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Highlights

Impact of June 2020 Saharan dust event (SDE) on aerosol optical properties in the US.
The June 2020 SDE caused heating of the atmosphere at a rate of up to 0.24 K day'.

Radiative impacts of SDE are critical for accurate prediction of climate change in the US.
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Abstract

In June 2020, a record level of Saharan dust was transported across the Atlantic Ocean impacting
air quality in the Caribbean Basin and the United States (US). Satellite images showed the
transport, while a series of ground-based monitoring stations captured the surface impacts as the
Saharan dust was transported to the Caribbean basin and then moved into the Southern (Houston,
Texas; WL), Eastern (Bone, North Carolina; APP) and Midwestern (Bondville, Illinois; BND)
US. The present study characterizes the Saharan dust event (SDE) using a comprehensive set of
satellite observations and in-situ measurements of particulate matter (PM), and aerosol optical
properties (AOPs; oscar: scattering coefficient, Gabs: absorption coefficient, SAE: scattering
Angstrém exponent and AAE: absorption Angstrém exponent). The Saharan dust intrusion was
identified at each site by a marked increase in Gsca, and AAE and a simultaneous decrease in
SAE. A maximum hourly average PM, s concentration and Gscat (525 nm) of 97.5 pg m™ and 190
Mm ! was observed at WL during the SDE. The maximum hourly average Gsca (550 nm) for
PMio size cut of 215 and 66.9 Mm™! was observed at APP and BND, respectively, during the
SDE. The AAE at each site reached above 1.3 with an average value of 1.39+0.35, 3.34+0.56
and 1.65+0.27 at WL, APP, and BND, respectively, during the SDE, whereas the average SAE
dropped below 0.5 at WL and APP and below 0.9 at BND. The results demonstrated that the
identification of SDE using AOPs depends largely on the location of the measurement, which
determines the background characteristics of a site. The results suggest that other intensive AOPs
like asymmetry parameter (g) and single scattering albedo Angstrom exponent (SSAAE) can also
be exploited to characterize SDE. Aerosol radiative forcing (ARF) estimates indicate that the
SDE resulted in the heating of the atmosphere (+5.37 to +11.8 W m) at the rate of 0.11 to 0.24

K day! at the US sites. This atmospheric heating from transported Saharan dust can alter the
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regional atmospheric dynamics and is relevant to understand potential changes in regional

climate.

Keywords: Saharan dust, continental US, aerosol optical properties, radiative forcing

Introduction

The trans-Atlantic transport of Saharan dust to the Caribbean basin and North America is an
annually recurring phenomenon (Prospero et al., 2014; Yu et al., 2015). It is estimated that
approximately 180 million metric tons of Saharan dust is transported each year across the
Atlantic Ocean (Francis et al., 2020; Yu et al., 2015; Yu and Zhang, 2013). These Saharan dust
events (SDEs) are considered a natural hazard with serious implications on air quality, Earth’s
radiation budget, cloud and weather systems, and terrestrial and aquatic ecosystems (DeMott et
al., 2003; Evan et al., 2011; Jickells et al., 2005; Miller et al., 2004; Song et al., 2018; Yu et al.,
2015; Yuan et al., 2016). The frequency and intensity of these SDEs are projected to increase in
the future due to changes in land use patterns affecting dust emissions in the Sahara region and
circulation patterns favoring the westward transport of African dust (Pu and Jin, 2021; Raj et al.,
2019; Taylor et al., 2013). This makes it critical to understand the impact of SDEs on air quality

and climate in the downwind regions.

Saharan dust can alter the Earth’s radiation budget either directly by scattering and
absorbing solar radiation or indirectly by altering the cloud optical properties (Choobari et al.,
2014; Francis et al., 2021; Haywood et al., 2005; Prakash et al., 2015). The magnitude and sign of
the aerosol radiative forcing strongly depends on the optical properties and size distribution of the
dust source (Papadimas et al., 2012; Soupiona et al., 2020). An accurate representation of changes

in aerosol optical properties (AOPs) is important for climate models to better estimate the aerosol
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impact on climate forcing. However, considerable uncertainties exist in quantifying the impact of
Saharan dust on global and regional climate due to limited measurements of aerosol optical,
chemical, and microphysical properties (Ryder et al., 2013; Sannino et al., 2022; Soupiona et al.,
2020).

In late June 2020, a particularly large SDE was observed in the Caribbean basin and the
US (Francis et al., 2021; Pu and Jin, 2021; Yu et al., 2021). The development of a subtropical high-
pressure system over the western Saharan desert and a cut-off low-pressure system over the
Atlantic Ocean resulted in high northeasterly winds over the Sahara Desert, which favored
westward transport of record-level dust, making it one of the largest SDE observed in the last two
decades (Francis et al., 2021, 2020; Pu and Jin, 2021). Transport of the Saharan dust was
monitored via satellite observations while a series of ground-based aerosol optical monitoring
stations captured the influence of the SDE on surface in-situ AOPs in the US. In the present study,
real-time AOPs from three ground-based monitoring stations: (i) Southern US (West Liberty,
Houston, Texas; WL), (ii) Eastern US (Appalachian State University, Boone, North Carolina;
APP), and (iii) Midwestern US (Bondville, Illinois; BND) are used to characterize transport and
impacts of Saharan dust in these downwind regions. The main aim of this study is (i) to evaluate
the feasibility of using AOPs for near real-time detection of the SDE at these specific sites, each
with different background conditions and, (ii) to estimate the impact of SDE on the regional
radiation budget. It should be noted here that the primary objective of the study is to detect dust
by analyzing the changes in the AOPs at each site. This approach allows us to gain insight into the
local variations and effects of Saharan dust on AOPs at each specific location. In what follows,
Section 2 describes the surface locations where AOPs were measured, summarizes instrumentation

used for measuring AOPs and the satellite data used for characterizing the 2020 SDE, and, finally,
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presents an overview of the model used for estimating the impact of the SDE on radiative forcing.
Section 3 presents major results of the in-situ, satellite data analysis and model outputs and
addresses important questions including: (i) relevance of SDE for air quality and (i1) impact of
SDE on radiative properties of aerosols and associated forcing. Major conclusions are presented
in Section 4.

2. Methodology

2.1 Site description

This study investigates AOPs at three different monitoring stations: WL, APP, BND.
The Texas site (WL) is part of the newly developed Texas Commission on Environmental
Quality (TCEQ) Black and Brown Carbon (BC2) network in Texas. The APP and BND sites are
part of the National Oceanic and Atmospheric Administration (NOAA) Federated Aerosol
Monitoring Network (NFAN) (Andrews et al., 2019). Some additional information about the
study sites is presented in Table 1 and their geographic locations are marked in Figure 1. More

details about each site are discussed in the Supplementary section S1.



