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Abstract

Aerosol and tropospheric ozone transport to North America has important
implications for regional air quality and climate. We present data from Chews
Ridge, a remote mountaintop site in California, in February-September 2012,
which identifies separate Asian dust and Asian combustion aerosol signals
and quantifies exogenous ozone. We use positive matrix factorization of size-
fractionated aerosol X-ray fluorescence data and 2°°Pb/?°’Pb and 2°®Pb/?°’Pb
isotope measurements to isolate aerosol signals of Asian origins and find
good agreement between both types source attribution techniques. Power
spectra of Asian dust and Asian combustion signals reveal two distinct peaks,
one seasonal (~90 days) and one monthly (~25-30 days). Overall, 89% of
the Asian dust signal occurs in March-May, compared with June-September,
whereas only 51% of the Asian combustion signal occurs in March-May.
Nearly half the Pb observed at Chews Ridge was derived from Asia (46%;
8.3% from Asian dust, 23% from Asian combustion, and 15% of the Asian Pb
signal was not explained by the positive matrix factorization). A positive
correlation between deseasonalized ozone concentrations and the Asian
factors suggests that ozone is elevated by 6.3 £ 0.8 ppb due to transpacific
transport. Scanning mobility particle size spectra were also measured from
May to September and indicate that new particles are often produced and
grow throughout the afternoon during onshore flow. We hypothesize that
particle nucleation on the windward edge of the continent is an important
source of new particles.

1 Introduction

Aerosols are solid or liquid particles suspended and transported in the
atmosphere, which can either scatter or absorb solar and infrared radiation
based on aerosol composition and light wavelength. Numerous factors
dictate the specific climate and hydrologic impacts of aerosol-cloud and
aerosol-radiation interactions: aerosol composition, size, atmospheric



lifetime, altitude, and geographic location (Intergovernmental Panel on
Climate Change, 2014). Aerosols are either lofted into the atmosphere (i.e.,
sea salt spray, dust, or pollen) or formed in clean air masses through
heterogeneous chemical reactions (Poschl, 2005). These small particles can
appreciably alter the Earth's albedo and influence precipitation patterns by
acting as efficient cloud-condensing nuclei (e.g., McCoy et al., 2015;
Rosenfeld et al., 2008). Aerosols may continue to influence Earth's albedo,
radiative heating, and the hydrologic cycle following their dry deposition on
snow-covered surfaces (Hadley et al., 2010).

High concentrations of fine aerosols (aerodynamic diameter < 2.5 um,
particulate matter 2.5, PM2.5) also adversely affect air quality and human
health (World Health Organization, 2013). The Environmental Protection
Agency (EPA) has sought to regulate concentrations of PM2.5 by mass since
1997 in the United States, most recently setting a maximum 24-hr
attainment standard of 35 pg/m? in 2006 and a yearly mean attainment
standard of 12 pg/m?3in 2012 Table of Historical Ozone National Ambient Air
Quality Standards, 2018; Table of Historical Particulate Matter (PM) National
Ambient Air Quality Standards, 2018. In contrast, particulate pollution in
Chinese cities often surpasses their local 24-hr attainment standard of 75
hg/m?3, reaching concentrations >300 ug/m? largely due to secondary aerosol
contributions (e.g., Huang et al., 2014). The long-range transport of
anthropogenic aerosols and pollutants has received considerable attention
as a source for particulate pollution due to the growing disparity between
North American and Asian air quality. An estimated ~6,600 premature
deaths occurred in 2000 in North America as a direct result of foreign
(transported) PM2.5 (Liu et al., 2009).

Using data from the Moderate Resolution Imaging Spectroradiometer
(MODIS) and the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),
Yu et al. (2012) have argued that the transcontinental transport of dust and
to a lesser extent small combustion aerosols from Asia, Africa, and Europe
outweigh that of locally produced combustion aerosols over North America.
Field campaigns conducted in March-May at Mt. Bachelor, Oregon (2,763 m),
and Whistler Peak, British Columbia (2,184 m), present evidence that free
tropospheric air masses (~2-6 km altitude) carry dust and secondary sulfate
aerosols to the west coast of North America (Fischer et al., 2011; Leaitch et
al., 2009; McKendry et al., 2008). Asian dust and biomass burning plumes
are depleted in fine organic aerosol, compared with local air masses (Brock
et al., 2004; Sun et al., 2009). Indeed, several recent studies indicate that
transcontinental transport leads to elevated plumes of dust and pollutants in
the western United States, while organic aerosol is produced locally and
largely remains trapped in the boundary layer (e.g., Hu et al., 2016; Lin et
al., 2012). Airborne observations off the west coast of California and Oregon
(Brock et al., 2004) show that air masses advected across the Pacific may
maintain distinct plumes of coarse mode dust particles, biomass burning
plumes, and secondary sulfate aerosol (Lin et al., 2012). Additional ground-



based mountaintop observations could help determine the frequency, net
impact, and regional and seasonal variability in transpacific transport of
aerosols and pollutants to the west coast of North America.

