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Abstract

Atmospheric aerosols influence the radiation budget, cloud amount, cloud properties, and surface albedos of sea ice and snow

over the Arctic. In spite of their climatic importance, Arctic aerosol contains large uncertainties due to limited observations.

This study evaluates the Arctic aerosol variability in three reanalyses, JRAero, CAMSRA, and MERRA2, in terms of the

aerosol optical depth (AOD), and its relationship to the atmospheric disturbances on synoptic timescales. The AOD becomes

highest in July–August over most of the Arctic regions, except for the North Atlantic and Greenland, where monthly variability

is rather small. The three reanalyses show a general consistency in the horizontal distribution and temporal variability of the

total AOD in summer. In contrast, the contributions of individual aerosol species to the total AOD are quite different among

the reanalyses. Compared with observations, the AOD variability is represented well in all reanalyses in summer with high

correlation coefficients, albeit exhibiting errors as large as the average AOD. The composite analysis shows that large aerosol

emissions in Northern Eurasia and Alaska and transport by a typical atmospheric circulation pattern contribute to the high

aerosol loading events in each area of the Arctic. Meanwhile, the empirical orthogonal function analysis depicts that the first-

and second-largest AOD variabilities on the synoptic timescales appear over Northern Eurasia. Our results indicate that these

summertime AOD variabilities mainly result from aerosol transportation and deposition due to the atmospheric disturbances

on synoptic scales, suggesting an essential role played by Arctic cyclones.
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Key Points: (140 characters limit) 13 

• Three aerosol reanalyses (JRAero, CAMSRA, and MERRA2) showed consistent 14 

distributions for summertime total AODs over the Arctic. 15 

• The synoptic variability of summertime total AODs in the reanalyses correlated well with 16 

satellite observations in the Arctic (R ≥ 0.6). 17 

• Synoptic disturbances dominate the poleward transport, aging and deposition of aerosols, 18 

suggesting the importance of Arctic cyclones. 19 
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Abstract (250 words limit) 21 

Atmospheric aerosols influence the radiation budget, cloud amount, cloud properties, and 22 

surface albedos of sea ice and snow over the Arctic. In spite of their climatic importance, Arctic 23 

aerosol contains large uncertainties due to limited observations. This study evaluates the Arctic 24 

aerosol variability in three reanalyses, JRAero, CAMSRA, and MERRA2, in terms of the aerosol 25 

optical depth (AOD), and its relationship to the atmospheric disturbances on synoptic timescales. 26 

The AOD becomes highest in July–August over most of the Arctic regions, except for the North 27 

Atlantic and Greenland, where monthly variability is rather small. The three reanalyses show a 28 

general consistency in the horizontal distribution and temporal variability of the total AOD in 29 

summer. In contrast, the contributions of individual aerosol species to the total AOD are quite 30 

different among the reanalyses. Compared with observations, the AOD variability is represented 31 

well in all reanalyses in summer with high correlation coefficients, albeit exhibiting errors as 32 

large as the average AOD. The composite analysis shows that large aerosol emissions in 33 

Northern Eurasia and Alaska and transport by a typical atmospheric circulation pattern contribute 34 

to the high aerosol loading events in each area of the Arctic. Meanwhile, the empirical 35 

orthogonal function analysis depicts that the first- and second-largest AOD variabilities on the 36 

synoptic timescales appear over Northern Eurasia. Our results indicate that these summertime 37 

AOD variabilities mainly result from aerosol transportation and deposition due to the 38 

atmospheric disturbances on synoptic scales, suggesting an essential role played by Arctic 39 

cyclones. 40 

 41 

Plain Language Summary (200 words limit) 42 

Arctic warming is particularly faster than global warming; hence aerosols are considered one of 43 

the most important factors for the Arctic climate system. Aerosols can change the radiation 44 

budgets through aerosol–radiation and aerosol–cloud interactions, and changing the surface 45 

albedo over snow and sea ice over the Arctic. This study evaluates the Arctic aerosol variability 46 

in three reanalyses (JRAero, CAMSRA, and MERRA2) in terms of the aerosol optical depth 47 

(AOD), and its relationship to the atmospheric disturbances on synoptic timescales. The AOD 48 

becomes highest in July–August over most of the Arctic regions. The three reanalyses show a 49 

general consistency in the horizontal distribution and temporal variability of the total AOD in 50 

summer. In contrast, the contributions of individual aerosol species to the total AOD are quite 51 

different among the reanalyses. The largest contributions to the total AOD were organic carbon. 52 

The summertime AOD variability is generally represented in all reanalyses, albeit exhibiting an 53 

error as large as the average AOD. The maximum AOD variability appears over Northern 54 

Eurasia on the synoptic timescales. The generation and development of summertime Arctic 55 

cyclones and associated moisture and precipitation play essential roles in aerosol transportation 56 

and deposition over the Arctic. 57 
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1 Introduction 59 

The atmospheric aerosols have attracted much interest because they have significant 60 

influences on climate change and human health (IPCC, 2021). Arctic warming is particularly 61 

faster than global warming (Yoshimori et al., 2014; Kaufman and Feldl, 2022). In relation to this, 62 

aerosol is considered as one of the most important factors for the Arctic climate system, since 63 

aerosols can change the radiation budgets through aerosol–radiation (direct effect) and aerosol–64 

cloud (indirect effect) interactions (Haywood and Boucher, 2000; Lohmann and Feichter, 2005). 65 

In addition to these two main influences on the atmosphere, absorbing aerosols can change the 66 

surface albedo over snow (Warren and Wiscombe, 1980) and sea ice (Perovich et al., 1998) 67 

areas, which would also contribute to accelerate the Arctic atmosphere warming. Comparable to 68 

warming by greenhouse gases and natural climate variability, Arctic aerosols affect the past 69 

(Aizawa et al., 2021) and future Arctic climate (Im et al., 2021). DeRepentigny et al. (2022) 70 

showed that the interannual variability of biomass burning (BB) over the mid to high latitude has 71 

enhanced the sea ice decrease and the surface warming over the Arctic in the 21st century 72 

through nonlinear aerosol–cloud interactions and ice–albedo feedback. 73 

Numerous studies pointed out that BB aerosols play an important role in the variation of 74 

Arctic aerosols, especially black carbon (BC) aerosol, through the transportation and wet 75 

removal processes (Garrett et al., 2010, 2011; Stohl, 2006; Stohl et al., 2006, 2013). Mori et al. 76 

(2020, 2021) showed that BB largely affected the seasonal variation of BC at the Barrow station, 77 

but it had only a small influence at the Ny-Ålesund station. They also showed the correlation 78 

coefficient in seasonal variability of the BC mass concentration between ambient air and surface 79 

were higher at the Ny-Ålesund than at Barrow because of the difference in wet deposition fluxes 80 

due to precipitation. Creamean et al. (2021) also depicted the importance of wet removal 81 

processes on the vertical profiles of clouds and aerosols by balloon observations at Oliktok Point 82 

in Alaska. Schmale et al. (2022) analyzed the seasonal cycle and the long-term trend of the mass 83 

concentration of nine aerosol species and four optical properties at 10 observational sites over the 84 