Aerosol Index

5

131 Figure 1. Spatial distribution of average aerosol index [Al] retrieved from Suomi NPP OMPS
132 for June 25 & 26, 2020 [Source: NASA/NOAA]. A dense dust plume is observed over the eastern,
133 central Atlantic and the Caribbean Basin with Al above 3. The geographical locations of the BC2
134  site (WL) and the NFAN monitoring sites (APP and BND) are also shown.

135  Table 1. Monitoring site locations and descriptions.

136

Site name and Site Latitude, Longitude, Site Network/Funding
location abbreviation Altitude (m.agl) classification

West Liberty, Texas, WL +30.05724°, -94.97829°, Semi-rural Black and Brown Carbon

USA 9.0 (BC2) Monitoring Network/
Texas Commission on
Environmental Quality

Appalachian State APP +36.2000°, -81.7000°, Semi-rural | NOAA Federated Aerosol

University, Boone, 1080 Network

North Carolina, USA

Bondville, Illinois, BND +40.0519°, -88.373°, Semi-rural NOAA Federated Aerosol

USA 230 Network
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2.2 Measurement and instrumentation

All three sites employ a similar suite of instrumentation: an integrating nephelometer and filter-
based absorption photometer, both of which measure at three visible wavelengths. Specifics of
the instrumentation for both BC2 and the NFAN sites are discussed in detail in section 2.2.1. It
should be noted that the measurements at APP and BND began in 2009 and 1994, respectively
whereas, measurements at WL began June 24, 2020, two days before the SDE impacted the site.

2.2.1 Measurement of the extensive aerosol optical properties

2.2.1.1 Aerosol scattering measurements

At the BC2 site (WL), the aerosol light scattering (Gscar) and backscattering (Guscar) coefficients
were measured using a LED-based integrating nephelometer (model Aurora 3000, ECOTECH)
at 450, 525 and 635 nm. Calibration of the nephelometer was performed prior to the instrument
deployment at the site and then every 15 days using CO: as a span gas with known Rayleigh
scattering factor. Zero checks were performed once every week by using internally filtered
particle-free air passed through a High Efficiency Particulate Air (HEPA) filter. A relative
humidity (RH) threshold (RH<40 %) was set following the World Meteorological Organization
Global Atmospheric Watch guidelines (WMO, 2011). The nephelometer data was reported every
5s and was logged using DAQfactory Pro (AzeoTech Inc.)

At the NFAN sites (APP and BND) a TSI integrating nephelometer (model 3563) was
used to measure the oscat and opscat coefficients at 450, 550, and 700nm. Zero checks on the
nephelometers occurred hourly and CO> span checks were performed approximately monthly. As
with the WL site, the NFAN measurements were made at low RH (<40%). Data was reported

every second but averaged to 1 min by the NOAA data acquisition system before logging.
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The ECOTECH and TSI Nephelometer data was corrected for truncation and other
instrument non-idealities based on Miiller et al. (2011) and Anderson and Ogren (1998),
respectively and further averaged to 1 h after correction and QA/QC for each site. The BC2 site
measures scattering (and absorption) at PM2 5 size cut. The NFAN sites measure scattering (and
absorption) at two size cuts (PMjo and PM;) but only the PMo measurements are used in the
analysis discussed here. The measurements in PM; size cut at APP and BND were used to
perform the sensitivity analysis to assess the impact of particle size cut on the detection of SDE
using AOPs (discussed in section 3.1.2). More details about the operational and calibration
processes at the NFAN sites are discussed by Andrews et al. (2019).

2.2.1.2 Aerosol absorption measurements

At the BC2 site (WL), the absorption coefficient (Gabs) was measured using the tricolor
absorption photometer (TAP; Model 2901, Brechtel Inc., Hayward, CA) at 365, 520 and 640 nm.
The TAP is a commercially available version of NOAA’s Continuous Light Absorption
Photometer (CLAP) (described below) and uses ten solenoid valves to consecutively sample
through eight sample filter spots and two reference filter spots on a 47-mm, glass-fiber filter
(TAP-FIL100-EM, Pall Emfab) (Ogren et al., 2017). The TAP automatically advances to the
next filter spot when the filter transmittance drops to 70%. The BC2 site utilizes two TAPs
operating alternatively every hour in order to reduce the manual efforts such as frequent site
visits for changing the TAP filters. The TAPs were intercompared prior to the deployment at WL
and again every 15 days for at least 24 hours. The TAP measures Gabs every second which was
later averaged over an hour and used in this study. TAP data acquisition was performed using the
TAP software provided by Brechtel. At the NFAN sites (APP and BND), the c.ns at wavelengths

467, 528, and 652 nm was measured using a three-wavelength CLAP (Andrews et al., 2019;

10
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Ogren et al., 2017). The CLAP uses 47 mm diameter, glass-fiber filters (Pallflex type E70-
2075W) for sampling (Ogren et al., 2017). As with the nephelometer, the CLAP data was
reported every second, averaged to 1 min resolution before logging and hourly-averaged before

use in this study.

The raw absorption values obtained from the TAP and CLAP were corrected for
individual instrument discrepancies related to issues like spot size and flow as well as for
artifacts related to aerosol scattering due to filter type (Bond et al., 1999; Ogren, 2010). It should
be noted that the Pall Emfab filters used in the TAP were found to perform similar to the original
Pall E70 filters used in the CLAPs with only a 7% correction. This correction was applied to the
TAP data from BC2-WL. Previous studies have extensively employed similar correction
schemes with TAP/CLAP to investigate the aerosol absorption properties under wide range of
sampling conditions including impact of wildfire emissions and African dust (Collaud Coen et
al., 2020; Davis et al., 2019; Denjean et al., 2016; Farah et al., 2020; May et al., 2023; Shrestha
et al., 2023; Sorribas et al., 2019, 2017; Torres-Delgado et al., 2021). However, it is important to
highlight that the particle size is known to affect many of the correction schemes utilized for
filter-based absorption measurements (e.g., Bond et al., 1999; Yus-Diez et al., 2020). This is an
active area of research in the aerosol absorption community, but this specific aspect was not
evaluated in this study. The cabs for each site were adjusted (using the calculated absorption
Angstrém exponent) to match the co-located nephelometer wavelengths, i.e., 450, 525 and 635

nm for the BC2 site and 450, 550 and 700nm for NFAN sites.

