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Abstract

Despite strong impacts that aerosols have on climate and air quality, significant gaps remain in
our knowledge concerning their long-range transport, especially extreme transport events. With
this consideration in mind and by leveraging the “atmospheric river” concept, this work develops
an objective global algorithm for detecting aerosol atmospheric rivers (AARs), shows a
climatology of AARs, elucidates their contributions to major global aerosol transport pathways,
and illustrates how AARs can drive extreme cases of poor air quality conditions. Our
methodology separately accounts for dust, carbonaceous (accounting for organic and black
carbon separately where appropriate), sea salt and sulfate aerosols. Findings show there are
a number of long-range regional transport pathways where AARs account for a sizable fraction
(40-80%) of the total transport in relatively few events (20-40 AAR days/year). This study
highlights the role of AARs in establishing source-receptor relationships that can drive regional

air-quality and extremes.



Plain Language Summary

Aerosols play an important role in climate and air quality. They can influence climate
through their interactions with clouds and precipitation, solar and infrared radiation, and
also have adverse impacts on visibility and human health. However, such influences are not
confined to their source regions as aerosols can be transported long distances, often across
and between continents. This study develops an objective, global atmospheric aerosol
rivers (AAR) detection algorithm to identify these narrow and elongated regions of
extreme aerosol mass transport. We develop and show AAR climatologies for five major
aerosol species, identify their major transport pathways across the globe, and provide a
few recent examples of AARs that negatively impacted regional air quality. For the most
impactful aerosol species (e.g. sea salt, dust, carbonaceous, sulfate), and for many regions
of the globe, we show that a limited number of extreme cases (~20-40 days per year) of
AARs contribute a large fraction (40-80%) of the total aerosol transport across a given

region.



1. Introduction

Aerosols play an important role in climate by modulating radiative forcing via scattering
and absorbing sunlight (direct effect)(Penner et al., 2001), precipitation (Chakraborty et al.,
2018; Levy et al., 2013) by influencing cloud microphysics (Andreae & Rosenfeld, 2008)
(indirect effect), and thus play an influential role in climate and climate change (M. O. Andreae
& Rosenfeld, 2008; Fan et al., 2016; Stevens & Feingold, 2009), water availability and drought
(Rosenfeld et al., 2008), and extreme weather events (Wang et al., 2020). Moreover, aerosols are
known to degrade visibility and air quality, with the latter associated with small particulates that
can impact the breathability of the air (Wang & Christopher, 2003) and negatively influence
human health. In addition, agricultural dust can transport pathogens and impact crops, an
example being Fusarium Oxysporum, the causal agent of Fusarium wilt that has been identified
in both North African and Asian dust samples (Palmero et al., 2011; Yeo & Kim, 2002).
Aerosols and their atmospheric precursors result from the emissions from biomass burning,
industrial processes (Abel et al., 2003), biogenic processes (Andreae & Crutzen, 1997), and the
impact of surface wind (Kim et al., 2014; Prospero et al., 2002) that extracts the aerosols over the
oceans (sea salt) and land (dust). However, aerosol loadings and impacts are not confined to their
emission regions since regional weather systems and global atmospheric circulation can transport
aerosols far from their source regions.

Previously, many studies have identified and characterized long-range and
intercontinental aerosol transport using various observational data sets (Prospero et al., 2010).
Some examples include the transport of aerosols from biomass burning from East Asia to the

tropical central Pacific (Eck et al., 2005), smoke from the Maritime Continent to the western



Pacific (Xian et al., 2013), and dust from the Sahara Desert to the Americas (Prospero et al.,
2010) — a most recent example being the dust storm (referred to in the media as “Godzilla™) that
transported clouds of dust from the Sahara Desert to the Caribbean and the southeastern United
States and significantly influenced the visibility index and air quality

(https://www.cnn.com/2020/06/23/weather/saharan-dust-plume-caribbean-us-forecast/

index.html).

