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Abstract

This study investigates the impacts of aerosol atmospheric rivers (AARs) on extreme Particulate Matter 2.5 (PM2.5) levels

(PM2.5 > 15mgm-3, as per the WHO) and on aerosol optical depth (AOD) extremes (AOD > 98th percentile) over the US

and the globe, respectively, between 1997-2020. Results show that over various regions over the US, extreme PM2.5values

are associated with AARs up to 70% of the time. Dust (sulfate) AARs are responsible for extreme PM2.5 levels over the

southwestern (northeastern and the east coastal) US. Organic and black carbon AARs are associated with extreme PM2.5

levels over the Midwest region of the US. Globally, AARs are associated with 40-80% of the extreme AOD levels over the US,

Sahel, Europe, Middle East, US, South America, East Asia, India, and South Africa. Such associations often lead to the highest

or the second highest PM2.5 and AOD levels recorded over those stations between 1997-2020.
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Abstract  

This study investigates the impacts of aerosol atmospheric rivers (AARs) on extreme Particulate 

Matter 2.5 (PM2.5) levels (PM2.5 > 15mgm-3, as per the WHO) and on aerosol optical depth 

(AOD) extremes (AOD > 98th percentile) over the US and the globe, respectively, between 1997-

2020.  Results show that over various regions over the US, extreme PM2.5values are associated 

with AARs up to 70% of the time. Dust (sulfate) AARs are responsible for extreme PM2.5 levels 

over the southwestern (northeastern and the east coastal) US. Organic and black carbon AARs 

are associated with extreme PM2.5 levels over the Midwest region of the US.  Globally, AARs 

are associated with 40-80% of the extreme AOD levels over the US, Sahel, Europe, Middle East, 

US, South America, East Asia, India, and South Africa. Such associations often lead to the 

highest or the second highest PM2.5 and AOD levels recorded over those stations between 1997-

2020. 
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Plain Language Summary 

Particulate matters with a diameter less than 2.5µ (i.e., PM2.5) have a deleterious impact on 

human health, especially on the respiratory system, including causing millions of premature 

deaths every year. This study finds out that long-range extreme transport of aerosols by aerosol 

atmospheric rivers (AARs) can be associated up to 70% of the time with extreme PM2.5 levels 

over the Midwestern, southwestern, and eastern US and with high aerosol optical depth (AOD) 

over many regions in Europe, East Asia, South America, and Africa. This study points out the 

impact of AARs on global air quality. 
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Introduction 

 Air pollution has significant impacts on the respiratory system and can exacerbate several 

fatal conditions, such as heart disease, stroke, chronic obstructive pulmonary disease, cancer, and 

pneumonia (https://www.who.int/data/gho/data/themes/theme-details/GHO/air-pollution). Each 

year, according to the World Health Organization (WHO), 2.4 billion people are exposed to poor 

ambient and even indoor air quality that result in 7 million premature deaths 

(https://www.who.int/health-topics/air-pollution#tab=tab_2) – a much higher number than the 

ongoing COVID -19 related deaths or infections (https://coronavirus.jhu.edu/data).  

Atmospheric particulate matter (PM) is one of the major culprits among the pollutants 

contributing to the poor air quality events and consist of organic and inorganic mixtures of liquid 

and solid-state sulfate, nitrates, mineral dust, ammonia, black carbon, and water (Ye et al., 2003). 

Those with a diameter less than 2.5 microns (PM2.5) are especially dangerous to the lungs as they 

can penetrate the lung barrier, damage the alveolar wall, impair lung function (Xing et al., 2016), 

enter the bloodstream, and cause human mortality (Apte et al., 2015; R. Li et al., 2018; Xing et 

al., 2016). The sources of PM2.5 can be local emissions (Guo et al., 2019; Zíková et al., 2016) as 

well as long-range transport of aerosols (Bae et al., 2020; D. Li et al., 2017; Perrone et al., 2013; 

Saliba et al., 2007; Squizzato et al., 2012; Wang et al., 2015). The source-receptor relationship of 

long-range aerosol transport  (Clappier et al., 2015) on air quality and PM2.5 related health 

impacts has been often studied (Kong et al., 2010; Todorović et al., 2020). Such studies have 

used observations (Uranishi et al., 2019; Wang et al., 2015) and models (Chen et al., 2014; Kong 

et al., 2010; Shimadera et al., 2016) to understand the impact of long-range aerosol transport on 

the air quality events and PM2.5 level over various receptor regions of the world (Bae et al., 2020; 
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Chen et al., 2014; Guo et al., 2019; Kong et al., 2010; D. Li et al., 2017; Perrone et al., 2013; 

Saliba et al., 2007; Shimadera et al., 2016; Squizzato et al., 2012; Zíková et al., 2016). However, 

a clear picture of the role of long-range transport, especially the extreme transport events, on a 

global scale in affecting the local values of aerosol concentration and PM2.5 level is still lacking, 

primarily due to the lack of studies using long-record information about aerosol transports and 

their impacts on air quality. A proper understanding of how long-range aerosol transport can 

elevate PM2.5 levels is warranted. 

Applying the atmospheric river concept for water vapor (Guan et al., 2020; Guan & 

Waliser, 2015) to aerosols (Chakraborty et al., 2021, 2022), it has been found that aerosols are 

also transported through narrow and elongated (longer than 2000 km) channels of atmospheric 

flow – referred to as aerosol atmospheric rivers (AARs)  (Chakraborty et al., 2021, 2022). 

Annually, 30-40 AAR days contribute up to 80% of the dust (DU) transport and up to 40-50% of 

the sulfate (SU), organic carbon (OC), and black carbon (BC) aerosol transports (Chakraborty et 

al., 2021, 2022). But such transports are located over certain major transport pathways over the 

globe involving high aerosol-emitting source regions and the wind circulations picking up and 

transporting the aerosols to receptor regions (Chakraborty et al., 2021). AARs, by definition, 

contain a very high integrated aerosol transport (IAT) with a much higher mean aerosol mass 

mixing ratio within them than the non-AAR transport events (Chakraborty et al., 2021).  Thus, it 

is crucial and very important to investigate how AARs have impacted the air quality and PM2.5 

levels over time in various regions of the world.  