2.2.2 Calculation of the intensive aerosol optical properties
The measured extensive AOPs were used for calculating the intensive AOPs such as Scattering

An gstrom Exponent (SAE), Absorption An gstrom Exponent (AAE), asymmetry parameter (g),

11
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single scattering albedo (SSA) and single scattering albedo Angstrom exponent (SSAAE). The
extensive and intensive AOPs and the equations used to derive the intensive AOPs are reported
in Table S1 and are briefly discussed in supplementary section S2.

2.3. Particulate Matter Measurements and Enrichment Factor

The real time hourly average mass concentrations of PMzs and PMio for the Houston-Galveston
region were taken from the TCEQ Texas air quality monitoring network
(https://www.tceq.texas.gov/gis/geotam-viewer; Section 3.1 and 3.3). The network utilizes a
Tapered Element Oscillating Microbalance (TEOM) for measuring PM concentration.

At APP, a TEOM provided by the North Carolina Department of Environmental and
Natural Resources Division of Air Quality, is used measure PM mass concentrations. The details
about the sampling set up at APP is described in supplementary section S3. The PMio
concentrations for BND were taken from the Interagency Monitoring of Protected Visual
Environment Network (IMPROVE) network. The 24-hour PM samples in different size bins
(PM25 and PM) are collected gravimetrically, every three days at the IMPROVE sites. More
details about the network can be found at http://vista.cira.colostate.edu/Improve.

2.4. Enrichment Factor

One of the TCEQ Texas air quality monitoring sites in Houston (Deer Park) also collected PM: 5
aerosol filter samples. The aerosol samples were analyzed for the elemental composition using
energy dispersive X-ray fluorescence spectrometry. In this study we have used the
concentrations of select elements (Al, As, Ba, Ca, Co, Cr, Fe, K, Mg, Mn, Na, Ni, P, Rb, Se, Si,
Sr, Zn), obtained from PM2 s samples collected at Deer Park, to calculate Enrichment Factors
(EF) for Houston PM during the SDE. Details about the EF calculations are discussed in the

supplementary section S4.
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2.5. Criteria for Saharan dust event identification

As discussed above, the SAE and AAE can provide vital information about aerosol size
and composition. In addition, enhancement of cs.ac may also considered an effective means of
determining the impact of mineral dust for some in-situ sites (Collaud Coen et al., 2004; Ealo et
al., 2016; Ferndndez et al., 2017; Nicolds et al., 2019; Titos et al., 2017). In this study the SDE
was identified using combination of extensive (Oscar) and intensive (SAE and AAE) AOPs at the
respective sites. The present study defines a SDE as the time period with both (1) SAE below 0.5
and (i) oscae and AAE exceeding the June average values by more than one standard deviation
for more than 4-hour duration at WL and APP. The oscac at BND looked similar during SDE and
non-event days so the SDE is defined based on SAE and AAE. The time period with SAE<0.9
and AAE exceeding the June average values by more than one standard deviation for more than
4-hour duration was defined as SDE at BND. Since the WL site began observations at the very
end of June (discussed in section 2.2.1.1), an average oscac and AAE for the period between June
26 to July 31 was used in lieu of a monthly average to identify the SDE. The cutoff for SAE, Ggcat
and AAE to identify the SDE at each site is presented in Table S2. The cutoff values for the
SAE, oscat and AAE are entirely conservative for this specific SDE at each site.
Previous studies have also used an increase in aerosol optical depth (AOD), and PM
concentration accompanied by a decrease in SAE as an indicator of mineral dust at different sites
around the globe such as those in north-western Mediterranean, Iberian Peninsula, Spain (Ealo et
al., 2016; Fernandez et al., 2017; Titos et al., 2017; Valenzuela et al., 2015). Therefore, we have
used the Moderate Resolution Imaging Spectroradiometer (MODIS) retrieved AOD and PM
measurements for all the sites to corroborate the identified SDE. The details about the AOD

retrieval and analysis are discussed in supplementary section S5. Based on the defined criteria,
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the 2020 SDE was identified between June 26-27 at WL, June 27-28 at APP, and June 28-29 at
BND, respectively (discussed in detail in section 3.1). It is worth highlighting here that changes
in the intensive AOPs (e.g., AAE and SAE) were observed before our constraints identified SDE
at the study sites. This highlights the greater sensitivity of intensive AOPs to variations in aerosol
physical and chemical characteristics. In contrast, there was little change in the PM concentration
and Oscat, during the time leading up to the SDE at any site. Since, the focus of the study was to
primarily detect a significant event with a substantial impact on the air quality, this transitional
period was not included in the defined SDE at the study sites. This transition period at each site
is shaded in a different color to distinguish it from the defined SDE (Figure 2 & 3).The days not
identified as the SDE between June 20 and 30, 2020 were considered as representative of non-
event days. It should be noted that WL, APP and BND experienced rainfall amidst the SDE (on
June 27, June 28, and June 29, respectively). This resulted in lower Gscat, Gabs and AAE and
higher SAE than the cut off values for SDE identification for several hours (~ 7 hours) at the
study sites.

2.6 Aerosol Radiative Forcing

The impact of Saharan dust on the aerosol radiative forcing (ARF) was calculated using a two-
step methodology. This approach involved (1) derivation of columnar AOPs (AOD, SSA, and g)
and their spectral variation using the Optical Properties of Aerosols and Clouds (OPAC) model
(Hess et al., 1998) and then (i1) using these derived columnar spectrally varying AOPs in the
Santa Barbara Discrete Ordinate Atmospheric Radiative Transfer (SBDART) model (Ricchiazzi
et al., 1998) to calculate the ARF. A similar approach has been extensively used in previous
studies to investigate the impact of mineral dust on the radiation budget (Dumka et al., 2016;

Kaskaoutis et al., 2013, 2019; Kumar et al., 2015; Li et al., 2020). It should be noted that the
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surface observations of AOPs were not directly used in these simulations. The details of the
model simulations are presented in supplementary Section S6.