Despite these findings, our current knowledge about long-range aerosol transport,
particularly its extremes, largely relies on case studies and regional considerations and
approaches (Prospero et al., 2002, 2010; Xian et al., 2013). A clear picture of the global, long-
term climatology of aerosol transport events, especially the contributions from, and characteristic
of, extreme events, has yet to be constructed. This gap derives from the challenges of developing
the needed global observation datasets and the methodology to systematically and uniformly
identify and analyze major aerosol transport events and pathways across the globe. Until now, a
long-term global climatology of major aerosol transport events and pathways, including
frequency of occurrence, mass transports of different aerosol species, and contributions of
extreme transport events to the total aerosol transport, have not been available.

Over the last decade, there has been significant growth in studies (Lavers et al., 2011;
Ralph et al., 2019; Neiman et al., 2008, 2011; F. M. Ralph et al., 2017; Ralph et al., n.d., 2005,
2006; Ralph et al., 2004) related to the narrow regions of enhanced horizontal water vapor
transport, referred to as Atmospheric Rivers (ARs). These water vapor transport extremes not
only shape the global energy and water cycles through their major contribution to the total
poleward water vapor transport (Ralph et al., 2017; Zhu & Newell, 1998), but also shape the

character of regional precipitation (Waliser & Guan, 2017), wind (Waliser & Guan, 2017) and
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drought/flood across the globe (Guan & Waliser, 2015; Ralph & Dettinger, 2012; Waliser &
Guan, 2017). The rapidly increasing number of AR-related studies in recent years illustrate
recognition and acceptance of the AR phenomenological framework in the research and
applications communities (Ralph et al., 2017). The success of the water vapor AR concept
motivates the development and utilization of a similar approach for aerosols. This includes the
means to objectively identify extreme aerosol transport events in a uniform manner across the
globe, ideally using an observation-based dataset that accounts for but also distinguishes between
different major aerosol species.

With the above motivations in mind, this study introduces the extension and application
of an already established AR detection algorithm (Guan et al., 2018; Guan & Waliser, 2015,
2019) to aerosols as a new and an alternative approach for understanding and quantifying aerosol
transport extremes, hereafter “Atmospheric Aerosol Rivers” (AARs). This AR detection
algorithm was designed for global studies and detects ARs in the field of horizontal, column-
integrated, water vapor transport based on a combination of intensity, geometric, and directional
thresholds consistently applied globally. This global AR algorithm (Guan et al., 2018; Guan &
Waliser, 2015) compares well with region-specific algorithms in terms of the basic
characteristics of ARs (Eiras-Barca et al., 2018; Guan et al., 2018; Guan & Waliser, 2015; Yang
et al., 2018), and has been widely used in the hydrometeorological and climate research
communities (Chapman et al., 2019; Dhana Laskhmi & Satyanarayana, 2020; Edwards et al.,
2020; Gibson et al., 2020; Guan et al., 2020a; Guan & Waliser, 2019; Huning et al., 2019;
Jennrich et al., 2020; Nash & Carvalho, 2019; Sharma & Déry, 2020; Wang et al., 2020; Zhou &

Kim, 2019). An example to illustrate the detection of an AR is shown in Figure 1 (discussed



later). The modifications to this AR algorithm that were developed and adopted in this study to
detect AARs are described in the Methods section.

In this study, we apply the global AAR detection algorithm to version 2 of the Modern-
Era Retrospective analysis for Research and Applications (MERRA-2) aerosol reanalysis (Gelaro
et al., 2017) dataset. The MERRA-2 aerosol reanalysis performs reasonably well in capturing the
global aerosol optical depth when compared with data from 793 Aerosol Robotic Network
(AERONET) stations (Gueymard & Yang, 2020) and has already been used for aerosol
transport-related studies (Sitnov et al., 2020; Xu et al., 2020). Our AAR detection algorithm is
separately applied to dust (DU), carbonaceous (CA, with organic and black carbon, OC and BC,
accounted for separately where appropriate), sulfate (SO, or SU), and sea salt (SS) aerosol
species (Gelaro et al., 2017). Based on application of this AAR detection algorithm to MERRA-2
for these five aerosol species, we construct and describe global climatological features of AARs,
including their mean frequency and transport values, AAR contributions to major pathways of
intra- and inter-continental aerosol transport, and illustrate and discuss a few AAR events that
resulted in significant impacts on regional air quality.