Arctic. Their results suggested that while most of the aerosol species showed a significant 85 

decline trend in spring, the significant trend was not uniform among the sites in summer. The 86 

scattering coefficient in summer showed a decreasing trend at the Barrow/Utqiagvik and 87 

Zeppelin sites. These long-term observations are mainly obtained at surface stations in the south 88 

of 70°N. 89 

Short-term observation campaigns from aircrafts and ships provide important information 90 

about Arctic aerosols in upper air and further north regions. Bossioli et al. (2021) investigated 91 

the influence of polluted air intrusion to the Arctic from BB and anthropogenic sources on the 92 

aerosol–radiation and aerosol–cloud interactions by using a Weather and Research and 93 

Forecasting (WRF) model fully coupled with a chemical transport model (CTM; Grell et al., 94 

2005) from 25 July to 9 August 2014. Their results showed that the combination of both BB and 95 

anthropogenic sources can lead to significant changes in the cloud liquid water, cloud droplet 96 

concentration, and radiation budget. Porter et al. (2022) reported highly active ice-nucleating 97 

particles (INPs) observed over the North Pole in August to September 2018, which were the 98 

biological INPs supplied from the terrestrial source over the Russian coast and the oceanic 99 

source from the open water area. While their back trajectory analysis showed little contribution 100 

from the marginal ice zone (MIZ), Inoue et al. (2021) suggested that wind-driven oceanic waves 101 

could supply biological INPs at the MIZ. 102 
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In addition to observational studies, numerous modeling studies were conducted to 103 

enhance our understanding of atmospheric chemical processes at the regional (Kajino et al., 104 

2019a, 2021a, b; Grell et al., 2005) and global (Bhattacharjee et al., 2018; Gong et al., 2012; 105 

Morcrette et al., 2009; Rémy et al., 2019; Tanaka, 2003; Tanaka and Chiba, 2005) scales. CTMs 106 

were also used with data assimilation (Benedetti et al., 2009; Sekiyama et al., 2011; Yumimoto 107 

et al., 2016) and inversion method (Maki et al., 2011; Sugimoto et al., 2010; Yumimoto et al., 108 

2008) to estimate the spatiotemporal distribution and emission. These studies bridged 109 

observational and modeling studies by providing the atmospheric aerosol reanalysis. The 110 

climatology of the aerosol optical properties in reanalyses was also used as the aerosol influence 111 

on the atmosphere in operational numerical weather prediction (NWP) models (Bozzo et al., 112 

2020; Japan Meteorological Agency (JMA), 2019). Numerous studies showed that the 113 

improvement of aerosol treatment enhances the forecast skill of operational NWP on short- to 114 

sub-seasonal timescales (Benedetti and Vitart, 2018; Jeong, 2020; Mulcahy et al., 2014; Rodwell 115 

and Jung, 2008). Besides, some forecast errors (e.g., surface to lower-troposphere temperature 116 

forecast errors) are related to a simple aerosol treatment in NWP models (Huang and Ding, 2021; 117 

Rémy et al., 2015; Yamagami et al., 2022; Zhang et al., 2016). 118 

The reanalyses provide spatial and temporal uniform aerosol data over the globe. That is 119 

one of the significant advantages of understanding aerosol behaviors over the Arctic, where 120 

sparse observation network, while there are few studies were conducted using aerosol reanalyses. 121 

Xian et al. (2022) investigated the monthly variability and long-term trend of aerosol optical 122 

depth (AOD) over the Arctic in spring and summer by employing satellite and surface 123 

observations and aerosol reanalyses. Their results showed the monthly climatological 124 

variabilities and negative (positive) trends in spring (summer) in aerosol reanalyses were similar 125 

to those in the satellite observation over the Arctic. Chakraborty et al. (2021) applied the 126 

atmospheric river (AR) concept to the AOD (aerosol AR; AAR) through aerosol reanalysis and 127 

showed that the climatology of the AAR had a Northern Eurasia to North Pole direction, 128 

especially carbonaceous and sulfate aerosols.  129 

The synoptic-scale disturbances over the Arctic were most frequently observed in 130 

summer (Crawford and Serreze, 2016; Tilinina et al., 2014; Serreze and Barret, 2008; Vessey et 131 

al., 2020; Zhang et al., 2004). The Arctic cyclones (ACs) in summer have a different three-132 

dimensional (3D) structure from mid-latitude cyclones (Tanaka et al., 2012) and wintertime ACs 133 

(Clancy et al., 2021). Gray et al. (2021) presented the difference in the structures of the 134 

summertime ACs caused by their relationship to the tropopause polar vortex. Although Xian et 135 

al. (2022) suggested that the AC frequency might not contribute to the Arctic AOD trend because 136 

the AC frequency had no significant trend (Vessey et al., 2020), the AC activity will influence 137 

the Arctic aerosol variability on the synoptic timescales; for example, ACs can contribute to the 138 

emission, transport, aging, and removal processes (e.g., wet deposition) of Arctic aerosols. 139 

Although previous studies provided some suggestions as regards the contribution of the Arctic 140 

aerosol variability and the synoptic activities over the Arctic, no study has yet focused on the 141 

relationship between Arctic aerosol and ACs in summer. 142 

In this study, we investigated the relationship between the atmospheric circulation and 143 

the Arctic aerosol variabilities, especially the relationship between ACs and AOD, by using 144 

global aerosol reanalyses. We also assessed the uncertainties by conducting an intercomparison 145 

of the global aerosol reanalyses over the Arctic. 146 

  147 
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2 Data and Methods 148 

This study used the AOD at 550 nm from three aerosol reanalyses: 1) Japanese 149 

Reanalysis for Aerosols (JRAero) v1.0 (Yumimoto et al., 2017) provided by Kyushu University 150 

and the Meteorological Research Institute (MRI); 2) Copernicus Atmosphere Monitoring Service 151 

reanalysis (CAMSRA; Inness et al., 2019); and 3) and Modern-Era Retrospective Analysis for 152 

Research and Applications version 2 (MERRA2; Gelaro et al., 2017). 153 

The JRAero system is based on the JMA Earth System Model version 1 (JMA-ESM1; 154 