3. Results and Discussion

3.1 Characterization of the 2020 Saharan dust event using aerosol optical properties
Ground-based AOP measurements and satellite retrievals were used to characterize a SDE and
dust transport across the United States during June 2020. The temporal variability in scattering
(Oscar) and absorption (oabs) coefficients measured at WL (PM2 s size cut) and at APP and BND
(PMo size cut) is presented in Figure 2 and Figure S1. Figures 3 and 4 presents the variability in
the SAE, AAE, SSA and SSAAE at the study sites. The detailed statistics of the AOPs observed
during the SDE, identified using the criteria discussed above, is presented in Table 2. The AOPs
at each site during the SDE are also compared with those observed during the non-event days to
better characterize the influence of Saharan dust. Statistically significant differences were
measured in the AOPs across the sites for the SDE vs non-event days, indicating the strength of
the identification of the SDE using these parameters. When available, the PM mass
concentrations and AOD can further indicate the magnitude of the dust impacts at the different

sites.
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Figure 2. Time series of hourly average scattering coefficient (Gscar) at (a) West Liberty (WL) (b)
Appalachian State University (APP) (c) Bondville (BND) (left axis). Measurements at WL are of
PM2z s aerosols and at APP and BND are of PMi¢ aerosols. The bar graph shows the daily average
mass concentrations of PMz s at (a) WL, and PMj at (b) APP and (c) BND (left axis). The right y
axis shows the daily average AOD for a 0.5° x 0.5° grid centered over each site. The solid
vertical line indicates onset of the dust influence at the study sites. The gray shaded area
represents the SDEs identified at each site. The yellow shaded area represents the transition
period from non-event days to SDE. The asterisk sign represents the time period when the sites

experienced precipitation resulting in lower Gscar than the cut off value during the SDE.
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Figure 3. Times series of hourly average SAE and AAE at (a) West Liberty (WL) (b)
Appalachian State University (APP) (c) Bondville (BND). The solid vertical line indicates onset
of the dust influence at the study sites. The gray shaded area represents the SDE identified at
each site. The yellow shaded area represents the transition period from non-event days to SDE.
The dashed blue and red horizontal line show the cutoff for SAE (0.5 at WL, APP and 0.9 at
BND) and AAE (1.5 at WL, 1.8 at APP and 1.4 at BND), respectively for dust identification.
Measurements at WL were of PM2 s aerosols and at APP and BND were of PMjo aerosols. Note
the different y-axis scales for each site. The asterisk sign represents the time period when the
sites experienced precipitation during the SDE.

Table 2. Basic statistics of the measured extensive and calculated intensive aerosol optical

properties at the study sites during the Saharan dust event and non-event days.
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Site Parameter Wavelength Saharan dust event® Non-event days® p-value©
(nm) Mean + 1o Min Max Mean + 1o Min Max
PM:s (ug m?) - 37.9+23.2 10.3 97.5 15.1+6.98 195 430 <0.05
635 98.2+48.1 345 207 34.5+13.3 643 693 <0.05
Oscar (Mm'!) 525 98.4+45.9 335 194 39.3+13.8 746 789 <0.05
450 102+45.9 33.8 190 45.3+15.6 851 911 <0.05
635 8.73+4.18 3.59 18.49 4.68+1.36 1.62  8.45 <0.05
Gabs (Mm'1) 525 9.19+4.36 3.81 19.32 5.00+1.49 1.54  9.20 <0.05
b 450 9.49+4.53 3.71 19.78 5.25+1.64 142 102 <0.05
g 525 0.68+0.03 0.62 0.73 0.58+0.04 043  0.65 <0.05
SAE 450-635 0.15+0.11 -0.25 0.47 0.83+0.49 -0.07  1.92 <0.05
AAE 450-635 1.39+0.35 0.72 1.92 1.19+0.21 054 224 <0.05
SSA 525 0.97+0.01 0.94 0.98 0.93+0.03 0.74 097 <0.05
SSAAE 450-635 -0.04+0.02 -0.09  -0.01 0.01+0.04 -0.13  0.19 <0.05
PMio (ug m) - 3474239 8.3 77.1 7.37+2.47 295 122 <0.05
700 104+64.6 22.0 209 14.1+8.42 0.46 36.6 <0.05
Oscat (Mm'!) 550 108+65.6 244 215 22.8+13.7 0.42 60.7 <0.05
450 108+62.1 26.8 208 34.4420.8 0.64 93.9 <0.05
700 1.58+0.83 0.52 3.01 1.44+0.73 0.16 521 0.29
Gabs (Mm') 550 3.90+2.42 0.93 8.02 1.80+0.88 0.23 6.75 <0.05
450 7.79+5.18 1.54 16.5 2.15%1.01 0.31 8.24 <0.05
APP
g 550 0.63+0.01 0.60 0.64 0.59+0.07 0.48 0.69 <0.05
SAE 450-700 0.19+0.17 _ 0.55 2.00+0.46 -0.74 2.65 <0.05
0.02
AAE 450-700 3.34+0.56 2.25 4.14 0.96+0.41 0.25 3.06 <0.05
SSA 550 0.97+0.01 0.96 0.97 0.91+0.05 0.61 0.97 <0.05
SSAAE 450-700 -0.11+0.03 _ -0.07 0.09+0.05 -0.46 1.55 <0.05

0.15
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PMio (ng m?) - 2549 - - 13.0£4.83  5.86 195 <0.05
700 313+14.1 868 602 129:966 222 353 <0.05

Gseat (Mm'1) 550 363157 100 669 19.4£145  2.50 50.2 <0.05
450 435£180 118 78.1 2884210  3.57 753 <0.05

700 153096 048 535 1.79£1.09  0.20 930 0.11

Gabs (Mm'!) 550 2244130 075  7.04 226+1.44 024 11.9 091
450 3084167 110 865 274+184 033 16.9 0.22

BND
g 550 0.66+0.02 062  0.70 0.60£0.07 048 0.73 <0.05
SAE 450-700 076£022 036 128 180£036  -0.11 240 <0.05
AAE 450-700 1654027  1.09 246 101£037  0.20 1.94 <0.05
SSA 550 0.94x0.03 083 097 0.88£0.06  0.66 0.99 <0.05
SSAAE 450-700 -0.040.02 . ;) 0.02 0.09£0.06  -0.17 036 <0.05
07

315
316
317
318
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320

321
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325
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329

4Saharan dust event- WL: June 26-27,2020; APP: June 27-28 and BND: June 28-29, 2020

b Non-event Day- WL: July 09-20,2020; APP: June 01-26, 2020, and BND: June 01-27, 2020

p-value for two sample t-test

4Only one filter sample was collected at the IMPROVE site during the SDE at BND. Therefore, values for standard deviation,

minimum and maximum PMio at the site are not reported here.