With the above motivations, this study aims to clarify the role of AARs in establishing 

poor air quality events over various regions of the world. An AAR event database  extending 

between 1997-2020 has been created using the Modern-Era Retrospective analysis for Research 
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and Applications (MERRA-2) which includes aerosol quantities, and has been used for scientific 

studies and is well-validated against the ground-based and satellite observations (Aldabash et al., 

2020; Buchard et al., 2017; Global Modeling and Assimilation Office, 2015b, 2015a; Gueymard 

& Yang, 2020; Randles et al., 2017; Sitnov et al., 2020; Xu et al., 2020). Using in-situ 

measurements of PM2.5 along with this database of AAR events, we will investigate the 

fractional contribution of AARs to extreme PM2.5 levels, including top-ranked PM2.5 events, over 

the US and extend the analysis to the association of AARs with extreme high aerosol optical 

depth (AOD) levels over various other regions of the world. PM2.5 is measured at stations from 

the Interagency Monitoring of Protected Visual Environments (IMPROVE) network, which has 

been validated and used for scientific studies (Hwang & Hopke, 2007; Qiao et al., 2021; 

Solomon et al., 2014; Sorek-Hamer et al., 2013) over the US. Owing to the fact that the PM2.5 

measurements are not available over various locations across the globe, we will use in-situ 

measurements of AOD (Aldabash et al., 2020; Balarabe et al., 2015; Eck et al., 2005; Gueymard 

& Yang, 2020; Holben et al., 1998) from various Aerosol Robotic Network (Holben et al., 1998) 

(AERONET) stations as well as the AOD values from the MERRA-2 analysis. The former 

provides sparse but more accurate in-situ values while the latter provides more uncertain values 

but with complete spatial coverage over the globe.  Please see the Methods section for the 

datasets used (Buchard et al., 2017; Global Modeling and Assimilation Office, 2015b, 2015a; 

Randles et al., 2017)  and how to calculate the associations between AARs and poor air quality 

events.    

AARs and the elevated PM2.5 levels over the US 

 Figure 1 shows examples of the impact of AARs on the PM2.5 levels. Wildfires over 

California generated many SU and carbonaceous (OC and BC) AARs in September 2020. Figure 
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1A shows the locations of four major fires that burned areas of more than 15000 acres and lasted 

more than two months – the Creek fire, the El Dorado fire, the Bobcat fire, and the Slater-Devil 

fire that started on 9/4, 9/5, 9/6, and 9/7, respectively. Our algorithm detects one SU AAR on 

September 12th (Fig. S1A) that reached far from the wildfire source regions over to the Midwest 

US and Canada on September 13th (Fig. 1A). The river continued to propagate eastward and was 

joined by another SU river traveling across the Pacific Ocean, resulting in an increase in the IAT 

value of the AAR (see vectors, Fig. 1B). The AAR heavily impacted the air quality over the 

regions crossed over (Fig.1C). The Kalmiopsis station monitoring the PM2.5 level over Oregon 

exhibited a huge increase in the PM2.5 level from 10µ on 9/6 to 186 µgm-3 on 9/12. It is also 

important to note that the daily limit of PM2.5 exposure by the World Health Organization is 

15µgm-3 (https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-

health). The AAR also impacted the PM2.5 levels over regions far from where it originated. The 

AAR raised the PM2.5 level (~80µgm-3; rank=1) over the North Cascades station in Washington 

on 9/12. The Gates of the Mountains station in Montana, being located east of the wildfire 

region, recorded a peak in the PM2.5 level (~75µgm-3; rank=1) on 9/15. The AAR left the 

northwestern US on the next day (9/15; Fig. S1B) and moved to the east with these northwestern 

US stations experiencing a decline in the PM2.5 levels after 9/15.  

 It has also been noted that the poor air quality events and elevated PM2.5 levels can also 

be caused by many inter-continental transport events (Han et al., 2015; Karaca et al., 2009; Lin et 

al., 2005; Perrone et al., 2013; Prospero, 1999; Wang et al., 2015). Figures 1D-1F show one 

example of the impact of a DU AAR on the PM2.5 level over a station in Minnesota. The DU 

AAR originated from east Asia traveled over the Pacific Ocean and reached north America on 

9/1/2011 (Fig. S2A). The AAR continued to transport dust over Canada and the northern US for 
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a week (Fig. 1D). As a result, the PM2.5 monitoring station in the Boundary Waters Canoe Area, 

MN observed a rise in the PM2.5 level from 9/3 and recorded a maximum of ~70 µgm-3 (rank =1) 

on 9/12 (Fig. 1F) when the tail of the AAR reached the station (Fig. 1E). The AAR split on 9/12 

at 1800 UTC and left the region (Fig. S2B). As a result, the PM2.5 level dropped below the WHO 

limit on 9/15. 

 These case studies show the impact of the wildfire and the dust emissions by the 

anomalous wind circulation on poor air quality conditions over regions far from their source 

regions – often inter-continental. Before further illustrating the impacts of AARs on local US or 

global air quality, we show the AAR climatologies and identify the major transport pathways of 

DU, SU, OC, and BC AARs between 1997-2020. Figure 2 shows the annual mean frequency of 

AAR occurrences by species in days per year. Figure 2A shows that the global deserts give rise 

to 30-40 DU AAR days each year. The major transport pathways are located between the Sahara 

Desert to the North Atlantic Ocean and the Sahara Desert to Europe and the middle east region. 

Numerous DU AARs are located over China, Mongolia, and Kazakhstan. In the Southern 

Hemisphere, many DU AARs originate from the Atacama, Kalahari, and Patagonia Deserts. 

Figure 2B shows that SU AARs are more frequent (~40 days/year, Fig. 2B) in the Northern 

Hemisphere than in the Southern Hemisphere owing to the emissions of SO2 from biogenic and 

anthropogenic activities over China, Europe, and the eastern US (Chakraborty et al., 2022). In 

the Southern Hemisphere, major transport pathways of SU AARs include regions from the 

southern edges of the global rainforests to the South Indian, South Atlantic, and Southern 

Oceans. Global rainforests and boreal forests form many BC and OC rivers due to biomass 

burning (Figs. 2C and 2D).  Other regions of high AAR activities are noted over the 



 9 

industrialized areas over eastern China, north India, Europe, eastern US where 20-40 BC or OC 

AAR days are observed annually.  

To illustrate the overall impacts of AARs on the PM2.5 levels over the US, we use the PM2.5 

measurements of the IMPROVE network between 1997-2020. Figure 3A-3D show the fraction 

of the time when AARs are associated with extreme PM2.5 over various stations in the US. Here, 

extremes are defined as PM2.5 concentration over a station greater than 15µgm-3.  Figure 3A 

shows that the DU AARs are associated ~20% of the extreme PM2.5 values over most of the US, 

except in the southwest US over Arizona, New Mexico, Colorado, and Utah where the 

association can be as high as 50% – presumably because of the DU AARs are at least in part 

generated from the desert and drylands in these regions. Over the stations located west of the 

Rocky Mountains, SU AARs are associated 20-50% of the extreme PM2.5 values. However, the 

association increases to 30-70% over the stations east of the Rocky Mountain because many of 

the SU AARs are generated over the eastern US (Fig. 2B). OC and BC AARs are also 

responsible for poor air quality events, up to 70% of the extreme PM2.5 values exhibited by the 

stations in the Midwest US. Apart from those generated over the US due to wildfire as shown in 