Yukimoto et al., 2011) comprising the atmospheric general circulation model (MRI-AGCM3) 155 

and the Model of Aerosol Species In the Global AtmospheRe mk-2 (MASINGAR mk-2; Tanaka 156 

et al., 2003). The horizontal wind and the temperature predicted by MRI-AGCM3 were nudged 157 

to the six-hourly JMA operational global analysis (GANAL/JMA). MASINGAR mk-2 then 158 

calculated the emission, transport, reaction, and deposition of five major aerosol species (i.e., 159 

sulfate, BC, organic carbon (OC), mineral dust, and sea salt (SS) aerosols) by using the 160 

atmospheric fields. MRI-AGCM3 received the mixing ratio and the deposition flux of these 161 

aerosol species and calculated the aerosol–radiative interaction and the change of the surface 162 

condition at each timestep (900 s). MASINGAR-mk2 discretized mineral dust and SS aerosols 163 

into 10-size bins and assumed lognormal size distributions for other aerosol components. The 164 

JRAero system assimilated the MODIS AOD observation provided by the US Naval Research 165 

Laboratory and the University of North Dakota from 40°S to 60°N by a two-dimensional 166 

variational method. After the AOD assimilation, the 3D extinction coefficient was modified by 167 

weighting the predicted mixing ratio; thus, the vertical profile of the predicted aerosol mixing 168 

ratio was kept during the assimilation. JRAero provides the AOD with TL159 (~1.1° × 1.1°) 169 

horizontal interval and 48 vertical levels. Yuminoto et al. (2017), Yukimoto et al. (2011, 2012), 170 

Tanaka et al. (2003), and Tanaka and Chiba (2005) provided more detailed information on 171 

JRAero, MRI-ESM1, and MASINGAR mk-2. 172 

CAMSRA is the latest aerosol reanalysis provided by the European Centre for Medium-173 

Range Forecast after the MACC and CAMS interim (Inness et al., 2019). It is based on the 174 

Integrated Forecast System (IFS), Cy42r1, which contains the Carbon Bond 2005 chemistry 175 

scheme (CB05) and is referred to as IFS(CB05) (Flemming et al., 2015). The chemistry scheme 176 

module calculates the aerosol and gas reaction, transport, and deposition. IFS(CB05) has a 177 

horizontal resolution of T255 (~0.7° × 0.7°) and 60 hybrid sigma-pressure levels up to 0.1 hPa. 178 

As with JRAero, CAMSRA provides the five major aerosol species and chemical gases (i.e., 179 

three bins of SS and dust, hydrophobic and hydroscopic organic matter, BC, sulfate aerosol, and 180 

gas-phase sulfate dioxide). While the observations for individual chemical gas components  (i.e., 181 

O3, CO, and NO2) are assimilated, the total AOD observed from AATSR (December 2012–182 

March 2012) and MODIS Terra and Aqua (January 2011–December 2016) is assimilated by a 183 

four-dimensional variational method regarding aerosol component. The observed data at >70°N 184 

are rejected to assure the observational data quality. ERA5 (Hersbach et al., 2020) provides 185 

atmospheric fields, while CAMSRA provides radiation fields, including the effect of chemical 186 

gases and aerosol influences. Please refer to Inness et al. (2019) for further details on the 187 

CAMSRA. 188 

MERRA2 has the longest period in these three reanalyses (1980–onward) provided by the 189 

NASA Global Modeling and Assimilation Office. MERRA2 is based on the Goddard Earth 190 
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Observing System, Version 5 (GEOS-5) atmospheric model coupled with the Goddard 191 

Chemistry, Aerosol, Radiation, and Transport model (GOCART; Chin et al., 2002; Colarco et 192 

al., 2010). The GOCART models treat five aerosol species (i.e., five bins dust and SS, 193 

hydrophobic and hydrophilic OC and BC, and sulfate aerosols). MERRA2 assimilates the bias-194 

corrected AOD observed by Advanced Very High Resolution Radiometer instruments 195 

(Heidinger et al., 2014), Multiangle Imaging Spectro Radiometer, MODIS Terra and Aqua, and 196 

ground-based Aerosol Robotic Network. In the assimilation system of MERRA2, the analysis 197 

increment for the mixing ratio of each aerosol (3D field) is calculated from the analysis 198 

increment of the total AOD (2D field) every 3h. Therefore, the first guess of the 3D mixing ratio 199 

is directly updated using the analysis increment of the mixing ratio, in contrast to JRAero, in 200 

which the vertical profile of the mass mixing ratio is kept during the assimilation. The original 201 

model grid in MERRA2 is roughly 50 km in horizontal and 72 vertical levels from the surface to 202 

0.01 hPa. MERRA2 product is provided with regular 0.5° latitude and 0.625° longitude 203 

horizontal grid. Galero et al. (2017) presented an overview of MERRA2, including both 204 

atmospheric and aerosol representations. Buchard et al. (2017) and Randles et al. (2017) 205 

provided more details on the aerosol evaluations in MERRA2. 206 

We used the six-hourly AOD during the 2011–2017 period, a common period for the 207 

three reanalyses. The original six-hourly AOD was utilized for the intercomparison and 208 

verification of the reanalyses, whereas the AOD with a band-pass filter by the 3- and 14-day 209 

running means (i.e., the 14-day running mean removed and then the 3-day running mean applied) 210 

was used for the composite and empirical orthogonal function analysis (EOF) analyses to focus 211 

on the synoptic timescale variability. 212 

We also used the MODIS AOD (Remer et al., 2005; Levy et al., 2007) in the same period 213 

to verify the AOD in the reanalyses. The atmospheric fields were obtained from JRA-55 214 

(Kobayashi et al., 2015). 215 

  216 
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3 Results 217 

3.1 Comparison of the Arctic AOD in JRAero, CAMSRA, and MERRA2 218 

 We first calculated the area-averaged aerosol variability over each region in the Arctic in 219 

JRAero (Fig. 1). The area-averaged AOD over the north of 60°N (N60, Fig. 1a) showed the 220 

highest values of ~0.15 in July and August. The AOD peak in July disappeared at the average of 221 

the north of 70°N (Arctic, Fig. 1b), indicating that the high aerosol loading reached the high 222 

latitude area only in August. As with the N60 and Arctic, Northern Eurasia (NEurasia, Fig. 1d), 223 

Chukchi (Fig. 1e), and Canadian Arctic Archipelago (CAA, Fig. 1f) showed AOD peaks in July 224 

and August. The results indicated that the aerosol loading in these areas mainly contributed to the 225 

monthly variability of the AOD over N60 and Arctic (Figs. 1a and b). The AOD in Greenland 226 

(Fig. 1g) depicted a similar variability to these areas, with its magnitude smaller than that in the 227 

other regions. In contrast, no peak was observed in July nor August in Northern Atlantic 228 

(NAtlantic, Fig. 1c). 229 

Among the five aerosol species, the OC contribution was the largest on the total AOD in 230 

N60 and Arctic in summer. OC and BC had more than half of the contribution over NEurasia, 231 