3.1.1 Evolution of Saharan dust plume in the US

The spatial distribution of AOD (Figure S2) suggests that Saharan dust plumes moved to

Texas (Southern US) through the Gulf of Mexico while a branch of dust appeared to enter
Florida and other eastern and midwestern states of US starting June 25. Since the BC2 network
in Houston, Texas only had one site in operation at the time of the SDE, increases in the MODIS
AOD (Figure 2a & S2) and surface PMz s concentration from other air quality sites in the region
(Figure 5 & S3) were used to track the transport of Saharan dust across the region. The initial
wave of the SDE reached coastal sites near Houston on June 25, while a second plume of dust

was then observed first at the coastal sites, then inland sites (including WL) on June 26 and 27,
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2020. A maximum hourly average PM» s concentration of 97.5 pg m> and 55.4 ug m was
observed at WL on June 26 and 27, respectively (Figure 5; discussed in detail in Section 3.3).
The daily average PM, s concentration on June 26 (43.1 ug m) exceeded the Environmental
Protection Agency (EPA) 24-hour National Ambient Air Quality Standard of 35 ug m™ (Figure
5a). The average Gscar (525 nm) was 98.4+ 45.9 Mm™! with a maximum hourly average of 194
Mm!, while the SAE and AAE of 0.15 £0.11 and 1.39 + 0.35 were observed at WL during this
SDE (Figure 2a & 3a; Table 2). Similar SAE and AAE values have also been reported during
Saharan dust influence in the Central Mediterranean and Europe (Ealo et al., 2016; Ferndndez et
al., 2017; Gémez-Amo et al., 2011; Nicolas et al., 2019; Pace et al., 2006; Titos et al., 2017)

The Saharan dust reached North Carolina (APP) on June 27 and Illinois (BND) on June
28 (Figure 2b-c & S2). The impact of Saharan dust was more pronounced at APP than at BND.
At APP, the average PMio mass concentration and Gscar (550 nm) were ~ 5 times higher during
the SDE than that observed during the non-event days. A maximum hourly average PMio mass
concentration reached to 77.1 ug m3 and 68.8 ug m™ on June 27 and 28, respectively. Average
Oscat (550 nm) of 1084+65.60 Mm™! was observed at APP during the SDE compared to non-event
days (June 01-26, 2020) (Figure 2b). Average SAE decreased from 2.00+0.46 to 0.19+0.17 and
average AAE increased from 0.96+0.41 to 3.34+0.56 at APP during the SDE compared to non-
event days (Figure 3b; Table 2). The site experienced precipitation on the night of June 27 and
continued through June 28 resulting in decrease in the Gscar and cans. Despite a significant decrease
n Oscat and Gabs at APP on June 28, the intensive AOPs (AAE, SAE, SSA, SSAAE) did not show
any change. This again emphasizes the higher sensitivity of intensive AOPs to the aerosol

physical and chemical characteristics. The results also indicate that the APP was predominantly
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influenced by Saharan dust aerosols even during the precipitation, likely due to lack of other
anthropogenic emission sources at this elevated site.

At BND, the average 24-hour PMio concentration was 2-fold higher during the SDE
compared to non-event days but that is based on a single 24-hour filter collected during the
event. The average 6sca, SAE and AAE were 35.20£14.73 Mm™!, 0.88+0.28 and 1.51£0.33,
respectively during the SDE (Figure 2¢ & 3c; Table 2). The difference in the aerosol loading
between APP and BND indicated the presence of a non-uniform dust plume. The APP site, being
situated at an elevation of 1080 m agl, was influenced by a plume with higher mineral dust
loading than that observed at BND (situated at an elevation of 230 m agl) during the SDE.
Moreover, the magnitude of the impact of SDE at BND was also likely affected by the wet
deposition of dust due to precipitation during the course of transport and/or at the site on June 29.
Notably, the SAE at BND during the SDE (average 0.76+0.22) was higher compared to the SAE
values observed at the other two sites in this study and those reported in literature during SDEs
(Collaud Coen et al., 2004; Ealo et al., 2016; Gomez-Amo et al., 2011; Titos et al., 2017,
Valenzuela et al., 2015). BND, a semi-rural site surrounded by soy and corn fields, is influenced
by the local fugitive emissions from agricultural activities (Delene and Ogren, 2002; Sherman et
al., 2015). Although the peak Gsca at BND looked similar during SDE and non-event days, AAE
and SAE varied significantly as Saharan dust intruded on the site (Figure 2¢ & 3c).

A SDE can result in a temporary increase in PM concentrations, however, at certain
sites, it can also have long-term impacts. The 6sca at WL decreased to 60 Mm'! (at 550 nm) on
June 28, however, SAE and AAE values remained relatively similar to those observed during the
SDE, until July 03 (Figure 3 & S4). This consistency in the SAE and AAE suggests that the site

was under the influence of Saharan dust till July 03. Sporadic peaks in Gscat Were also observed at
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WL between June 29 to July 03 with an hourly maximum of 136 Mm™' (at 550 nm) (Figure S4).
The statistics of measured AOPs between June 28- July 03 at WL is presented in Table S3.
Notably, intermittent dust influence later in the month of July was also observed at WL (Figure
S4).

The elemental composition of PMz s aerosols collected at the TCEQ site Deer Park in the
months of May, June and July were also analyzed (discussed in detail in Section 3.3). The
enrichment factors (EF) for selected anthropogenically emitted elements were reduced by ~90%
during the SDE and were also diluted for the samples collected later in the month of July
suggesting further influence of dust (Figure S5 & S6). This can be linked to the on-going
transport of a secondary Saharan plume with lower concentrations of dust to Houston. Relatively
higher AOD over the Gulf of Mexico between June 28 to 30 (Figure S2) further substantiate the
possible transport of a secondary dust plume to the Houston sites. In addition, dry summer
conditions can also facilitate the recirculation and/or re-suspension of Saharan dust in the
atmosphere after the dust event and may result in low SAE and high AAE values during the
month of July at WL. A previous study by Bozlaker et al. (2013) used a chemical mass balance
(CMB) receptor model to isolate multiple sources of mineral contributing to ambient aerosol
loading during long-range transport of Saharan dust to Houston during summer 2008. Although
the SDE lasted for a couple of days, the CMB model indicated that Saharan dust was present as a
substantial “background” aerosol component for multiple days due to the recirculation and/or re-
suspension of dust even after the SDE. The evidence that mineral dust can continue to recirculate
and/or be re-suspended in the atmosphere under dry conditions in summer after the initial SDE is
of high relevance for air quality. More studies are needed to separate the impact of recirculated

and/or re-suspended dust from on-going dust transport.
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The detection of the SDE was different at each site in this study based on differences in
local background sources, however, the combination of PM, osca, AAE and SAE was sufficient to
identify the influence of the SDE at the surface. The combination of Gsca, SAE and AAE was used
to identify the SDE at WL and APP. In contrast, SAE and AAE were the conclusive parameters
for SDE identification at BND while 6scac was not obviously different for SDE and non SDE days.
The real time measurements of AOPs presented in the present study provide an efficient means for

long term and routine identification of dust events.