Figure 1, many OC and BC AARs travel from Asia (Fig. 2C and 2D) and can degrade US air 

quality. OC and BC AARs are strongly (up to 70%) associated with poor air quality events over 

stations located in the Midwest US region, where the anthropogenic and industrial emission is 

less. On the other hand, stations located over the west coast show a lower association (~10-20%, 

except ~50% in Los Angeles) between extreme PM2.5 values and OC and BC AARs. This 

indicates that the high PM2.5 levels over there are due to local emissions from industrial activities 

and anthropogenic emissions from the major cities located in the west coast region rather than 

long-range transport.  
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In order to explore the relationship between AARs and PM2.5 levels, we evaluate the ranking 

of the extreme PM2.5 levels (shading) and associated PM2.5 values (bubble size) over these 

stations. Figure 3E shows that few stations over the Southwest US, where the association 

between DU AARs and PM2.5 level was observed to be higher, are identified with red bubbles - 

denoting that AARs are associated with the strongest (rank 1) or the second strongest (rank 2) 

PM2.5 values recorded during the analysis period over those stations (Note that the daily PM2.5 

records consist of 104 values or more). Stations with orange (green) colored bubble indicates the 

AARs were associated with the third strongest to the fifth strongest or rank 3-5 (sixth highest to 

ninth highest or rank 6-9) PM2.5 values recorded by those stations. Most of the stations in the US 

show that the DU AARs are associated with ranks weaker than 9 - similar to the weaker 

association between DU AARs and the PM2.5 levels. 

Our results show that the ranking of SU, OC, and BC AARs with the elevated PM2.5 levels is 

stronger than that of DU AARs (Figs. 3F-3H). Although the overall association between SU 

AARs and high PM2.5 levels is weak over the regions west of the Rocky Mountains (Fig. 3B), the 

association tends to produce the top-ranked PM2.5 levels there (red bubbles, Fig. 3F). The SU 

AAR-associated PM2.5 levels are also top-ranked over the states over the eastern US, where the 

overall association between SU AARs and PM2.5 levels is strong. The size of the bubbles denotes 

the corresponding extreme PM2.5 values at that rank. For example, the bubble size over the 

Kalmiopsis station in Oregon shows the highest ever recorded PM2.5 value (186 µgm-3, rank =1) 

over the US as shown in the case study (Fig. 1C). OC and BC AARs are often associated with 

the strongest or the second strongest PM2.5 values over most of the stations located on the west 

coast, Midwest, southwest, and east coast of the US (Fig. 3G and 3H).  

AARs and the elevated AOD levels over the globe 
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In order to get a global picture of the relationships between AARs and poor air quality 

events, we analyze the association of the extremely high (AOD > 98th percentile between 1997-

2020) fine (Fig. 4) and coarse (Fig. S4) mode (O’Neill et al., 2003) AOD values observed over 

various AERONET stations, since the availability of PM2.5 measurements over the globe is 

scarce. See Figure S3 for the 98th percentile limits of fine and coarse mode AOD values between 

1997-2020. Stations with at least 10 years of level 2 data between 1997-2020 have been included 

in the analysis. The association of DU AARs with extreme fine-mode AOD values is relatively 

weak (~20%) over most of the stations except the Sahel and the Caribbean regions, where the 

association can reach up to 80%. In addition, the association is very high (~80%) over the Sahel 

and the Caribbean regions, Europe, and east Asia when we consider extreme coarse-mode AOD 

values (Fig. S4A). On the other hand, SU AARs are often associated (40-80%) with high fine-

mode AOD values over many regions of the world, such as the eastern US, Europe, and east Asia 

(Fig. 4B). For extreme fine-mode AOD values, OC and BC aerosols have the highest association 

over various regions of the globe (Figs. 4C-4D. Such regions include the western US, east coast 

of the US, Amazonia, the south African region as well as Madagascar, the Ascension Island 

(because of the AARs generated from the Congo rainforest; Figs. 2C and 2D) in the tropical 

Atlantic Ocean, and east Asia. On the contrary, the association of SU, OC, and BC AARs with 

high coarse-mode AOD values is weaker (Figs. S4B-S4D). The size of the bubbles represents the 

average number of AARs observed per year between 1997-2020 over the stations shown in 

Figure 2. 

Although DU AARs are not frequently associated with extreme fine-mode AOD values, the 

DU AAR-associated fine-mode AOD values attain the top ranks (rank 1 or 2) over many regions 

of the world including the eastern US, western Europe, Sahel region, south African countries, 
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and Japan (Fig. 4E). For coarse-mode AOD, the ranks are stronger over almost entire European 

continent, the middle-east region, east Asia, Indian subcontinent, and the Caribbean region (Fig. 

S5A). The red bubbles in Figures 4B-4D show that SU, OC, and BC AARs occupy the strongest 

ranks over almost all the stations in the world.  

We also compare the association of AARs and extreme AOD values from AERONET 

stations (bubbles), MERRA-2 (Fig. S6), and the Moderate Resolution Imaging 

Spectroradiometer or MODIS satellite (Fig. S7). Figure S7 shows a reasonable agreement 

between the association of AARs with high AERONET AOD (AODA, coarse mode for DU 

AARs and fine mode for others), high MODIS AOD (AODMO), and MERRA-2 AOD (AODME, 

Fig. S6) over the AERONET stations and their surrounding regions. AODME (Fig. S6) appears to 

be lower than AODMO (Fig. S7). Figure S8 shows associated biases, root mean squared errors 

(RMSE), Pearson’s correlation coefficient, associated significant level (p values) between AODA 

(X-axis) and AODMO as well as AODME (Y-axis) over the AERONET stations. AODME and 

AODA have a higher correlation than that between AODMO and AODA for all the species of 

aerosols. However, AODME shows higher biases for all the species. RMSE values are also higher 

for the AODME for DU and OC AARs. 

Socio-economic impacts 

The objective of this study is to show the connection between the AAR’s impacts by 

estimating the association and intensity (in terms of ranks) with the PM2.5 levels, which is 

directly related to respiratory health, in the US. We also extend the study on a global perspective 

by using a proxy of aerosols - AOD measured over various in-situ AERONET stations.  Our 

findings show the impact of AARs on the poor PM2.5 and AOD levels over the Unites Stated and 

the globe, respectively. AARs significantly elevate the PM2.5 levels over various locations in the 
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US and are associated with PM2.5 values above the WHO daily limit (up to 70-80% of the time). 

AARs are associated with extremely high AOD levels over various locations around the globe. 

Such association can be as high as 80% of the time. Not only that, the top-ranked (rank 1-2) 

PM2.5 and AOD levels for the whole records (1997-2020) are often associated with long-range 

transport by AARs. Over the US, the association and the rank of the AARs with the extreme 

PM2.5 and AOD levels are in tandem with each other. For example, SU AARs have an overall 

stronger (weaker) association with the PM2.5 (Fig. 3B) and AOD (Fig. 4B) levels over the eastern 

(western) US, but they produced the top-ranked events (rand 1-2) over both regions (Figs. 3F and 

4F).   