2. Data and Modification of the AR algorithm to detect AARs:

We use hourly averaged surface and vertically integrated variables from MERRA-2
aerosol reanalysis data (tavgl 2d aer Nx — 2D) available for the public to download at
https://disc.gsfc.nasa.gov/datasets/ M2TINXAER_5.12.4/summary. The horizontal resolution of
the data is 0.5° x 0.625°. We use the zonal (U) and meridional (V) components of the IAT (kg m’
s for five different species, DU, SS, BC, OC, and SU. For example, the parameter BCFLUXU
in the data set denotes the black carbon IAT. Total IAT is calculated from the U and V

components as


https://disc.gsfc.nasa.gov/datasets/M2T1NXAER_5.12.4/summary

IAT, = IATU+ IATV
where n indicates each of the five aerosol species, and U and V denote zonal and meridional
components of IAT.

There are five steps in the algorithm to identify AARs, largely similar to the AR detection
steps described in detail in Guan and Waliser (Guan & Waliser, 2015). The requirements
implemented in each step of AAR detection are as follows: 1) IAT at each grid cell is greater
than the seasonally- and regionally-dependent 85" percentile, based on which contiguous areas
(“objects”) of enhanced IAT are isolated; 2) within each object, IAT directions at individual grid
cells are consistent with the object-mean IAT over at least 50% of the surface area of the object,
1.e., the IAT directions are largely coherent within a given object; 3) object-mean IAT is greater
than the median of all candidate objects from the previous step, i.e., retaining only the stronger
50% of the objects from step 3; 4) the direction of object-mean IAT is consistent with (within
45° of) the orientation of the shape of the object, i.e., requiring the object-mean IAT to be
directed along river (as opposed to across river); and 5) object length is greater than 2000 km and
length-to-width ratio greater than 2. Objects retained after these five steps are the defined set of
AARs used in this study. Compared to our AR algorithm, the AAR algorithm described above
has two slight modifications. In the AR algorithm, in addition to the 85" percentile of integrated
water vapor transport (IVT), a fixed lower limit of IVT (i.e., 100 kg m™ s™), is applied in step 1
to facilitate the detection of ARs in the polar regions where IVT is extremely weak
climatologically. It is found a fixed lower limit was not necessary in the AAR algorithm and
therefore only the 85" percentile limit is applied in step 1. In step 3 of the AAR algorithm,
instead of thresholding only the meridional mass flux as in the AR algorithm, we threshold the

total mass flux since it is expected that AARs can transport aerosols in any direction, unlike ARs



that are known to transport water vapor primarily in the poleward direction given the overall
moisture gradient between the tropics and extratropics. To detect the DU AAR during the dust

storm Godzilla (Fig. 4A), we have used hourly averaged IAT data available at a resolution of

0.25° from https://opendap.nccs.nasa.gov/dods/GEOS-5/fp/0.25 deg/assim. The true-color
image on AOT (Fig. 1C) is obtained from a nature run from the GEOS-FP system from

https://g5nr.nccs.nasa.gov/images/aerosols/. Since the NR data have a higher resolution, they are

more useful for concept illustration purposes. We have used AERONET

(https://aeronet.gsfc.nasa.gov) datasets to estimate the changes in AOT (Fig. 4). We have used

the river discharge data from https://waterdata.usgs.gov to estimate the Feather River’s discharge

in Oroville, CA. SSMIS data (http://ghrc.nsstc.nasa.gov/hydro/) were used to plot Figure 1A.

3. Detection of AARs: Leveraging the AR construct and methodologies:

We begin by showing examples of satellite-based observations of AR signatures in water
vapor content, their formal detection by the AR algorithm using water vapor transport, and
analogous examples for AARs. Figure 1A shows a global, satellite-observed map of integrated
water vapor (IWV) on 02/06/2007 from the Special Sensor Microwave Imager/Sounder
(SSMIS). This date was selected to highlight the AR in northern California that, along with other
ARs in the same area around that time period, led to the delivery of a torrential amount of
precipitation leading to major spillway damage of the Oroville Dam and associated downstream
flooding (Henn et al., 2020). The enclosed area in Fig. 1A shows a region of high IWV near the
Californian coast suggestive of AR conditions. The AR algorithm (Guan & Waliser, 2015)
detects several ARs on that day across the globe, including an AR extending from 180°W to
100°W with IVT> 600 kgm™'s™ and making landfall over the northern California region (Fig.