Chukchi, CAA, and Greenland in July and August. In NAtlantic, the OC contribution had a peak 232 

in August, whereas the decrease of the OC contribution in the other season was compensate for 233 

the increase of the SS contribution, resulting in the weak seasonal variability in total AOD. Such 234 

seasonal variability in the SS contribution was not observed in other regions, indicating the 235 

dominance of oceanic sources over the NAtlantic. Seasonal variability of the sulfate aerosol was 236 

also small in all areas, except in NEurasia, where its contribution on the total AOD variability 237 

was the largest in winter. Dust aerosol had the smallest contribution, even in spring.  238 

The six-hourly total AOD in CAMSRA and MERRA2 showed the largest values in July 239 

and August over N60, consistent with that in JRAero (Fig. 2a). The median and the average in 240 

JRAero were slightly larger than those in CAMSRA and MERRA2. In addition, although the 241 

10th percentile values were almost similar among the reanalyses, the range from the 10th to the 242 

90th percentile values was broader in JRAero than in CAMSRA and MERRA2. However, the 243 

range from the 25th to the 75th percentile values in JRAero was comparable to that in the two 244 

reanalyses. These results indicated that the total AOD in JRAero had a large variability 245 

compared to the other reanalyses and some extreme AOD values. As discussed below, some part 246 

of the high AOD events were associated with the synoptic disturbances over the Arctic. Despite 247 

these differences, the six-hourly variability of the total AOD in spring and summer was basically 248 

consistent among the three reanalyses. 249 

In contrast to the total AOD, the individual aerosol contributions were quite different 250 

among the reanalyses (Figs. 2b–f). In all reanalyses, the OC had the largest contributions on the 251 

total AOD in July and August (Fig. 2d). Although the average and median values of OC in 252 

JRAero were comparable to those in MERRA2, CAMSRA showed larger values than these two 253 

reanalyses. BC showed a similar relationship among the reanalyses (Fig. 2c). The histograms of 254 

sulfate (Fig. 2b) and SS (Fig. 2f) in JRAero showed much larger contributions and variabilities 255 

than those in CAMSRA and MERRA2. The first and second largest contributions to the total 256 

AOD (Fig. S1) were OC (JRAero, CAMSRA, and MERRA2: ~15–60%, ~55–70%, and ~30–257 

70%) and sulfate (JRAero, CAMSRA, and MERRA2: ~10–60%, ~15–25%, and ~15–40%). The 258 
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SS contribution was also remarkable in JRAero (~10–40%), which was comparable to the 259 

contribution of sulfate. The results implied that the two aerosols compensated for the smaller 260 

contribution of OC in JRAero because the total AOD was bound by the MODIS AOD 261 

assimilation (Flemming et al., 2017). Although the variability of sulfate was similar between 262 

CAMSRA and MERRA2 in July and August, the former showed a generally larger value than 263 

the latter (e.g., the 75th percentile value in CAMSRA was similar to the 25th percentile value in 264 

MERRA2). Assuming that the atmospheric fields and emission are almost similar among the 265 

reanalyses, the differences in sulfate are possibly related to the removal processes, especially in 266 

JRAero. CAMSRA also showed a larger contribution from dust aerosol than JRAero and 267 

MERRA2 (Fig. 2e). Almost similar differences were observed from April to June. 268 

From October to March, a difference among the reanalyses was found, even in the total 269 

AOD; the total AOD in CAMSRA was much smaller than those in JRAero and MERRA2 (Fig. 270 

2a). In addition to the total AOD, the contribution of the individual species was also different 271 

among the reanalyses in these months (e.g., dust aerosol in CAMSRA and sulfate and SS 272 

aerosols in JRAero). The available observational data became small due to the polar night over 273 

the high latitudes in the Northern Hemisphere; hence, the AOD over the Arctic in late autumn to 274 

early spring highly depended on the CTMs in each reanalysis, consequently leading to a 275 

difference in the AOD. These results suggest that the reanalyses was less reliable in late autumn 276 

to early spring, while they provided a reliable value in terms of the total AOD in spring and 277 
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summer over the Arctic. Still, we need careful treatment for using individual aerosol species in 278 

the reanalyses. Thus, the analyses in this study mainly focused on the total AOD. 279 

 280 

Figure 1 (a–g) Monthly climatological AOD in JRAero averaged over (a) North Pole (≥60°N), (b) Arctic 281 

(≥70°N), (c) North Atlantic, (d) Northern Eurasia, (e) Chukchi Sea, (f) Canadian Arctic Archipelago 282 

(CAA), (g) Greenland; and (h) definition area. 283 
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  284 

Figure 2 (a) Distribution of the six-hourly total AOD over N60 in JRAero (red), CAMSRA (blue), and 285 

MERRA-2 (green). (b–f) Distribution of the contributions of (b) sulfate, (c) black carbon, (d) organic 286 

carbon, (e) dust, and (f) sea salt aerosol to the total AOD. The circle and horizontal line in box indicate 287 

the average and median values, respectively. The range of the 25th and 75th (10th and 90th) percentile 288 

values is depicted by the box limits (vertical lines extended from the box). 289 

The horizontal distributions of total AOD in summer showed the highest average values 290 

over Northern Eurasia (~0.3) and Northern America (~0.4) (upper panels, Fig. 3). The horizontal 291 

distributions in JRAero and MERRA2 were similar (Figs. 3a and c), while that in CAMSRA was 292 

larger in Northern Europe (Fig. 3b). The standard deviation of the total AOD in summer also 293 

depicted the largest values over Northern Eurasia and North America (lower panels, Fig. 3). The 294 

standard deviation in JRAero showed a larger value (~0.6 and ~0.5 over Northern Eurasia and 295 

Northern America, respectively) than those in CAMSRA and MERRA2 (~0.5 and ~0.4 over 296 

Northern Eurasia and Northern America, respectively). In addition, JRAero showed a large 297 

standard deviation over the Beaufort Sea, which extends toward the North Pole. A similar 298 

distribution appeared in CAMSRA and MERRA2, although its value was much smaller than that 299 

in JRAero. The standard deviation in August mainly contributed to the large standard deviation 300 

over Beaufort Sea in all the reanalyses (red contour, Fig. 3). Regarding the area of >70°N, the 301 

higher standard deviation extended from the coast of East Siberian Sea and Beaufort Sea, 302 

indicating that the high AOD airs over Northern Eurasia and Northern America were transported 303 

toward the North Pole as shown in the section 3.2. The synoptic activity over the Arctic was 304 

higher in summer (Clancy et al., 2021; Gray et al., 2021; Serreze and Barrett, 2008; Zhang et al., 305 
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2004); hence, we investigate the contribution of Arctic cyclones on the Arctic AOD variability in 306 

summer in the following section. 307 

The representation of the reanalyses must be assessed against the observed ones, as with 308 

the intercomparison of the reanalyses. Thus, although the available observations were small due 309 

to cloud or surface conditions (Fig. 4c), we still calculated the correlation coefficient (Fig. 4a) 310 

and the root mean square error (RMSE) (Fig. 4b) of total AODs between the reanalysis and 311 

observation over the Arctic. The correlation coefficient was >0.8 over Northern Eurasia in 312 