Such a strong association between AARs and extreme PM2.5/AOD occurrences and ranks 

found in our study show only 30-40 AAR days each year can have significant impacts on the air 

quality and visibility – factors that cause millions of deaths each year. Such poor air quality 

events due to long-range aerosol transport, often unnoticed to the people in the receptor region, 

can have severe impacts on the medical industries by causing them billions of dollars. For 

example, the 2019-2020 wildfire season in Australia caused smoke-related PM2.5 induced health 

costs of AU$1.95 billion. The real-time aerosol product using the nature run of the GOES FP 

system that provides analysis and forecast products can be used to detect the real-time AAR 

events. Thus, poor air quality warnings can be issued in real-time for AAR related elevated 

PM2.5 events and precautionary measured can be used to prevent lung disease and deaths.  

The interactions between the long-range aerosol transport and poor air quality events 

have been investigated before. However, to our knowledge, no other study shows the unique 

assessment and insight provided in this study on the association and the rank of the poor air 

quality events with long-range aerosol transports, especially using long-term datasets (i.e. 1997-
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2020). The insights are extremely important since this study investigates the impacts coming 

from extreme aerosol transport events, or AARs that have a very high aerosol content compared 

to other transport events (Chakraborty et al., 2022) . The concept might also be useful and shows 

promises to further study the extreme air quality events associated with AARs. Future studies 

based on the database created for AARs (Chakraborty et al., 2021) 

(https://doi.org/10.25346/S6/CXO9PD) can include the real-time air quality impacts due to 

AARs, investigating the health impacts and death related during such events, the role of local 

environmental factors on poor quality events and long-range transport as well local emissions, 

and the assessing the monetary impacts to the medical industries including the hospitals and the 

insurance companies. It is important to know that despite SU AARs also travel from the East 

Asian region like OC and BC AARs, they do not have a higher association with the PM2.5 levels 

over the Midwest region like OC and BC AARs have. SU AARs have a higher association over 

the stations east of the Rocky Mountains – located relatively closer to the source region 

compared to those SU AARs travelling from East Asia to the Midwest region. Studies involving 

chemical analysis and aging are needed in the future to understand the reason behind that. 

Methods 

A widely used AR detecting algorithm has been modified to detect narrow and elongated 

regions of high IAT values associated with AARs. The AAR detection algorithm is applied to 

IAT from the MERRA-2 reanalysis (Buchard et al., 2017; Global Modeling and Assimilation 

Office, 2015b, 2015a; Randles et al., 2017). For PM2.5 measurements from the IMPROVE 

network and cloud-screened version 2 AOD values from AERONET stations, we choose stations 

with at least 10 years of data between 1997-2020 since the AAR database ranges between 1997-

2020. Both the datasets are well validated and have previously been used for scientific studies 
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(Aldabash et al., 2020; Balarabe et al., 2015; Eck et al., 2005; Gueymard & Yang, 2020; Hwang 

& Hopke, 2007; Qiao et al., 2021; Sorek-Hamer et al., 2013). We first extract the dates when 

PM2.5 and AOD values are higher than the WHO daily limit and above the 98th percentiles of the 

AOD values between 1997-2020, respectively. Then we compute how many of those days AARs 

have been observed over the stations and compute the fractional association (h!!")as: 

                          h!!" = h!!"#$%&(𝑃𝑀'.) > 15)/h#$%&(𝑃𝑀'.) > 15) 

The rank of the association is calculated by finding the position of the maximum PM2.5 or 

AOD values during AAR days relative to the PM2.5 or AOD values during all the data records. 

We have calculated a similar association between MODIS and MERRA-2 AOD at every grid 

point. We have used daily level 3 gridded MOD08 and version 2 (MODIS Science Team, 2014) 

of the MERRA-2 aerosol reanalysis (Gelaro et al., 2017) dataset for the AOD information. For 

details of the datasets used in this study, please see Table S1 in the supplementary section. 
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Figure1. Case studies of the impacts of AARs on PM2.5 levels. Figure 1 shows a Sulfate 
AAR generated from wild fire events in California. (A) The location of four large wildfire 
events with total burned area greater than 15000 acres and lasting for more than two months 
(marked in the map as ´) on 09/13/2020 1800 UTC. The PM2.5 PM2.5moniroting stations are 
marked as triangles. (B) The same river on 09/14/2020 at 1800 UTC. (C) PM2.5 levels 
monitored over the stations shown in the maps as triangles. (D) one dust AAR on 09/08/2011 
at 00UTC. (E) The same river on 09/12/2011. (F) PM2.5 level monitored over the Boundary 
Water Canoe Area in MN (marked as triangle in the map) during the AAR event. Shading 
shows the IAT values and the arrows represent the vectors. 
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Figure 2. Maps of AAR days/year for four different species (A) dust, (B) sulfate, (C) 
organic carbon, and (D) black carbon between 1997-2020.  
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Figure 3. Fraction of extreme PM2.5 levels (PM2.5 > 15µ or WHO daily limit) associated 
with AAR events (shading, %) between 1997-2020 for (A) Dust, (B) Sulfate, (C) Organic 
Carbon, and (D) Black Carbon AARs. The highest rank (shading) of AAR related extremes 
associated with extreme PM2.5 levels for (E) Dust, (F) Sulfate, (G) Organic Carbon, and (H) 
Black Carbon AARs. The size of the circles shows the corresponding PM2.5 values at that 
rank. 
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Figure 4. Fraction of extreme fine-mode AOD values (AOD > 98th percentile between 
1997-2020) associated with AAR events (shading, %) and the AAR days/year (size of the 
bubbles) between 1997-2020 for (A) Dust, (B) Sulfate, (C) Organic Carbon, and (D) Black 
Carbon AARs. The size of the bubbles show the number of AARs observed each year over 
that station from Figure 2. The highest rank (shading) of AAR related extremes associated 
with extreme AOD values for (E) Dust, (F) Sulfate, (G) Organic Carbon, and (H) Black 
Carbon AARs. The size of the bubbles shows the corresponding AOD values at that rank.  
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Abstract  

This study investigates the impacts of aerosol atmospheric rivers (AARs) on extreme Particulate 

Matter 2.5 (PM2.5) levels (PM2.5 > 15mgm-3, as per the WHO) and on aerosol optical depth 

(AOD) extremes (AOD > 98th percentile) over the US and the globe, respectively, between 1997-

2020.  Results show that over various regions over the US, extreme PM2.5values are associated 

with AARs up to 70% of the time. Dust (sulfate) AARs are responsible for extreme PM2.5 levels 

over the southwestern (northeastern and the east coastal) US. Organic and black carbon AARs 

are associated with extreme PM2.5 levels over the Midwest region of the US.  Globally, AARs 

are associated with 40-80% of the extreme AOD levels over the US, Sahel, Europe, Middle East, 

US, South America, East Asia, India, and South Africa. Such associations often lead to the 

highest or the second highest PM2.5 and AOD levels recorded over those stations between 1997-

2020. 
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Plain Language Summary 

