western Japan (Osaka, Hiroshima, Takamatsu, 767 

Fukuoka, and Kagoshima; corresponding to Domain 1), blue: northern Japan (Sapporo, 768 

Sendai, and Niigata; corresponding to Domain 2), black: neither western nor northern 769 

Japan (Tokyo, Nagoya, and Naha). 770 