CAMSRA and MERRA2 and >0.6 in JRAero. The higher correlation coefficient corresponded to 313 

CAMSRA and MERRA2 assimilating the observed AOD up to 70°N and the high latitude grids 314 

with a surface albedo >0.15, respectively. By contrast, JRAero did not assimilate the observed 315 

AOD at ≥60°N and, thus, the lower correlation coefficients between 60° and 70°N. The 316 

correlation coefficient was ≤0.6 in JRAero and CAMSRA over the Arctic Ocean (≥70°N). Note 317 

that the evaluation is independent in the north of cut-off latitude (red contour, Fig. 4c). MERRA2 318 

showed higher correlation around the Barents and Kara seas. The number of available 319 

observations around these areas was relatively large in MERRA2 (Fig. 4c), resulting in the 320 

higher correlation in these areas. 321 

The RMSE was high over Northern Eurasia in all the reanalyses (Fig. 4b). The RMSE 322 

were approximately 0.3–0.4 in CAMSRA and MERRA2 and ~0.5 in JRAero. These values were 323 

almost equal to the average AOD in summer (Fig. 3). The RMSE over the Arctic Ocean was 324 

<0.1 in all the reanalyses, where the correlation coefficient was small. This indicates that the 325 

AOD in reanalyses represented the variability well at ≤70°N, but contained errors as large as its 326 
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average value. At the higher latitude (≥70°N), the variability representation was inaccurate, and 327 

the error was smaller than the average value. 328 

  329 

Figure 3 Average (upper) and standard deviation (lower) of the daily total AOD in (a) JRAero, (b) 330 

CAMSRA, and (c) MERRA2 in the summer of 2011–2017 (shading). These values in June, July, and 331 
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August are depicted by the green, blue, and red contours, respectively. Note that the contour interval for 332 

the standard deviation in JRAero is 0.3, while that in CAMSRA and MERRA2 is 0.2. 333 

 334 

 335 

Figure 4 (a) Correlation coefficient and (b) root mean square error (RMSE) of the total AOD between the 336 

analyzed AOD in JRAero (left), CAMSRA (middle), and MERRA-2 (right) and the observed AOD by 337 

MODIS in summer (June to August) and (c) number of observations using these verifications in the 338 
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summer of 2011–2017. The cut-off latitude for the data assimilation of observed AOD was depicted by 339 

the dashed red lines in JRAero and CAMSRA in (c). 340 

 341 

 3.2 Relationship between the atmospheric circulation and the AOD in high- and low-342 

loading days 343 

 Synoptic activities could affect the aerosol transport from Northern Eurasia and America 344 

to the Arctic Ocean. Figure 5 shows an example of the AOD variability associated with the AC 345 

in August 2012 (Simmonds and Rudeva, 2012). The AC travelled eastward and reached the 346 

Laptev Sea on 2 August 2012 (Fig. 5a). The high AOD values over Northern Eurasia was 347 

appeared in the south to south-east of the AC center. The high AOD areas were involved in the 348 

north of the AC center on 3 August (Fig. 5b). Then, the high AOD values rapidly decreased on 4 349 

August (Fig. 5c), implying the transported aerosol removal. At the same time, another cyclone 350 

generated over Northern Eurasia and moved north-eastward. This cyclone merged with the 351 

existing AC and reached its mature stage with a central pressure of ~966 hPa at 18 UTC on 6 352 

August 2012 (Simmonds and Rudeva, 2012). The migrating cyclone whirled up the high AOD 353 

air during the cyclogenesis, and then, the air was transported from Northern Eurasia to East 354 

Siberian Sea and Beaufort Sea along with the rim of developing cyclone (Figs. 5d and e). The 355 

high AOD area corresponded to the high standard deviation of the AOD in JRAero (Fig. 3a). The 356 

high AOD band rotated around the center with a gradual decay on 7–9 August (Figs. 5f–h). The 357 

high AOD air over Northern Eurasia was cleaned up after the AC’s passing. These results 358 

indicate that the ACs play an important role in the aerosol transportation and deposition 359 

processes during its lifecycle, thereby contributing to the horizontal distribution of the average 360 

and the standard deviation of the AOD in summer (Fig. 3). In contrast, the AC in August 2016 361 

showed a similar cyclone track and strength to that in August 2012 (Yamagami et al., 2017) 362 

without a high AOD air transport due to the lower AOD value over Northern Eurasia (Fig. S2). 363 

That is, the emission over Northern Eurasia and America are also essential in determining the 364 

aerosol variability over the Arctic. 365 

The composite differences between the high- (upper 90th percentile values) and low-366 

(lower 10th percentile values) loading days also indicated the influences of synoptic systems on 367 

AOD variabilities in the individual areas (Fig. 6). The AOD was high in both Northern Eurasia 368 

and America in the high-loading days over N60 (Fig. 6a), whereas the AOD difference was small 369 

over the Arctic Ocean. The difference in SLP showed a high pressure over the Pacific side of the 370 

Arctic Ocean and a low pressure over Northern Eurasia and America. The difference in emission 371 

(Fig. S3a) indicated the high AOD air formed by the high emissions over these two regions, but 372 

these airs were not transported toward the North Pole. In the high-loading days over the Arctic 373 

(Fig. 6b), high pressure existed over the Chukchi Sea, and low pressure covered the North 374 

Atlantic to the Laptev Sea, leading to the northward AOD transport. Besides, the composites 375 

difference over the central Arctic (CArctic, Fig. 3c) showed that the northward transport from the 376 

Pacific side was enhanced due to the dipole pressure pattern. Meanwhile, in the high-loading 377 

days over NEurasia (Fig. 6e), the low pressure over Northern Eurasia trapped the high AOD air. 378 

The cyclone transported the high AOD air eastward in the high-loading days over Chukchi (Fig. 379 

6f), as depicted by the case of the AC in August 2012. The difference in the emission in Chukchi 380 

(Fig. S3f) was almost the same as that in NEurasia (Fig. S3e); thus, the difference in the AOD 381 
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between these two composites would be caused by synoptic systems. In the high-loading days 382 

over CAA (Fig. 6g), the emitted aerosol over Northern America was transported eastward. The 383 

wind associated with the high pressure over CAA and the low pressure over North Atlantic 384 

converged around the peak of the AOD difference. By contrast, the difference in SLP between 385 

the high- and low-loading days over NAtlantic showed the high pressure over the whole Arctic 386 
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Ocean; hence the transport of the high AOD air toward the Arctic Ocean was blocked over the 387 