1B). This landfalling AR near the Californian coast produced a torrent of rain that increased the
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Feather River discharge from < 10,000 cu ft/sec to 110,000 cu ft/sec (Fig. S1) and caused the
failure of the main and emergency spillways leading to massive flooding and local evacuations.

To illustrate the viability of our AAR algorithm, with analogy to the AR example, Fig.
1C depicts aerosol optical thickness (AOT) data from the Goddard Earth Observing System,
Version 5 Nature Run (Gelaro R, Putman WM, Pawson S, 2015) (a more recent version of the
model used for the MERRA-2 aerosol reanalysis) for 08/18/2006. This example highlights four
narrow regions of high aerosol AOT: a region of high DU AOT extending from the Sahara
Desert to the Atlantic Ocean to the west and Europe to the north (area enclosed by an orange
ellipse), a narrow stretch of high CA AOT originating from the Amazon rainforest and flowing
east towards the South Atlantic Ocean (green ellipse), a region of high SS concentration right
over the Southern Ocean (blue ellipse), and a region of high SU AOT detected over the
northwestern Pacific Ocean between the east coast of China and Siberia (black ellipse). Figure
1D shows AARs identified by the AAR algorithm based on integrated aerosol transport (IAT) on
the same day over four locations that correspond to the high AOT locations discussed above.
This includes a DU AAR indicating a region of high dust aerosol transport detected over the high
dust AOT region shown in Figure 1C. Similarly, an SU AAR extending from north of Japan to
the southern Siberian region is detected, an SS AAR is identified over the region of high SS
AOT over the Southern Ocean, and a CA AAR is detected over the South Atlantic Ocean. Such
AARs denote the existence of narrow stretches of enhanced aerosol transport within the high
AQOT regions of different aerosol species.

4. AAR climatology:
Based on the collection of individual AARs detected by our algorithm (as illustrated

above) over the years 1997-2014, we now examine their climatology, including the frequency of
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occurrence and the amount of mass transported by those AARs. For reference, Figure 2A shows
the global climatology of AR frequency (shaded) and IVT (arrows). The average number of AR
days per year are notably higher over the mid-latitude oceans, signifying their role in the water
vapor transport from the tropics to the extratropics (Guan et al., 2020b; Guan & Waliser, 2015;
F. M. Ralph & Dettinger, 2012; F. Martin Ralph et al., 2017) and from the ocean to land. The
largest AR frequency is noted over the North Pacific/Atlantic, southeastern Pacific, South
Atlantic, and the Southern Oceans where AR frequency exceeds 40 days per year with mean AR
IVT exceeding 250 kgm's™.

In Figs. 2B-2F, we show AAR climatologies for different species of aerosols. The Sahara
Desert, with a strong anticyclonic and diverging circulation pattern, helps to generate many
AARs that transport DU in a number of directions (Fig. 2B). A significant number (~30
days/year) of DU AARs emerge from the Saharan Desert, flow across the tropical North Atlantic
to the Caribbean, and transport large amounts of dust (mean IAT by DU AARs ~3 x 107 kgm''s’
b, Other regions with frequent occurrence of DU AARs include China, the deserts of Mongolia,
and Kazakhstan, and the subtropical desertic regions of the Middle East, accumulating ~40 DU
AAR days per year that travel over the northern North Pacific and reach western North America,
but with a lower mean mass flux compared to the Sahara-Caribbean pathway.

To put the IAT associated with AARs in context, we compare it to the annual total IAT.
Zonally averaged total IAT for dust (i.e., all directions of transport considered) in the Northern
(Southern) Hemisphere peaks around 45°N (45°S) with a maximum IAT of ~250 x 10° kgm's™
(150 x 10 kg m's™), presumably in large part due to the latitudes of the deserts (Fig. 3A). Total
IAT rapidly increases between 25°N and 45°N (Fig. 3A), and DU AARs contribute to the largest

fraction (around 80%, Fig. 3A) of total IAT in this latitude band, indicating the strong influence
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of the Sahara desert dust source on the pattern of global dust transports (Prospero et al., 2002). In
the Southern Hemisphere, DU AARs are fewer but not uncommon, where the Patagonia region
and Namibia generate a large number of DU AARs (~25 days/year).