3.1.2. Sensitivity analysis for detection of SDE in fine PM

Using the Gscar and oaps at the NFAN site (APP and BND) for both the PM; and PMjj size cut, a
sensitivity analysis was performed to evaluate the impact of PM size cut on detection of SDE
based on AOPs. The AOPs for the PM; size cut exhibited a similar trend to those observed for
the PMo size cut at the NFAN sites. By using the same AOP cutoff values, the period identified
as the SDE at APP, based on measurements in PMjo size cut, closely aligned with that identified
using AOPs for PM; size cut (Figures S7). Although BND showed a significant decrease in SAE
and increase in AAE during the SDE for PMi, the magnitude of the change was much lower than
that observed for PMio (Figure S8). It should also be noted here that detecting the SDE at BND
was comparatively more challenging compared to the other sites even for the PMo size cut.
Overall, this sensitivity analysis suggested that the AOPs for PM; size cut can still provide
valuable information about the presence of dust in the atmosphere, even when the influence of
Saharan dust on the overall mass concentration is relatively muted. This further supports the
decision to focus on studying the effect of Saharan dust on AOPs despite the PM: 5 size cut at
WL.”

3.2. Impact of Saharan dust on the radiative properties of aerosols

23



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

3.2.1 Asymmetry parameter

The angular distribution of light scattering by the Saharan dust has more forward scatter;
compared to non-Saharan dust aerosols (Horvath et al., 2018; 2016). The average g during the
SDE was significantly higher than that observed during the non-event days at all the sites (Table
2; Figure S9). A g value larger than 0.65 have been reported previously for Saharan dust while a
g value for non-dust aerosols is typically less than 0.6 (Horvath et al., 2018). The g values
observed at WL, APP and BND were also similar to those reported for other in situ
measurements during SDEs (Ealo et al., 2016; Horvath et al., 2018; Ogren et al., 2006). Some of
the previous studies have reported limited variability in g for different types of aerosols
(anthropogenic, marine, and dust) (Donateo et al., 2018; Ealo et al., 2016), suggesting
asymmetry parameter may not be a useful variable for dust characterization. However, in the
present study for the sites and SDE event analyzed it appears that the asymmetry parameter can
be used to distinguish between aerosol dominated by desert particles and the continental
background during these intense SDEs (Figure S9). Providing a measurement-based constraint
for g during the SDE is important given that g is commonly used in radiative transfer models
(Ogren et al., 2006).

3.2.2 Single scattering albedo

The temporal variation in the SSA (550 nm) observed at different study sites is presented in
Figure 4. The SSA values observed at the study sites are comparable to those reported during the
Saharan Dust Experiment (Haywood et al., 2005) and other Saharan dust influenced periods
(Ealo et al., 2016; Titos et al., 2017; McFarlane et al., 2009). Notably, the SSA values at all the
study sites were >0.90 prior to and during the onset of Saharan dust suggesting that the sites are

dominated by scattering aerosols even in the absence of dust and that the dust is relatively non-
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absorbing. The SSA during the SDE showed a strong spectral variation, with higher values at

higher wavelengths at WL, APP and BND suggesting more scattering at higher wavelengths due

to coarse particles (Figure S10).

SSAAE

SSAAE

(b) APP

SSAAE

Figure 4. Times series of hourly average SSA (550 nm for APP and BND and 525 nm for WL)
and SSAAE at (a) West Liberty (WL) (b) Appalachian State University (APP) (¢) Bondville

(BND). The solid vertical line indicates onset of the dust influence at the study sites. The gray

shaded area represents the SDE identified at each site. The dashed red horizontal line shows the

SSAAE=0. Measurements at WL were of PMz 5 aerosols and at APP and BND were of PMio
aerosols. The asterisk sign represents the time period when the sites experienced precipitation

during the SDE.
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The SSAAE ranged between -0.09 to -0.01, -0.15 to -0.07 and -0.07 to 0.06 at WL, APP
and BND, respectively during the SDE (Figure 4). During Saharan dust outbreaks, a reduction
of SAE and a simultaneous increase in AAE leads to negative SSAAE values depending on the
degree of local pollution and intensity of the SDE (Collaud Coen et al., 2004; Ealo et al., 2016).
The SSAAE at WL remained negative even later in the month of July corroborating intermittent
influence of dust either from on-going transport or from the suspended dust particles(Figure S4).
Overall, our results show that SSAAE can also be used together with Gscar, SAE and AAE to
characterize presence of dust at different locations in order to identify presence of Saharan dust
in real time.

3.3 Transport of dust across Houston metropolitan area and its relevance for urban air
quality

The hourly average PM» s concentrations measured at five different TCEQ air quality monitoring
sites in Houston (Figure 5a) were examined for the month of June. The geographic locations of
the TCEQ air quality monitoring sites in Houston are shown in Figure S3. PMio concentrations
were available for two TCEQ sites (Deer Park and Oyster Creek) in Houston. The Saharan dust
entered Texas through the Gulf of Mexico impacting the coastal sites, Galveston and Oyster
Creek late (2230 LST) on June 24 (Figure 5a). The maximum hourly average PM2 5
concentration reached 60 pg m™ at these coastal sites on June 25 around 0130 LST. A two-fold
increase in PMo concentration was observed at Oyster Creek (>150 ug m) during the same
time. The dust plumes travelled at a speed of ~25 km hr'! and reached an inland site: Deer Park
resulting in peak PM2 5 and PMo concentration around 0200 LST. The speed of dust transport
from the coastal sites to this inland site agreed with average wind speed at these locations. The

hourly average PM concentrations showed that the coarse fraction (PMio-PM2.s) constituted 62%
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and 52% of the total PMio concentration at Oyster Creek and Deer Park, respectively with the
onset of Saharan dust on June 25 (Figure 5b). The TCEQ monitoring sites located further inland
in Houston did not report an increase in PM2 5 on June 25. In addition, a drop in PM
concentrations was observed in the afternoon on June 25. This is likely due to wet deposition of

dust by precipitation later in the day.

(a)

——Oyster Creek
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——Deer Park 3
80+ ——West Liberty
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Figure 5. Times series of hourly average (a) PM» s concentration (left axis) and precipitation
(right axis) and (b) (PMi0-2.5): PMio at different air quality monitoring sites in Houston. The gray

shaded area represents the SDE in Houston.