Particulate matters with a diameter less than 2.5µ (i.e., PM2.5) have a deleterious impact on 

human health, especially on the respiratory system, including causing millions of premature 

deaths every year. This study finds out that long-range extreme transport of aerosols by aerosol 

atmospheric rivers (AARs) can be associated up to 70% of the time with extreme PM2.5 levels 

over the Midwestern, southwestern, and eastern US and with high aerosol optical depth (AOD) 

over many regions in Europe, East Asia, South America, and Africa. This study points out the 

impact of AARs on global air quality. 
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Introduction 

 Air pollution has significant impacts on the respiratory system and can exacerbate several 

fatal conditions, such as heart disease, stroke, chronic obstructive pulmonary disease, cancer, and 

pneumonia (https://www.who.int/data/gho/data/themes/theme-details/GHO/air-pollution). Each 

year, according to the World Health Organization (WHO), 2.4 billion people are exposed to poor 

ambient and even indoor air quality that result in 7 million premature deaths 

(https://www.who.int/health-topics/air-pollution#tab=tab_2) – a much higher number than the 

ongoing COVID -19 related deaths or infections (https://coronavirus.jhu.edu/data).  

Atmospheric particulate matter (PM) is one of the major culprits among the pollutants 

contributing to the poor air quality events and consist of organic and inorganic mixtures of liquid 

and solid-state sulfate, nitrates, mineral dust, ammonia, black carbon, and water (Ye et al., 2003). 

Those with a diameter less than 2.5 microns (PM2.5) are especially dangerous to the lungs as they 

can penetrate the lung barrier, damage the alveolar wall, impair lung function (Xing et al., 2016), 

enter the bloodstream, and cause human mortality (Apte et al., 2015; R. Li et al., 2018; Xing et 

al., 2016). The sources of PM2.5 can be local emissions (Guo et al., 2019; Zíková et al., 2016) as 

well as long-range transport of aerosols (Bae et al., 2020; D. Li et al., 2017; Perrone et al., 2013; 

Saliba et al., 2007; Squizzato et al., 2012; Wang et al., 2015). The source-receptor relationship of 

long-range aerosol transport  (Clappier et al., 2015) on air quality and PM2.5 related health 

impacts has been often studied (Kong et al., 2010; Todorović et al., 2020). Such studies have 

used observations (Uranishi et al., 2019; Wang et al., 2015) and models (Chen et al., 2014; Kong 

et al., 2010; Shimadera et al., 2016) to understand the impact of long-range aerosol transport on 

the air quality events and PM2.5 level over various receptor regions of the world (Bae et al., 2020; 
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Chen et al., 2014; Guo et al., 2019; Kong et al., 2010; D. Li et al., 2017; Perrone et al., 2013; 

Saliba et al., 2007; Shimadera et al., 2016; Squizzato et al., 2012; Zíková et al., 2016). However, 

a clear picture of the role of long-range transport, especially the extreme transport events, on a 

global scale in affecting the local values of aerosol concentration and PM2.5 level is still lacking, 

primarily due to the lack of studies using long-record information about aerosol transports and 

their impacts on air quality. A proper understanding of how long-range aerosol transport can 

elevate PM2.5 levels is warranted. 

Applying the atmospheric river concept for water vapor (Guan et al., 2020; Guan & 

Waliser, 2015) to aerosols (Chakraborty et al., 2021, 2022), it has been found that aerosols are 

also transported through narrow and elongated (longer than 2000 km) channels of atmospheric 

flow – referred to as aerosol atmospheric rivers (AARs)  (Chakraborty et al., 2021, 2022). 

Annually, 30-40 AAR days contribute up to 80% of the dust (DU) transport and up to 40-50% of 

the sulfate (SU), organic carbon (OC), and black carbon (BC) aerosol transports (Chakraborty et 

al., 2021, 2022). But such transports are located over certain major transport pathways over the 

globe involving high aerosol-emitting source regions and the wind circulations picking up and 

transporting the aerosols to receptor regions (Chakraborty et al., 2021). AARs, by definition, 

contain a very high integrated aerosol transport (IAT) with a much higher mean aerosol mass 

mixing ratio within them than the non-AAR transport events (Chakraborty et al., 2021).  Thus, it 

is crucial and very important to investigate how AARs have impacted the air quality and PM2.5 

levels over time in various regions of the world.  

With the above motivations, this study aims to clarify the role of AARs in establishing 

poor air quality events over various regions of the world. An AAR event database  extending 

between 1997-2020 has been created using the Modern-Era Retrospective analysis for Research 
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and Applications (MERRA-2) which includes aerosol quantities, and has been used for scientific 

studies and is well-validated against the ground-based and satellite observations (Aldabash et al., 

2020; Buchard et al., 2017; Global Modeling and Assimilation Office, 2015b, 2015a; Gueymard 

& Yang, 2020; Randles et al., 2017; Sitnov et al., 2020; Xu et al., 2020). Using in-situ 

measurements of PM2.5 along with this database of AAR events, we will investigate the 

fractional contribution of AARs to extreme PM2.5 levels, including top-ranked PM2.5 events, over 

the US and extend the analysis to the association of AARs with extreme high aerosol optical 

depth (AOD) levels over various other regions of the world. PM2.5 is measured at stations from 

the Interagency Monitoring of Protected Visual Environments (IMPROVE) network, which has 

been validated and used for scientific studies (Hwang & Hopke, 2007; Qiao et al., 2021; 

Solomon et al., 2014; Sorek-Hamer et al., 2013) over the US. Owing to the fact that the PM2.5 

measurements are not available over various locations across the globe, we will use in-situ 

measurements of AOD (Aldabash et al., 2020; Balarabe et al., 2015; Eck et al., 2005; Gueymard 

& Yang, 2020; Holben et al., 1998) from various Aerosol Robotic Network (Holben et al., 1998) 

(AERONET) stations as well as the AOD values from the MERRA-2 analysis. The former 

provides sparse but more accurate in-situ values while the latter provides more uncertain values 

but with complete spatial coverage over the globe.  Please see the Methods section for the 

datasets used (Buchard et al., 2017; Global Modeling and Assimilation Office, 2015b, 2015a; 

Randles et al., 2017)  and how to calculate the associations between AARs and poor air quality 

events.    