The major sources of CA (Figs. 2C and 2E) AARs are forest fires and anthropogenic
emission; the latter include fossil fuel burning and agricultural burning. As a result, higher
population regions like Europe, eastern US, industrialized areas over eastern China and North
India, as well as the rainforests over the Congo and southern Amazon, are associated with
numerous BC AARs (20-40 days/year; Fig. 2C) that transport BC aerosols either in the direction
of the trade winds in the tropics and subtropics or the westerlies in the midlatitudes. OC AARs
(Fig. 2E) show a similar pattern as in BC AARs, but with a lower frequency than in the case of
BC.

Unlike DU and CA AARs with primary sources over the land, the SS AARs (Fig. 2D),
expectedly, are closely associated with oceanic regions. Many SS AARs exist over the tropical
oceans, and especially over the subtropical trade wind regions. Owing to the facts that SS
particles are larger, typically confined to the planetary boundary layer (Gross & Baklanov,
2007), and may not travel long distances, such AARs suggest emissions of SS aerosols result
from high wind speed and surface evaporation along the storm tracks (May et al., 2016; Sofiev et
al., 2011). Over the midlatitudes and in the Southern Ocean, SS AARs follow the storm tracks
and are somewhat similar to AR pathways, although the imprint of the climatological features of
the surface wind field (e.g. separation between easterly trades and mid-latitude westerlies) are
more strongly evident in the SS AAR climatology (comparing Fig. 2D to Fig. 2A). Along the
midlatitude storm tracks, SS (~20 days/year) AAR transports are directed from the eastern

Pacific Ocean region to the west coast of the United States and from northern Atlantic Ocean to
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Europe. Mean IAT values for SS AARs are higher (~1 x 10~ kgm™'s™) over the midlatitude
oceans than over the subtropical oceans (~0.5 x 10~ kgm's™), whereas the frequency of SS
AAREs is higher over the subtropical oceans. Over the Indian Ocean, SS AARs and the directions
of SS transport follow the India-Oceania summer monsoon pathway.

SU AARs occur more frequently (~40 days/year, Fig. 2F) in the Northern Hemisphere
and over the South Indian, South Atlantic, and Southern Oceans with an average IAT ~0.4 x 10~
kgm's'. Many SU AARs are also located over the eastern US, Europe, and eastern China in the
midlatitude region owing to anthropogenic emissions as well as biogenic activities in these
regions.

Analogous to the substantial role that ARs have on the total transport of water vapor
(accounting for over 90% of the total poleward transport in the midlatitudes), AAR transports,
when zonally-averaged, contribute up to ~40% of the total IAT (i.e., all directions of transport
considered) for SU and CA over most latitudes, about 80% for DU between 25°N and 45°N (as
discussed earlier), and about 60% for SS over the Southern Ocean (Fig. 3). Thus, AARs account
for a substantial fraction of the transport of aerosol mass across the globe.

5. Case studies of recent AAR events with societal impacts

Figure 4 shows specific cases of DU (Fig. 4A) and CA (Fig. 4C) AARs, with an
indication of their impact on air quality. Figure 4A shows one DU AAR detected on June 25,
2020 associated with the recent dust storm event that extended from the Sahara Desert to the
southern/southeastern United States through the Caribbean. The dust event, named “Godzilla” in

media reports (https://www.usatoday.com/story/news/nation/2020/06/24/sahara-dust-storm-us-

gulf-coast-texas-what-to-expect/3250102001/) owing to its gigantic size, darkened the skies over

the Caribbean and the United States. From our analysis, a large and strong DU AAR is detected
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with IAT of ~ 30 x 10~ kgm's™!, which is about four orders of magnitude higher than the
climatological IAT of DU AARs (200 x 10 kgm's™) in that latitude range (Fig. 3A). As this
event reached Tallahassee, Florida, an AERONET station recorded a spike in the total AOT at
500 nm from 0.2 before the arrival of the AAR to 1.6 on and after 23" June for several days. The
largest contributor to the aerosol concentrations was from the coarse, rather than the fine, aerosol
mode, indicating a large increase in dust particles (Fig. 4B). Another AERONET station located
in Cape San Juan in Puerto Rico, along the dust storm’s route to the United States, recorded a
similar increase in the coarse mode and total AOT from <0.2 to above 1.5 after 20" June (not
shown).