The PM concentration increased again early on June 26 at the coastal sites, with
maximum hourly average PM» s and PM o concentrations of 115 pg m and 301 pg m,
respectively at Oyster Creek and PM, s concentration of 108 pg m= at Galveston. The dust
plume was then transported inland and was observed at the TCEQ monitoring stations at Deer
Park, West Liberty (WL) and Aldine in Houston on June 26. With a transport speed of ~25 km

hr! dust plumes reached these different inland sites at different times of the day depending on
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their distance from the coast of Gulf of Mexico. For example, Deer Park, ~53 km from the coast,
experienced dust influence at 0300 LST whereas West Liberty and Aldine, both ~86 km from the
coast, experienced high PM concentration at 0500 LST. The analysis highlights the coverage of
the Saharan dust with inland sites across the Houston metropolitan area. Between June 26 and 27
the coarse fraction (PMjo-2.5) constituted > 60% of the PM1o concentration (Figure 5b) at these
sites. It should be noted that the coarse PM constituted the major fraction of PMio (>50%) both
at Oyster Creek and Deer Park, even before and after the SDE. This can be attributed to the
influence of marine air masses from the Gulf of Mexico which bring in super-micron particles
such as sea spray and contributes to coarse fraction of PM at these sites. In addition, a relatively
larger variation in the contribution of coarse PM to PMio was observed during the onset and non-
event days both at Oyster Creek and Deer Park. This can be linked to the influence of sea spray
mixed with fine PM emissions from anthropogenic activities within the city. However, the
during the SDE, the transported Saharan dust dominated the anthropogenic PM emissions
resulting in more consistent coarse PM to PMj ratio.

To confirm that the increased PM was transported dust and not of local origin, the EF of
specific elements in Houston PM was investigated. The EF for the sample collected during the
SDE (June 26) was compared with the samples collected prior to the SDE (in the month of May
and June prior to the SDE) and post SDE (July). The EF of As, Ba, Co, Zn, Cr, Ni, Sr was
significantly enriched (EF >15) in samples collected prior to the SDE, demonstrating the
dominance of anthropogenic sources on the elemental composition. At the time of the Saharan
dust intrusion, the EF of these elements was reduced by ~90% (Figure S5 — S6). The EF values
for Si, Al, Fe were close to unity whereas those for K, Ca, Mg, Mn, Sr were slightly elevated (EF

1-3) (Figure S5). These results are similar to previously reported EFs during Saharan dust events
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in Houston (Bozlaker et al., 2013), and the Sonoran Desert and the Chihuahuan Desert dust
events in the western US (Tong et al., 2012). It should be noted here that due to the limited
availability of chemical fingerprints of mineral dust from various source regions, it is still
difficult to distinguish the origin of dust based on bulk elemental composition.
The PM2 5 concentration at all the sites in Houston was significantly higher (p<0.05) after June
28 compared to that observed prior to the onset of the dust event (Figure S11). The higher
concentrations of PMz s were observed at all the TCEQ monitoring sites till mid-July. This can
be attributed to the on-going transport of dust plumes in addition to the recirculation and/or re-
suspension of mineral dust in the atmosphere at Houston under dry summer conditions (Ealo et
al., 2016). The impact of dust is also affirmed by lower SAE and higher AAE values during this
period. In addition, lower EF (As, Ba, Co, Zn, Cr, Ni, Sr) for the PM> 5 post SDE also suggests
the on-going influence of dust (Figure S6). The evidence that Saharan dust can continue to
impact fine particulate matter (PM s5) even beyond the initial SDE is of high relevance for
human health and for air quality policy (Jaffe et al., 2023). Resuspended dust in the atmosphere
can penetrate deep into the respiratory tracts and can result in long-term chronic health impacts
(Xing et al., 2016). This further indicates potential implications of these dust episodes on human
health and importance of characterizing long term dust influence in urban areas.
3.4. Aerosol radiative forcing during the 2020 Saharan dust event

Characterization of the impacts of SDE in the US necessitates both an assessment of the
surface loading and related human exposure as well as the climate impacts associated with
perturbances in regional radiative forcing. The total downwelling and upwelling solar irradiances
(direct and diffuse) at the TOA and surface were simulated using SBDART at WL, APP and

BND. The results showed that at the TOA the mean total upwelling irradiance increased by 6%,
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10% and 4% for WL, APP and BND, respectively during the SDE compared to the non-event
days suggesting enhanced scattering due to Saharan dust. Further, net downwelling irradiance at
the surface was calculated for each site. For the non-event days, the calculated mean net
downwelling irradiance at the surface was 471 Wm2, 476 Wm? and 446 Wm2 at WL, APP and
BND, respectively. The mean net downwelling irradiance at the surface decreased by ~4%, ~4%
and ~2% at WL, APP and BND, respectively during the 2020 SDE. This decrease in net
downwelling irradiance at the surface was due to the increase in diffuse irradiance (by ~29% at
WL, ~52% at APP and ~17% at BND) due to the presence of dust aerosols. The overall
uncertainty in the estimated downwelling and upwelling solar irradiances at TOA and surface
using the given SBDART configuration (discussed in supplementary section 5.2) is found to be
in the range of 10-15% (Alam et al., 2011; Kalluri et al., 2020; Prasad et al., 2007; Valenzuela et
al., 2012). This uncertainty in model simulations is associated with the uncertainties in the
derivation of AOPs (AOD, SSA and g) from OPAC and the retrieved surface albedo values
(Alam et al., 2011; Kalluri et al., 2020; Prasad et al., 2007; Valenzuela et al., 2012). In addition,
there were clouds over the study sites during the SDE, which can add some more uncertainty in
estimating total downwelling and upwelling irradiances. However, due to the lack of
measurements that could be used to constrain the impact of clouds on the derived AOPs, in the
OPAC model, we could not estimate the additional uncertainty during cloudy days.

The mean daily ARF at the TOA during the SDE (non-event days) was -9.75 Wm? (-5.91
Wm?2), -17.8 Wm? (-7.58 Wm) and -6.65 Wm™ (-3.12 Wm) at WL, APP and BND,
respectively (Figure 6). The corresponding surface ARF values during the SDE (non-event days)
were -21.5 Wm2 (-6.96 Wm?), -27.3 Wm? (-8.42 Wm2), -12.0 Wm? (-4.14 Wm2) at WL, APP

and BND, respectively. The above estimates indicate two-to-three-fold increases in the negative
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ARF at TOA and surface from non-event days to SDE (Figure 6). The magnitude of the impact
of dust on ARF was lowest at BND. This is related to the difference in plume density and the
distance from the dust source at BND relative to the other sites (discussed in detail in section
3.1.1). The difference between the ARF at the TOA and surface is defined as the atmospheric
ARF and represents the amount of energy trapped in the atmosphere. The atmospheric ARF
during the SDE was estimated to be 11.8 Wm2, 9.47 Wm2, and 5.37 Wm at WL, APP and
BND, respectively (Figure 6). The estimates showed that the Saharan dust intrusion at these sites
resulted in an additional positive atmospheric ARF by 10.7 Wm™, 8.63 Wm™2, 4.35 Wm™ at WL,
APP and BND, respectively compared to that estimated for non-event days. This change in the
atmospheric ARF can affect the thermal structure of the atmosphere and change its
thermodynamic state (Asutosh et al., 2022; Yang et al., 2017). The Saharan dust event in 2020
resulted in a ~16% increase in atmospheric temperature and a ~ 2% decrease in the relative

humidity over the Atlantic Ocean (Asutosh et al., 2022).
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Figure 6. Average aerosol radiative forcing at the top of atmosphere (TOA), surface and in the

atmosphere during the non-event days and the SDE at WL, APP and BND, respectively.