AARs and the elevated PM2.5 levels over the US 

 Figure 1 shows examples of the impact of AARs on the PM2.5 levels. Wildfires over 

California generated many SU and carbonaceous (OC and BC) AARs in September 2020. Figure 
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1A shows the locations of four major fires that burned areas of more than 15000 acres and lasted 

more than two months – the Creek fire, the El Dorado fire, the Bobcat fire, and the Slater-Devil 

fire that started on 9/4, 9/5, 9/6, and 9/7, respectively. Our algorithm detects one SU AAR on 

September 12th (Fig. S1A) that reached far from the wildfire source regions over to the Midwest 

US and Canada on September 13th (Fig. 1A). The river continued to propagate eastward and was 

joined by another SU river traveling across the Pacific Ocean, resulting in an increase in the IAT 

value of the AAR (see vectors, Fig. 1B). The AAR heavily impacted the air quality over the 

regions crossed over (Fig.1C). The Kalmiopsis station monitoring the PM2.5 level over Oregon 

exhibited a huge increase in the PM2.5 level from 10µ on 9/6 to 186 µgm-3 on 9/12. It is also 

important to note that the daily limit of PM2.5 exposure by the World Health Organization is 

15µgm-3 (https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-

health). The AAR also impacted the PM2.5 levels over regions far from where it originated. The 

AAR raised the PM2.5 level (~80µgm-3; rank=1) over the North Cascades station in Washington 

on 9/12. The Gates of the Mountains station in Montana, being located east of the wildfire 

region, recorded a peak in the PM2.5 level (~75µgm-3; rank=1) on 9/15. The AAR left the 

northwestern US on the next day (9/15; Fig. S1B) and moved to the east with these northwestern 

US stations experiencing a decline in the PM2.5 levels after 9/15.  

 It has also been noted that the poor air quality events and elevated PM2.5 levels can also 

be caused by many inter-continental transport events (Han et al., 2015; Karaca et al., 2009; Lin et 

al., 2005; Perrone et al., 2013; Prospero, 1999; Wang et al., 2015). Figures 1D-1F show one 

example of the impact of a DU AAR on the PM2.5 level over a station in Minnesota. The DU 

AAR originated from east Asia traveled over the Pacific Ocean and reached north America on 

9/1/2011 (Fig. S2A). The AAR continued to transport dust over Canada and the northern US for 



 8 

a week (Fig. 1D). As a result, the PM2.5 monitoring station in the Boundary Waters Canoe Area, 

MN observed a rise in the PM2.5 level from 9/3 and recorded a maximum of ~70 µgm-3 (rank =1) 

on 9/12 (Fig. 1F) when the tail of the AAR reached the station (Fig. 1E). The AAR split on 9/12 

at 1800 UTC and left the region (Fig. S2B). As a result, the PM2.5 level dropped below the WHO 

limit on 9/15. 

 These case studies show the impact of the wildfire and the dust emissions by the 

anomalous wind circulation on poor air quality conditions over regions far from their source 

regions – often inter-continental. Before further illustrating the impacts of AARs on local US or 

global air quality, we show the AAR climatologies and identify the major transport pathways of 

DU, SU, OC, and BC AARs between 1997-2020. Figure 2 shows the annual mean frequency of 

AAR occurrences by species in days per year. Figure 2A shows that the global deserts give rise 

to 30-40 DU AAR days each year. The major transport pathways are located between the Sahara 

Desert to the North Atlantic Ocean and the Sahara Desert to Europe and the middle east region. 

Numerous DU AARs are located over China, Mongolia, and Kazakhstan. In the Southern 

Hemisphere, many DU AARs originate from the Atacama, Kalahari, and Patagonia Deserts. 

Figure 2B shows that SU AARs are more frequent (~40 days/year, Fig. 2B) in the Northern 

Hemisphere than in the Southern Hemisphere owing to the emissions of SO2 from biogenic and 

anthropogenic activities over China, Europe, and the eastern US (Chakraborty et al., 2022). In 

the Southern Hemisphere, major transport pathways of SU AARs include regions from the 

southern edges of the global rainforests to the South Indian, South Atlantic, and Southern 

Oceans. Global rainforests and boreal forests form many BC and OC rivers due to biomass 

burning (Figs. 2C and 2D).  Other regions of high AAR activities are noted over the 
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industrialized areas over eastern China, north India, Europe, eastern US where 20-40 BC or OC 

AAR days are observed annually.  

To illustrate the overall impacts of AARs on the PM2.5 levels over the US, we use the PM2.5 

measurements of the IMPROVE network between 1997-2020. Figure 3A-3D show the fraction 

of the time when AARs are associated with extreme PM2.5 over various stations in the US. Here, 

extremes are defined as PM2.5 concentration over a station greater than 15µgm-3.  Figure 3A 

shows that the DU AARs are associated ~20% of the extreme PM2.5 values over most of the US, 

except in the southwest US over Arizona, New Mexico, Colorado, and Utah where the 

association can be as high as 50% – presumably because of the DU AARs are at least in part 

generated from the desert and drylands in these regions. Over the stations located west of the 

Rocky Mountains, SU AARs are associated 20-50% of the extreme PM2.5 values. However, the 

association increases to 30-70% over the stations east of the Rocky Mountain because many of 

the SU AARs are generated over the eastern US (Fig. 2B). OC and BC AARs are also 

responsible for poor air quality events, up to 70% of the extreme PM2.5 values exhibited by the 

stations in the Midwest US. Apart from those generated over the US due to wildfire as shown in 

Figure 1, many OC and BC AARs travel from Asia (Fig. 2C and 2D) and can degrade US air 

quality. OC and BC AARs are strongly (up to 70%) associated with poor air quality events over 

stations located in the Midwest US region, where the anthropogenic and industrial emission is 

less. On the other hand, stations located over the west coast show a lower association (~10-20%, 

except ~50% in Los Angeles) between extreme PM2.5 values and OC and BC AARs. This 

indicates that the high PM2.5 levels over there are due to local emissions from industrial activities 

and anthropogenic emissions from the major cities located in the west coast region rather than 

long-range transport.  
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In order to explore the relationship between AARs and PM2.5 levels, we evaluate the ranking 

of the extreme PM2.5 levels (shading) and associated PM2.5 values (bubble size) over these 

stations. Figure 3E shows that few stations over the Southwest US, where the association 

between DU AARs and PM2.5 level was observed to be higher, are identified with red bubbles - 

denoting that AARs are associated with the strongest (rank 1) or the second strongest (rank 2) 

PM2.5 values recorded during the analysis period over those stations (Note that the daily PM2.5 

records consist of 104 values or more). Stations with orange (green) colored bubble indicates the 

AARs were associated with the third strongest to the fifth strongest or rank 3-5 (sixth highest to 

ninth highest or rank 6-9) PM2.5 values recorded by those stations. Most of the stations in the US 

show that the DU AARs are associated with ranks weaker than 9 - similar to the weaker 

association between DU AARs and the PM2.5 levels. 

Our results show that the ranking of SU, OC, and BC AARs with the elevated PM2.5 levels is 

stronger than that of DU AARs (Figs. 3F-3H). Although the overall association between SU 

AARs and high PM2.5 levels is weak over the regions west of the Rocky Mountains (Fig. 3B), the 

association tends to produce the top-ranked PM2.5 levels there (red bubbles, Fig. 3F). The SU 

AAR-associated PM2.5 levels are also top-ranked over the states over the eastern US, where the 

overall association between SU AARs and PM2.5 levels is strong. The size of the bubbles denotes 

the corresponding extreme PM2.5 values at that rank. For example, the bubble size over the 

Kalmiopsis station in Oregon shows the highest ever recorded PM2.5 value (186 µgm-3, rank =1) 

over the US as shown in the case study (Fig. 1C). OC and BC AARs are often associated with 

the strongest or the second strongest PM2.5 values over most of the stations located on the west 

coast, Midwest, southwest, and east coast of the US (Fig. 3G and 3H).  