Greenland Sea (Fig. 6d). 388 

 389 

 390 

 391 

Figure 5 Example of the relationship between SLP (contour, every 4 hPa) and AOD (shaded) in the case 392 

of the great Arctic cyclone in August 2012 in a 1-day time interval at 00UTC from (a) 2 August to (h) 9 393 

August 2012. 394 



manuscript submitted to Journal of Geophysical Research: Atmosphere 

 

 

 395 

Figure 6 Difference in SLP (contour), AOD (shading), and wind at 850 hPa (vector) between the high- 396 

and low-loading days over (a) N60, (b) Arctic, (c) Central Arctic, (d) North Atlantic, (e) Northern 397 

Eurasia, (f) Chukchi, (g) CAA, and (h) Greenland. The green hatching area and the wind vectors indicate 398 

the differences in SLP and wind at a 99% statistically significant level. 399 

  400 

3.3 EOF analysis for the AOD and relation to the atmospheric circulation 401 

 We retrieved the maximum horizontal variability by conducting an EOF analysis for the 402 

bandpass filtered AOD over N60 in the summer of 2011–2016 (Figs. 7 and 8). The structures of 403 

EOF-1 in all reanalyses exhibited the largest AOD variability over Northern Eurasia. The 404 

opposite sign of variability was observed over North America in JRAero and CAMSRA, but this 405 

was weak in MERRA2. The EOF-1 contributions to the total variability were approximately 406 
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18.0%, 13.1%, and 12.0% in JRAero, CAMSRA, and MERRA2, respectively. The PC-1 407 

variabilities were apparent in July 2014 and 2016 (lower panels, Fig. 7), probably associated 408 

with the wildfire over Northern Eurasia (Bonder and Gorde, 2018; Tian et al., 2022). The EOF-2 409 

also showed the dominant variabilities with opposite signs over Northern Eurasia (upper panels, 410 

Fig. 8). The contributions of EOF-2 in JRAero, CAMSRA, and MERRA2 were 8.5%, 11.4%, 411 

and 11.5%, respectively. In addition to July 2014 and 2016, remarkable variabilities were found 412 

in both PC-1 and -2 from the end of July to early August 2012 (dark blue line in lower panels in 413 

Figs. 7 and 8), which is possibly associated with the AC in August 2012 (Fig. 5). 414 

  415 

 416 

Figure 7 (Upper) Horizontal structure of the 3–14-day running averaged AOD for EOF-1 and (lower) the 417 

time series of PC-1 in (left) JRAero, (center) CAMSRA, and (right) MERRA2 in the summer of 2011–418 
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2016. Dark blue lines with crosses in lower panels represent the period for the AC in August 2012 in 419 

Fig.5. 420 

 421 

Figure 8 Similar to Fig.7, but for EOF-2. 422 

 423 

The lag regression analysis showed the AOD transport associated with PC-1 and PC-2. 424 

At a 0-day lag, the regressed AOD was almost similar to the EOF-1 and EOF-2 structures (third 425 

column, Fig. 9; upper panels, Figs. 7 and 8). The AOD regressed onto PC-1 showed a positive 426 

values over northeast Eurasia in all the reanalyses at the −3-day lag. The positive AOD moved 427 

north-eastward, reaching the Chukchi Sea to Alaska at a +5-day lag (Figs. 9a–c). The regressed 428 

SLP onto PC-1 in JRAero and CAMSRA (Figs. 9a and b) showed a small low-pressure anomaly 429 

over the Laptev Sea at the −3-day lag, while a high-pressure anomaly existed over the Pacific 430 

side of the Arctic Ocean. The low-pressure anomaly persisted over the same area up to +1-day 431 

lag. Another low-pressure anomaly appeared at −3-day lag over Northern Eurasia, where the 432 

regressed AOD was positive. The low-pressure anomaly at lower latitudes gradually developed 433 

and moved north-eastward with the positive AOD, indicating that the low-pressure anomaly 434 

trapped and transported the aerosol. In MERRA2 (Fig. 9c), the low-pressure anomaly over 435 

Northern Eurasia extended to the Laptev Sea at −3-day lag. All the reanalyses showed that 436 
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positive AOD area was transported from the lower to higher latitudes through the two low-437 

pressure anomalies around the +1–3-day lag. The positive AOD inside the merged low-pressure 438 

anomaly disappeared at +3 to 5-day lag, indicating the removal of the aerosol. The regressed 439 

AOD over Eurasia was negative after the low-pressure anomaly passed. 440 

The SLP regressed onto PC-2 showed that the low-pressure anomaly over Northern 441 

Eurasia extended to the Arctic Ocean in all the reanalyses at −3-day lag (Figs. 9d–f), which 442 

contained the positive AOD region on its south–southeast side. The low-pressure anomaly 443 

transported the positive AOD north-eastward from the −3 to +1-day lag. After the +3-day lag, the 444 

positive AOD area inside the low-pressure anomaly disappeared and reached Northern Pacific to 445 

Alaska outside of the low pressure. As with PC-1, the AOD over Northern Eurasia was negative 446 

after the low-pressure anomaly passed. 447 

 448 

Figure 9 Total AOD (shading) regressed onto (a–c) PC-1 and (d–f) PC-2 in (a, d) JRAero, (b, e) 449 

CAMSRA, and (c, f) MERRA2. The regression coefficients with a 95% significant level from the −3 to 450 
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+5-day lag were plotted in two-day interval and 0-day lag. The blue (positive) and red (negative) contours 451 

show the SLP in JRA-55 regressed onto EOF-1 and EOF-2 in each aerosol reanalysis. 452 

 453 

3.4 The OC and SS aerosol variability associated with the atmospheric circulation 454 

In terms of environmental impacts of aerosol species, sulfate (high cloud condensation 455 

nucleation activity and acidification), BC (light absorption), and mineral dust (light absorption 456 

and ice nucleation activity) have been focused on. On the other hand, OC mainly contributed to 457 

the total AOD variability associated with EOF-1 and -2 in all reanalyses (Figs. S1 and S4). 458 

Besides, recent studies observed the high concentration of biogenic aerosols due to oceanic 459 

sources over the Arctic (Inoue et al., 2021; Poter et al., 2021). Thus, we focused on the 460 

relationship between OC and SS in reanalyses and atmospheric circulation in this section. 461 

For the regressed OC deposition fluxes onto PC-1 (Figs. 10a and b), the wet deposition  462 

was dominant over the dry deposition. The wet deposition flux was positive from the south of the 463 

high-latitude low-pressure anomaly to the east of the low-latitude low-pressure anomaly at the 464 