Deforestation has threatened the conservation of the rainforest (de Area Ledo Pereira et
al., 2019) and has catalyzed a number of massive fire events in August 2019 (Silva Junior et al.,
2020) (28% more than in 2018). Such fire events have acted as a source to many CA and SU
AARs during August 2019. We show one of those CA (Fig. 4C) and SU AARs (Fig. S2) as
identified by our AAR algorithm. On August 18, 2019, a massive, ~13,000 km long CA AAR
coexisting with an SU AAR, with greater than 1 x 10~ kgm™'s™ of CA and ~0.25 x 10~ kgm's"!
of SU aerosols extended between the eastern tropical Pacific Ocean and the South Atlantic
Ocean. Sao Paulo, a city far from the Amazon’s fire region, recorded an increase in the aerosol
fine mode amount as well as the total AOT at 500 mm rising from 0.2 to 1 after 17" August, in
association with the AAR (Fig. 4D). Another AERONET station located in central Brazil (not
shown) measured a similar and steady rise in the fine aerosol concentration from pristine (AOT

<0.1) to polluted conditions (AOT ~1.0).
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6. Concluding remarks

By extending the concept of water vapor ARs to aerosols, this study offers an additional
framework for studying extreme transports of aerosols via atmospheric aerosol rivers (AARs),
giving initial indications of their influences on aerosol-related climate features and air quality.
Using an algorithm originally developed to detect ARs with a few modifications (see Method),
AARs of five different species are detected using aerosol mass flux data from the MERRA-2
reanalysis. From these results, we constructed and examined the climatology of AAR frequency
and transport and identified the regions where relatively few AAR events account for notable
fractions of the total aerosol transport.

Our results show that AARs are responsible for transporting greater than 40% of the total
IAT over many tropical and mid-latitude regions. Among these, DU AARs that originate from
the deserts over the Northern Hemisphere transport greater than 80% of total dust IAT between
25°N-45°N, and SS AARs over the Southern Ocean transport about 60% of the total IAT. These
results show that 20-40 AAR days per year contribute to a large fraction of the total aerosol
transport in many regions of the globe. To our knowledge, our study represents the first to apply
and extend the concept of “atmospheric rivers” to understanding the role and characteristics of
extreme and long-range aerosol transport events in global aerosol climate and air quality.

Apart from AARs contribution to global aerosol transport, an additional feature of
interest is the potential societal impacts of AARs, including their role in considerations of
source-receptor (Clappier et al., 2015) relationships and associated impacts on air quality.
Examples examined included a DU AAR that originated from the Sahara Desert and impacted
AQT concentration over Tallahassee, Florida (the June 24, 2020 “Godzilla” dust storm), and a

CA AAR that originated from a forest fire in the Amazon rainforest and raised fine mode aerosol
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particle concentrations over Sao Paulo. Besides their impact on air quality, aerosols can also
attenuate sunlight by scattering, absorbing, and reflecting the incoming shortwave energy. For
example, the same DU AAR mentioned above that originated from the Sahara Desert caused the
darkening of skies over the Caribbean and southeastern United States.

These specific cases, along with the climatological results, emphasize a critical role of
AARs on source-receptor relationships (Clappier et al., 2015), and suggest substantive impacts
by AARs on local air quality, climate and radiative forcing conditions over regions far from their
source regions. Our study is intended to introduce and highlight the potential value of the AR
concept to the study of aerosol transport extremes and their impacts on the global climate and air
quality. Future studies on AARs may involve the identification of their role on radiative forcing
patterns, as well as cloud and precipitation development, and further examination of the
characteristics and processes associated with AAR events that result in notable impacts on local
air quality.
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Figure Captions

Figure 1. (A) SSMI/S satellite observation of integrated water vapor (IWV; mm) for 02/06/2017
showing signatures of ARs. (B) ARs detected based on integrated water vapor (IVT; kgm"
's!) on the same day. The AR corresponding to the region of enhanced IWV marked by
the ellipse in (A) was responsible for notable landfall impact over the US West Coast. (C)
GEOS-FP aerosol extinction AOT for different aerosol species on 08/18/2006 showing
signatures of AARs. (D) AARs of different aerosol species detected by the AAR
algorithm based on integrated aerosol transport (IAT; kgm™'s™). The IAT-based AARs
correspond to regions with high aerosol concentrations marked by the ellipses in (C).
Grey: sulfate; Green: Carbonaceous or organic and black carbon; Blue: sea salt; Orange:
dust. Color bars show the magnitude of IVT (kg m™'s™) and IAT (10~ kg m™'s™).