AARs and the elevated AOD levels over the globe 
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In order to get a global picture of the relationships between AARs and poor air quality 

events, we analyze the association of the extremely high (AOD > 98th percentile between 1997-

2020) fine (Fig. 4) and coarse (Fig. S4) mode (O’Neill et al., 2003) AOD values observed over 

various AERONET stations, since the availability of PM2.5 measurements over the globe is 

scarce. See Figure S3 for the 98th percentile limits of fine and coarse mode AOD values between 

1997-2020. Stations with at least 10 years of level 2 data between 1997-2020 have been included 

in the analysis. The association of DU AARs with extreme fine-mode AOD values is relatively 

weak (~20%) over most of the stations except the Sahel and the Caribbean regions, where the 

association can reach up to 80%. In addition, the association is very high (~80%) over the Sahel 

and the Caribbean regions, Europe, and east Asia when we consider extreme coarse-mode AOD 

values (Fig. S4A). On the other hand, SU AARs are often associated (40-80%) with high fine-

mode AOD values over many regions of the world, such as the eastern US, Europe, and east Asia 

(Fig. 4B). For extreme fine-mode AOD values, OC and BC aerosols have the highest association 

over various regions of the globe (Figs. 4C-4D. Such regions include the western US, east coast 

of the US, Amazonia, the south African region as well as Madagascar, the Ascension Island 

(because of the AARs generated from the Congo rainforest; Figs. 2C and 2D) in the tropical 

Atlantic Ocean, and east Asia. On the contrary, the association of SU, OC, and BC AARs with 

high coarse-mode AOD values is weaker (Figs. S4B-S4D). The size of the bubbles represents the 

average number of AARs observed per year between 1997-2020 over the stations shown in 

Figure 2. 

Although DU AARs are not frequently associated with extreme fine-mode AOD values, the 

DU AAR-associated fine-mode AOD values attain the top ranks (rank 1 or 2) over many regions 

of the world including the eastern US, western Europe, Sahel region, south African countries, 
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and Japan (Fig. 4E). For coarse-mode AOD, the ranks are stronger over almost entire European 

continent, the middle-east region, east Asia, Indian subcontinent, and the Caribbean region (Fig. 

S5A). The red bubbles in Figures 4B-4D show that SU, OC, and BC AARs occupy the strongest 

ranks over almost all the stations in the world.  

We also compare the association of AARs and extreme AOD values from AERONET 

stations (bubbles), MERRA-2 (Fig. S6), and the Moderate Resolution Imaging 

Spectroradiometer or MODIS satellite (Fig. S7). Figure S7 shows a reasonable agreement 

between the association of AARs with high AERONET AOD (AODA, coarse mode for DU 

AARs and fine mode for others), high MODIS AOD (AODMO), and MERRA-2 AOD (AODME, 

Fig. S6) over the AERONET stations and their surrounding regions. AODME (Fig. S6) appears to 

be lower than AODMO (Fig. S7). Figure S8 shows associated biases, root mean squared errors 

(RMSE), Pearson’s correlation coefficient, associated significant level (p values) between AODA 

(X-axis) and AODMO as well as AODME (Y-axis) over the AERONET stations. AODME and 

AODA have a higher correlation than that between AODMO and AODA for all the species of 

aerosols. However, AODME shows higher biases for all the species. RMSE values are also higher 

for the AODME for DU and OC AARs. 

Socio-economic impacts 

The objective of this study is to show the connection between the AAR’s impacts by 

estimating the association and intensity (in terms of ranks) with the PM2.5 levels, which is 

directly related to respiratory health, in the US. We also extend the study on a global perspective 

by using a proxy of aerosols - AOD measured over various in-situ AERONET stations.  Our 

findings show the impact of AARs on the poor PM2.5 and AOD levels over the Unites Stated and 

the globe, respectively. AARs significantly elevate the PM2.5 levels over various locations in the 



 13 

US and are associated with PM2.5 values above the WHO daily limit (up to 70-80% of the time). 

AARs are associated with extremely high AOD levels over various locations around the globe. 

Such association can be as high as 80% of the time. Not only that, the top-ranked (rank 1-2) 

PM2.5 and AOD levels for the whole records (1997-2020) are often associated with long-range 

transport by AARs. Over the US, the association and the rank of the AARs with the extreme 

PM2.5 and AOD levels are in tandem with each other. For example, SU AARs have an overall 

stronger (weaker) association with the PM2.5 (Fig. 3B) and AOD (Fig. 4B) levels over the eastern 

(western) US, but they produced the top-ranked events (rand 1-2) over both regions (Figs. 3F and 

4F).   

Such a strong association between AARs and extreme PM2.5/AOD occurrences and ranks 

found in our study show only 30-40 AAR days each year can have significant impacts on the air 

quality and visibility – factors that cause millions of deaths each year. Such poor air quality 

events due to long-range aerosol transport, often unnoticed to the people in the receptor region, 

can have severe impacts on the medical industries by causing them billions of dollars. For 

example, the 2019-2020 wildfire season in Australia caused smoke-related PM2.5 induced health 

costs of AU$1.95 billion. The real-time aerosol product using the nature run of the GOES FP 

system that provides analysis and forecast products can be used to detect the real-time AAR 

events. Thus, poor air quality warnings can be issued in real-time for AAR related elevated 

PM2.5 events and precautionary measured can be used to prevent lung disease and deaths.  

The interactions between the long-range aerosol transport and poor air quality events 

have been investigated before. However, to our knowledge, no other study shows the unique 

assessment and insight provided in this study on the association and the rank of the poor air 

quality events with long-range aerosol transports, especially using long-term datasets (i.e. 1997-
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2020). The insights are extremely important since this study investigates the impacts coming 

from extreme aerosol transport events, or AARs that have a very high aerosol content compared 

to other transport events (Chakraborty et al., 2022) . The concept might also be useful and shows 

promises to further study the extreme air quality events associated with AARs. Future studies 

based on the database created for AARs (Chakraborty et al., 2021) 

(https://doi.org/10.25346/S6/CXO9PD) can include the real-time air quality impacts due to 

AARs, investigating the health impacts and death related during such events, the role of local 

environmental factors on poor quality events and long-range transport as well local emissions, 

and the assessing the monetary impacts to the medical industries including the hospitals and the 

insurance companies. It is important to know that despite SU AARs also travel from the East 

Asian region like OC and BC AARs, they do not have a higher association with the PM2.5 levels 

over the Midwest region like OC and BC AARs have. SU AARs have a higher association over 

the stations east of the Rocky Mountains – located relatively closer to the source region 

compared to those SU AARs travelling from East Asia to the Midwest region. Studies involving 

chemical analysis and aging are needed in the future to understand the reason behind that. 