−3-day lag. At the −1–0-day lag, the wet deposition was enhanced over Northern Eurasia, where 465 

the positive AOD appeared. While the wet deposition flux gradually decreased at the 0 to +5-day 466 

lag over Northern Eurasia, the positive wet deposition flux increased over Alaska at the +1 to +3-467 

day lag. These results suggested that most of OC aerosol was removed by the wet deposition 468 

processes over Northern Eurasia, but some parts reached Alaska. The deposition occurred from 469 

the southern to south-eastern side of the merged low-pressure anomaly. Although the SS 470 

deposition fluxes regressed onto PC-1 showed positive values around the low-pressure anomaly 471 

over the Laptev Sea at −3 to −1-day lag, the fluxes disappeared and no remarkable signal was 472 

observed over the Arctic region at 0 to +5-day lag (Figs. 10c and d). 473 

The deposition fluxes regressed onto PC-2 again depicted that the wet deposition was 474 

much larger than the dry deposition (Figs. 11a and b). As with the regression onto PC-1, the 475 

positive wet deposition flux appeared over Northern Eurasia at the −3 to +1-day lag, indicating 476 

that OC aerosol was removed during the transport. In contrast to that in PC-1, the positive flux 477 

appeared inside the low-pressure anomaly over Northern Eurasia at these times. At the +1 to +3-478 

day lag, the low-pressure anomaly reached the Pacific side of the Arctic Ocean, and the positive 479 

wet deposition appeared south of the low-pressure anomaly center. The positive wet deposition 480 

also occurred over the Sea of Okhotsk and Alaska at the +3–5-day lag. At these lags, the positive 481 

deposition flux regressed onto PC-2 reached further high latitude compared with that regressed 482 

onto PC-1, suggesting that the aerosol variability associated with EOF-2 influences the Arctic 483 

climate systems. 484 

In addition to OC, the deposition flux of SS also showed a significant positive value 485 

around the south of the low-pressure anomaly center at the +1 to +3-day lag (Figs. 11c and d). 486 

These results suggested that the surface wind due to the low-pressure anomaly induced the SS 487 

aerosol emission. Subsequently, SS aerosol could be removed by low-level clouds and the 488 

precipitation associated with the low-pressure anomaly (i.e., in-cloud scavenging and below-489 

cloud scavenging, respectively) around the MIZ. Considering that the higher SS contribution in 490 

JRAero (Figs. 2f and S1e) and no significant deposition flux of SS aerosol in MERRA2 (Figs. 491 
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S5c and d and S6c and d), further analyses are required to reveal whether or not the NWP models 492 

can represent these local processes. In contrast, the regressed deposition fluxes of OC aerosol in 493 

MERRA2 (Figs. S5a and b and S6a and b) consistent with those in JRAero. Therefore, the 494 

consisstency of the OC aerosol behavior associated with EOF-1 and EOF-2 variabilities PC-1 495 

and PC-2 might be relatively high among the reanalyses. 496 

Cloud cover, relative humidity (RH), and precipitation play an essential role in the wet 497 

removal processes. The regressed total cloud cover (TCC) onto PC-2 increased with the 498 

development of the low-pressure anomaly at the −3–0-day lag (Fig. 12a), especially around the 499 

southern part of the low-pressure anomaly. Although the positive TCC separated from the low-500 

pressure anomaly when the anomaly reached the Arctic Ocean, the coefficient again increased 501 

inside the low-pressure anomaly at the +1 to +3-day lag. The positive TCC persisted up to the 502 

+5-day lag. The regressed low-level cloud cover (LCC) was almost similar to the TCC (Fig. 503 

12b), indicating that the LCC dominated the TCC variability associated with PC-2. The RH at 504 

850 hPa (RH850) regression also illustrated a similar horizontal distribution to the TCC and the 505 

LCC. The PC-2 variability (up to ~8) and the regression coefficient of RH850 (≥2.5%) indicated 506 

the variability of RH850 was as much as 20% around the low-pressure anomaly at the +1–3-day 507 

lag. In JRAero, 80% and 20% OC were emitted as hydrophobic and hygroscopic states, 508 

respectively, and the hydrophobic OC also changed to a hygroscopic state during the 1.2-day e-509 

folding time (Yumimoto et al., 2017). Therefore, most of the OC emitted over Northern Eurasia 510 

changed into the hygroscopic state during transport and removed by the wet processes associated 511 

with the low-pressure anomaly. The regressed total precipitation (Fig. 12d) suggested that both 512 

in- and below-cloud scavenging could contribute to the wet deposition of OC inside the low-513 

pressure anomaly. These results showed that the aerosol variabilities (i.e., transportation, aging, 514 
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and removal) over the Arctic were mostly controlled by the AC generation, development, and 515 

associated cloud and precipitation. 516 

 517 

 518 

Figure 10 Similar to Figs. 9a, but for the (a, c) dry and (b, d) wet deposition fluxes of (a, b) organic 519 

carbon and (c, d) sea salt with 95% significant level in JRAero. The regression coefficient with a 95% 520 

significant level is plotted. 521 

 522 
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 523 

Figure 11 Similar to Fig. 10, but for PC-2. 524 
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 525 

Figure 12 Similar to Figs. 8d–f, but for the (a) total cloud cover, (b) low-level cloud cover, (c) relative 526 

humidity at 850 hPa, and (d) precipitation in JRA-55. The regression coefficient with a 95% significant 527 

level is plotted. 528 

 529 

  530 
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4 Conclusions 531 

This study evaluated the Arctic aerosol representation among three reanalyses, namely 532 

JRAero, CAMSRA, and MERRA2, in terms of the AOD. In particular, the summertime Arctic 533 

aerosol variability caused by the synoptic-scale atmospheric circulation was investigated herein. 534 

In JRAero, the monthly climatological variability of the total AOD showed the highest 535 

values in July and August over the north of 60°N (N60), Northern Eurasia (NEurasia), and 536 

Chukchi and in August over the CAA and the Arctic (north of 70°N). These climatological AOD 537 

variabilities suggested that the high AOD over NEurasia, Chukchi, and CAA contributed to the 538 

high AOD over N60. The aerosol emitted over NEurasia and CAA would reach the higher 539 

latitude and create a peak in August over the Arctic, which is consistent with the findings of 540 

previous studies (e.g., Garrett et al., 2010, 2011; Stohl, 2006, Schmale et al., 2022; Stohl et al., 541 

2007). The monthly variability was small over North Atlantic and Greenland. 542 

The histogram of the six-hourly total AOD over the N60 showed an almost similar 543 

distribution among the reanalyses from April to September. These results were consistent with 544 

those of Xian et al. (2022), who compared the monthly AOD variabilities in CAMSRA, 545 

MERRA2, and NAPPS-RA. JRAero represented relatively high AOD events compared to 546 

CAMSRA and MERRA2 in summer. The AOD in CAMSRA was generally smaller than those 547 

in JRAero and MERRA2 from October to March. 548 

In spring and summer, although the total AOD from the three reanalyses was at a similar 549 

level, the contributions of the individual aerosol species to the total AOD remarkably differed 550 

among the reanalyses. In term of contribution of aerosol species on the total AOD, OC showed 551 

the largest contribution to the total AOD in spring and summer in all reanalyses (~10–70%). 552 