Figure 2. Climatological frequency (days/year; shading) and transport (arrows; kg m™ s™) of (A)
ARs and (B-F) AARs during 1997-2014 based on MERRA-2. (B) Dust; (C) Black carbon;
(D) Sea salt; (E) Organic carbon; (F) Sulfate.

Figure 3. Zonally averaged total IAT (10° kgm's™'; dashed line) and the part of the total IAT
associated with the AARs (solid line) for five different species of aerosols between 1997-
2014. Dotted lines show the fractional contribution of AARs to the total IAT.

Figure 4. (A) Dust AAR detected by the AAR algorithm from GEOS-FP showing the amount of
dusts transported (10° kg m™ s™') from the Saharan Desert to Florida on 06/25/2020 at
1330 UTC. (B) Coarse mode AOT, fine mode AOT, and total AOT at the 500 nm level
from the AERONET station at Tallahassee, Florida (triangle in A) from the beginning of
June to 10™ July to show the air quality before and after the dust storm Godzilla. (C)
Carbonaceous (CA) river detected during the Amazon forest fire on 08/18/2019 at 1200
UTC from MERRA 2 data. (D) same as in B but over the AERONET station located at
Sao Paulo (triangle in C).
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Figure 1{A) SSMI/S satellite observation of integrated water vapor (IWV; mm) for 02/06/2017 showing signatures of ARs. (B) ARs
detected based on integrated water vapor (IVT; kgms%) on the same day. The AR corresponding to the region of enhanced IWV
marked by the ellipse in (A) was responsible for notable landfall impact over the US West Coast. (C) GEOS-FP aerosol extinction
AOT for different aerosol species on 08/18/2006 showing signatures of AARs. (D) AARs of different aerosol species detected by
the AAR algorithm based on integrated aerosol transport (IAT; kgms1). The IAT-based AARs correspond to regions with high
aerosol concentrations marked by the ellipses in (C). Grey: sulfate; Green: Carbonaceous or organic and black carbon; Blue: sea

salt; Orange: dust. Color bars show the magnitude of IVT (kgm™s1) and IAT (103 kgms).
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Figure 2. Climatological frequency (days/year; shading) and transport (arrows; kg m™ s1) of (A) ARs and (B-F) AARs during
1997-2014 based on MERRA-2. (B) Dust; (C) Black carbon; (D) Sea salt; (E) Organic carbon; (F) Sulfate.
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Figure 4. (A) Dust AAR detected by the AAR algorithm from GEOS-FP showing the amount of dusts transported (10 kg m s%)
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from the Saharan Desert to Florida on 06/25/2020 at 1330 UTC. (B) Coarse mode AOT, fine mode AOT, and total AOT at the
500 nm level from the AERONET station at Tallahassee, Florida (triangle in A) from the beginning of June to 10t July to show
the air quality before and after the dust storm Godzilla. (C) Carbonaceous (CA) river detected during the Amazon forest fire
on 08/18/2019 at 1200 UTC from MERRA 2 data. (D) same as in B but over the AERONET station located at Sdo Paulo
(triangle in C).



Supplementary Materials:

Figure S1. Feather River discharge at Oroville, CA between 1/1/2017 to 2/28/2017 as reported
by the waterdata.usgs.gov.

Figure S2. Sulfate river collocated with the black carbon river detected during the Amazon forest
fire on 08/18/2019 at 1200 UTC. The color bar shows the Sulfate IAT in 10~ kgm's'.
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Figure S1. Feather River discharge at Oroville, CA between 1/1/2017 to 2/28/2017 as reported by the
waterdata.usgs.gov.
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Figure S2. Sulfate river collocated with the black carbon river detected during the
Amazon forest fire on 08/18/2019 at 1200 UTC. The color bar shows the Sulfate IAT in
103 kgmlst,
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