Methods 

A widely used AR detecting algorithm has been modified to detect narrow and elongated 

regions of high IAT values associated with AARs. The AAR detection algorithm is applied to 

IAT from the MERRA-2 reanalysis (Buchard et al., 2017; Global Modeling and Assimilation 

Office, 2015b, 2015a; Randles et al., 2017). For PM2.5 measurements from the IMPROVE 

network and cloud-screened version 2 AOD values from AERONET stations, we choose stations 

with at least 10 years of data between 1997-2020 since the AAR database ranges between 1997-

2020. Both the datasets are well validated and have previously been used for scientific studies 



 15 

(Aldabash et al., 2020; Balarabe et al., 2015; Eck et al., 2005; Gueymard & Yang, 2020; Hwang 

& Hopke, 2007; Qiao et al., 2021; Sorek-Hamer et al., 2013). We first extract the dates when 

PM2.5 and AOD values are higher than the WHO daily limit and above the 98th percentiles of the 

AOD values between 1997-2020, respectively. Then we compute how many of those days AARs 

have been observed over the stations and compute the fractional association (h!!")as: 

                          h!!" = h!!"#$%&(𝑃𝑀'.) > 15)/h#$%&(𝑃𝑀'.) > 15) 

The rank of the association is calculated by finding the position of the maximum PM2.5 or 

AOD values during AAR days relative to the PM2.5 or AOD values during all the data records. 

We have calculated a similar association between MODIS and MERRA-2 AOD at every grid 

point. We have used daily level 3 gridded MOD08 and version 2 (MODIS Science Team, 2014) 

of the MERRA-2 aerosol reanalysis (Gelaro et al., 2017) dataset for the AOD information. For 

details of the datasets used in this study, please see Table S1 in the supplementary section. 
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Figure1. Case studies of the impacts of AARs on PM2.5 levels. Figure 1 shows a Sulfate 
AAR generated from wild fire events in California. (A) The location of four large wildfire 
events with total burned area greater than 15000 acres and lasting for more than two months 
(marked in the map as ´) on 09/13/2020 1800 UTC. The PM2.5 PM2.5moniroting stations are 
marked as triangles. (B) The same river on 09/14/2020 at 1800 UTC. (C) PM2.5 levels 
monitored over the stations shown in the maps as triangles. (D) one dust AAR on 09/08/2011 
at 00UTC. (E) The same river on 09/12/2011. (F) PM2.5 level monitored over the Boundary 
Water Canoe Area in MN (marked as triangle in the map) during the AAR event. Shading 
shows the IAT values and the arrows represent the vectors. 
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Figure 2. Maps of AAR days/year for four different species (A) dust, (B) sulfate, (C) 
organic carbon, and (D) black carbon between 1997-2020.  
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Figure 3. Fraction of extreme PM2.5 levels (PM2.5 > 15µ or WHO daily limit) associated 
with AAR events (shading, %) between 1997-2020 for (A) Dust, (B) Sulfate, (C) Organic 
Carbon, and (D) Black Carbon AARs. The highest rank (shading) of AAR related extremes 
associated with extreme PM2.5 levels for (E) Dust, (F) Sulfate, (G) Organic Carbon, and (H) 
Black Carbon AARs. The size of the circles shows the corresponding PM2.5 values at that 
rank. 
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Figure 4. Fraction of extreme fine-mode AOD values (AOD > 98th percentile between 
1997-2020) associated with AAR events (shading, %) and the AAR days/year (size of the 
bubbles) between 1997-2020 for (A) Dust, (B) Sulfate, (C) Organic Carbon, and (D) Black 
Carbon AARs. The size of the bubbles show the number of AARs observed each year over 
that station from Figure 2. The highest rank (shading) of AAR related extremes associated 
with extreme AOD values for (E) Dust, (F) Sulfate, (G) Organic Carbon, and (H) Black 
Carbon AARs. The size of the bubbles shows the corresponding AOD values at that rank.  
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Supplementary Figures and Table: 

  
 
 
 
 
 
 

  
 
 
 
 
  
 
 
 
 

Figure S1. Same sulfate river as in Figure 1 on 09/12/2020 at 1800 UTC and (B) 
09/15/2020 at 1800 UTC. Shading shows the IAT values and the arrows represent the 
vectors. 

Figure S2. Same dust river as in Figure 1 on 09/01/2011 at 1200 UTC and (B) 09/12/2011 
at 1800 UTC. Shading shows the IAT values and the arrows represent the vectors. 
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Figure S3. 98th percentile thresholds of (A) coarse mode and (B) fine mode AOD at 550 nm 
from AERONET stations. Each station has a minimum of 10 years of data. 
 

 
 
  
 
 

Figure S4. Same as in Figure 4 for AAR-AOD association, but for the coarse mode. 
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Figure S5. Same as in Figure 4 for AAR-AOD rank, but for the coarse mode. 

Figure S6. Fraction of extreme AOD values (AOD > 98th percentile between 1997-2020) 
associated with AAR events (shading, %) from MEERA-2 data between 1997-2020 for (A) 
Dust, (B) Sulfate, (C) Organic Carbon, and (D) Black Carbon AARs. The bubbles show the 
association between AARs and extreme AOD values from the AERONET stations from  
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Table S1: List of datasets used in this study. 
 
 
 

 
 
 

Figure S7. Same as in Figure S6 for AAR-AOD rank, but for MODIS AOD data between 
2002-2020. 
 

Figure S8. Scatterplots of AAR-AOD association using AERONET AOD data (X axis) and 
MERRA-2 / MODIS data (Y axis) over the AERNOET stations. AARs association with 
AOD values from AERONET-MODIS (MERRA-2) are shown in red (black) color. For 
dust, coarse mode AOD data from AERONET stations have been used. For other species, 
fine mode AOD data have been used. 
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Supplementary Table S1: List of datasets used.  

 
 
 
 
 
 

Data set Paramet
er 

Resolutio
n 

Version / Links to the datasets 

 MODIS AOD 1° ´ 1° Daily, Level 3 MOD08 data 

 
MERRA-
2 

AOD 0.625° ´ 
0.5° 

inst3_2d_gas_Nx: 2d, 3-Hourly, Instantaneous, Single-
Level, Assimilation V5.12.4 (M2I3NXGAS, 
https://disc.gsfc.nasa.gov/datasets/M2I3NXGAS_5.12.4/s
ummary ) 

AAR data 
base 

AAR 
location 
and shape 

0.625° ´ 
0.5° 

https://doi.org/10.25346/S6/CXO9PD 

IMPROV
E 
network 

PM2.5 Stations http://views.cira.colostate.edu/fed/  

AERONE
T data 

Coarse 
and fine 
mode 
AOD 

Stations Version 2, https://aeronet.gsfc.nasa.gov/cgi-
bin/webtool_aod_v3  