Previous studies using different modelling approaches for ARF estimation have also

reported large negative ARF at TOA, surface and positive atmospheric ARF during SDEs
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(Cérdoba-Jabonero et al., 2021; Gkikas et al., 2018; Kaskaoutis et al., 2019; Mamun et al., 2021;
Oduber et al., 2019; Papadimas et al., 2012; Valenzuela et al., 2012). For instance, Kaskaoutis et
al. (2019) reported a significant impact of Saharan dust on the radiation budget for cities in
Greece, with a large decrease in net downwelling irradiance at the surface (~ -40W m2 to -50
Wm2) and at the TOA (~-5 Wm to -30 Wm™). This translated to an increase in positive
atmospheric ARF by ~ +2 Wm™ to +17 Wm™2. Mean ARF values at TOA, surface, and
atmosphere of —12 = 11 Wm2, —40 + 23 Wm and +29 + 25 Wm, respectively, were estimated
during SDEs in Granada, Spain (Valenzuela et al., 2012). Mishra et al. (2014) reported an
atmospheric ARF of +9.4 Wm for pure dust aerosol and a maximum of +16.7 Wm for
polluted dust aerosols over the eastern Mediterranean Basin. The magnitude of the impact of dust
on the radiation budget reported in these studies is higher than that observed in the present study
(Table 3). This may be attributed to longer transport from the source to the receptor region
and/or differences in the ARF modelling approach (Valenzuela et al., 2012).

The lower atmospheric heating rate during the 2020 SDE was 0.23 K day!, 0.24 K day™',
0.11 K day! at WL, APP and BND, respectively. This increase in the heating rate due to the
presence of Saharan dust aerosols can result in trapping of pollutants in the lower atmosphere by
changing regional circulation patterns and strengthening temperature inversions (Yang et al.,
2017). Additionally, this heating of the atmosphere can have implications for the hydrological
cycle and the development of mesoscale weather phenomena such as convection and sea-breeze
patterns whose circulations are driven by horizontal heterogeneities in local-scale thermal

contrast (Alamirew et al., 2018; Ge et al., 2014; Sun and Zhao, 2020).
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Table 3. Daily aerosol radiative forcing (Wm™) at the Top of Atmosphere (TOA), Surface, and
in the atmosphere and associated heating rates observed over different locations during Saharan

dust events.

ARF (Wm?) Heating rate
Location Reference

TOA | Surface | Atmosphere (K day™)

9.8 -21.5 11.8 0.23 West Liberty, Texas, US Present study
-17.8 -27.3 9.5 0.24 Appalachian State University, Present study

North Carolina, US

-6.7 -12.0 54 0.11 Bondville, Illinois, US Present study

-80 -150 70 - Atlantic Ocean (Asutosh et al., 2022)
-11.3 -13.7 2.4 0.2 Tropical East Atlantic Ocean (Mamun et al., 2021)
-6.0 9.1 3.1 - Barcelona, Spain (Cérdoba-Jabonero et al.,

2021)

-84.1 -164.9 80.8 - Iberian Peninsula (Oduber et al., 2019)
-13.9 -43.6 28.0 0.9 Mediterranean Basin (Gkikas et al., 2018)
-30.0 -50.0 ~20 0.5 Athens, Greece (Kaskaoutis et al., 2019)

-5 -20 15 0.14 Granada, Spain (Valenzuela et al., 2012)

-7 -21 14 0.13 Granada, Spain (Valenzuela et al., 2012)

-6 -18 12 0.11 Granada, Spain (Valenzuela et al., 2012)
-8.1 -29.1 21 - Senegal (Derimian et al., 2008)

4. Conclusions

The present study shows the impact of the June 2020 Saharan dust event on AOPs measured at
three different monitoring stations: WL (southern US), APP (eastern US) and BND (midwestern
US). As the Saharan dust was transported across each site, the aerosol concentration increased
significantly with a marked increase in scattering (except at BND) and absorption coefficients.

The SAE dropped below 0.5 at WL, and APP and below 0.9 at BND. The AAE peaked above 1.4
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during the SDE at all the sites. SSAAE values less than O indicated the dominance of coarser
particles at each site. These results indicate that radiative and air quality SDE impacts can be
evaluated using measurements and calculated parameters (osca, SAE, AAE, SSAAE, and PM)
from surface aerosol monitoring networks like BC2 and NFAN combined with satellite
observations (AOD). The results also show evidence of recirculation and/or re-suspension of dust
particles in PM2 5 even after the passage of the primary SDE which is of high relevance for public

health.

An investigation into the larger climatic impacts of Saharan dust revealed a two-to-three-
fold reduction in the ARF at TOA and SURF due to enhanced attenuation of incoming solar
radiation by dust aerosols. The Saharan dust intrusion resulted in an additional warming of the
atmosphere by 10.7 Wm?2, 8.63 Wm and 4.35 Wm at WL, APP and BND, respectively. In this
study, the ARF estimations were performed for clear-sky conditions. It is important to
acknowledge that the ARF estimates may be biased due to a lack of consideration of the impact of
clouds on certain days. The atmospheric warming during the SDE translated into heating of lower
atmosphere at the rate of 0.33 K day”!, 0.35 K day’!, 0.15 K day! at WL, APP and BND,
respectively. The study demonstrates that the Saharan dust events can have a significant impact on
the radiation budget of southern, eastern and midwestern US states. Future climate studies should
consider both surface and radiative effects of dust in order to improve the accuracy to predict

weather and climate change in the US.

Data availability

34



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

The BC2 aerosol optical data are available upon request. NFAN aerosol data are available at the
World Data Centre for Aerosols archive hosted at NILU: https://ebas.nilu.no. The PM data for the
TCEQ sites in Houston-Galveston region is available at the Geographical Texas Air Quality
Monitoring viewer (https://www.tceq.texas.gov/gis/geotam-viewer). PM speciation data from the
NCAR Regional Air Quality Forecasting System is available upon request. MODIS Level 3 dataset
is hosted at Level-1 and Atmosphere Archive & Distribution System (LAADS) Distributed Active

Archive Center (DAAC) (https://ladsweb.modaps.eosdis.nasa.gov).
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