Besides, the average values and variabilities of OC were almost similar among the reanalyses in 553 

the peak months, July and August. The second largest contribution was made by sulfate in the 554 

three reanalyses (~20–60%) in the two months. However, JRAero exhibited a contribution of SS 555 

as large as that of sulfate. Also, dust (OC) aerosol showed a larger contribution in MERRA2 556 

(CAMSRA) compared to JRAero and CAMSRA (JRAero and MERRA2) from March to June. 557 

As mentioned by Flemming et al. (2017), the decrease in a certain aerosol contribution was 558 

compensated for by an increase in another aerosol contribution because the data assimilation 559 

bound the total AOD in the reanalysis. Thus, these differences among the reanalyses reflected the 560 

uncertainties of aerosol processes among the CTMs. The model uncertainties would be more 561 

apparent over the high Arctic because the available observations are limited. 562 

The horizontal distribution of the average total AOD was similar among the reanalyses. 563 

In all reanalyses, the larger AOD appeared over Northern Eurasia, Alaska, and CAA. The 564 

standard deviation of AOD in JRAero was larger over these regions than in CAMSRA and 565 

MERRA2, especially over the CAA to the Beaufort Sea in August. Compared to limited satellite 566 

observations, the total AOD variability was generally represented up to 75°N (R ≥ 0.6) in all the 567 

reanalyses. However, these reanalyses contained errors as large as the average total AOD 568 

(RMSE: ~0.3–0.5), suggesting that CTMs have some difficulty in predicting the magnitude of 569 

the total AOD and the aerosol composition with very limited observations over the Arctic. Thus, 570 
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we need careful treatment when using individual aerosol species and/or the magnitude of the 571 

total AOD provided by aerosol reanalyses over the Arctic. 572 

The EOF analysis was applied to the summertime total AOD over N60 on the synoptic 573 

timescales. EOF-1 had the largest variability over central Northern Eurasia, while EOF-2 574 

depicted large variabilities in both eastern and western Northern Eurasia with opposite signs. The 575 

SLP distributions regressed onto PC-1 and -2 showed that positive AOD anomalies are 576 

associated with the generation, traveling, and development of low-pressure anomalies. Regarding 577 

EOF-1 variability in JRAero and CAMSRA, a low-pressure anomaly existed over the Kara Sea 578 

at the −3-day lag. At the same time, another low-pressure anomaly developed over Northern 579 

Eurasia. These two anomalies gradually approached each other and merged over the Pacific side 580 

of the Arctic Ocean at the −3–0.0-day lag. The positive AOD values over Northern Eurasia were 581 

transported northward by the low-pressure anomaly and were handed over to the other low-582 

pressure anomaly during the merging at the +1–3-day lag. The regression onto PC-2 also showed 583 

that the low-pressure anomaly transported the positive AOD area over Northern Eurasia during 584 

its development, albeit having no pre-existing low-pressure anomaly over the Arctic Ocean. In 585 

both EOF-1 and -2 cases, low-pressure anomalies played an essential role in removing the 586 

aerosols by the associated cloud and precipitation. EOF-2 was particularly related to the positive 587 

deposition fluxes of OC (the main contributor to the total AOD) and SS over the Chukchi Sea, 588 

suggesting that aerosol influences the Arctic climate systems (e.g., sea ice and snow) (Niwano et 589 

al., 2021). 590 

The abovementioned results indicate that the Arctic aerosol variability on the synoptic 591 

timescales is significantly related to the AC generation and development in terms of transport, 592 

aging, and deposition. Hence, the aerosol atmospheric river (Chakraborty et al., 2021) at high 593 

latitudes could be formed by the ACs. At the present time, an accurate medium-range AC 594 

prediction is one of the difficulties faced by NWP models (Caupte and Torn, 2021; Yamagami et 595 

al., 2018a, b, 2019; Yamagami and Matsueda, 2021). The forecast error associated with the ACs 596 

could lead to errors in the aerosol prediction over the Arctic. Yamashita et al. (2021) 597 

demonstrated that the use of higher horizontal resolution of an NWP model results in the better 598 

BC aerosol prediction in the middle- to upper-level troposphere due to the sharpened vertical 599 

motions associated with a mid-latitude cyclone. By contrast, although the aerosol reanalysis was 600 

made using the atmospheric fields from an operational analysis or reanalysis, the aerosol fields 601 

contained significant uncertainties over the Arctic. Thus, even with accurate atmospheric fields, 602 

CTMs could lead to aerosol prediction errors due to the insufficient representation of the 603 

chemical processes. Flemming et al. (2017) demonstrated that the total AOD showed better 604 

representation in CAMSiRA over the globe, except over Southeast Asia, than in MACCRA due 605 

to the update of the prediction system (i.e., NWP model, CTM, and assimilation system), even 606 

though CAMSiRA used a lower-resolution model. Kajino et al. (2019b) also showed large 607 

uncertainties of both chemical processes in CTMs, especially through in-cloud scavenging, and 608 

the background atmospheric fields. Further observational studies would progress our 609 

understanding of the atmosphere–chemistry interactions, which improvs the aerosol processes 610 
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represented in CTMs and reduce the uncertainties. It would enhance aerosol prediction and give 611 

feedback to weather and climate predictions.  612 
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Introduction  

This supporting information includes the following figures: 

• Distribution in the contribution of each aerosol species to total AOD in JRAero, 
CAMSRA, and MERRA-2 over north of 60ºN (Fig. S1); 

• An example of the relationship between SLP and AOD for the case of AC in 
August 2016. (Fig. S2); 

• Difference in SLP and emission of organic carbon between high and low loading 
days. (Fig. S3); 

• Total AOD and sulfate, black carbon, organic carbon, dust, and sea salt aerosol 
contributions regressed on to PC-1 in JRAero (Fig. S4); 

• Dry and wet deposition fluxes of OC and SS in MERRA2 regressed onto PC-1 (Fig. 
S5); 

• Similar to those in Fig. S4, but for PC-2 (Fig. S6). 
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Figure S1. Similar to Fig. 2, bur for the ratio to the total AOD. 
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Figure S2. Similar to Fig. 5, bur for the AC in August 2016 in the time interval of 1 day 
from 00UTC on (a) 12 August to (h) 19 August 2017.  
 
 

 

Figure S3. Similar to Fig. 6, but for difference in SLP (contour) and emission of OC 
(shading).  
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Figure S4. Similar to Fig. 9a, but for (a) total, (b) Sulfate (SO4), (c) black carbon (BC), (d) 
organic carbon (OC), (e) Dust, and (f) sea salt (SS) aerosol contributions.  
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Figure S5. Similar to Fig. 10, bur for MERRA2. 
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Figure S6. Similar to Fig S4, but for PC-2. 
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