Since the 1980s the transpacific transport of Asian dust has been widely
recognized as an important source of nutrients to the iron-limited Northeast
Pacific Ocean and the dominant spring signal in the aerosol record at remote
monitoring sites in the Western United States (Duce et al., 1980; Holmes &
Zoller, 1996; Martin & Fitzwater, 1988). In addition to iron, dust and
combustion aerosols may also contain Pb and other heavy metals. Ewing et
al. (2010) demonstrated a method of quantifying stable Pb isotope ratios in
aerosol samples to provide estimates of the proportion of Asian to North
American particulate matter. This fingerprinting technique relies on the fact
that three naturally occurring isotopes of lead (2°°Pb, 2°’Pb, and 2°®Pb) are
formed at differing rates from the radioactive decay of Th and U, the ratio of
which is discernably different in Asian and North American crustal materials
be it mineral dust, coal, or metal ores (Ewing et al., 2010; Settle & Patterson,
1982). The data from Ewing et al. (2010) suggest an average of 61% = 12%
Asian Pb fraction at Mt. Tamalpais (elevation of 770 m, just upwind of the
San Francisco Bay area) from March through May, and in sites throughout
Central California and into the Sierra Mountains they found an average of
31% = 27%. Most of these studies suggest that the bulk of the Asian aerosol
mass (diameter = 10 um) is observed during springtime, although VanCuren
(2003) and VanCuren et al. (2005) argue that the transport of Asian dust and
smoke aerosols occurs steadily from March-October.

Gaseous pollutants such as tropospheric ozone (Os), nitrogen oxides (NOy),
and sulfur dioxide (SO,) frequently accompany the transpacific transport of
aerosols (Akimoto, 2003; Cooper et al., 2010; Lin et al., 2015, 2017; Uno et
al., 2009) and can contribute to the degraded air quality in many industrial
areas. Os in particular impairs the human respiratory system and devastates
natural ecosystems (Ainsworth et al., 2012; World Health Organization,
2013). Since the 1970s the EPA has sought to control Os concentrations in
the United Statesand in 2015 updated its ozone attainment standard to <70
ppb 8-hr averages (http://epa.gov). In Great Basin National Park, NV, samples
enriched in Asian Pb (>80%; 1.1 ng/m?3), which is enriched in naturally
occurring 2°®Pb compared to North American Pb (Christensen et al., 2015),
were collected when Os concentrations exceeded background levels by ~5
ppbv. At Whistler Peak, BC, Leaitch et al. (2009) found that Asian aerosol
plumes were enriched in Os; by 10-25 ppbv in spring. Furthermore, baseline
Os concentrations around the world have increased by about 1%/year over
the past 60 years (Parrish et al., 2012). Concentrations of Os in the free
troposphere reaching the Pacific coast in spring and summer have climbed
steadily since the 1980s by 0.3-0.4 ppbv/year (Cooper et al., 2010; Lin et al.,
2015), and Lin et al. (2017) assert that median springtime MDAS8 Os levels at
50% of western U.S. rural monitoring sites have risen by 0.2-0.5 ppbv/year in
the period from 1988 to 2014. This increase in baseline O3 has been



attributed primarily to a rise in Asian NO, emissions and transpacific
transport from East Asia (Lin et al., 2017), yet observational studies
quantifying the contribution of exogenous Os from Asian air masses to
background concentrations (e.g., Christensen et al., 2015; Leaitch et al.,
2009) during the summer ozone season are lacking.

Despite the measureable transport of Asian dust and other aerosols to North
America, air masses reaching the west coast are often scavenged of aerosols
due to cloud processing during uplift and in transit (Brock et al., 2004). These
relatively clean, particle free air masses facilitate gas-to particle formation of
sulfate (H,S0,) in the remote free troposphere (Brock et al., 2004; Dunlea et
al., 2009). Along the Pacific coast, the mixing of free tropospheric air with
low aerosol surface area with regional soil and biogenic volatile organic
compound emissions (BVOCs; Sindelarova et al., 2014) could fuel secondary
organic aerosol (SOA) formation within hours (e.g., Claeys, 2004; Kavouras et
al., 1998; Went, 1960). Widespread midday particle nucleation such as we
show herein may occur all along the west coast of North America, as has
been observed across the west coast of Europe in remote regions (Beddows
et al., 2014).

This paper characterizes five distinct aerosol types based on composition

and transport timescales: Asian dust, Asian combustion aerosols, marine
aerosols, local combustion aerosols, and local dust. We quantify the
contribution of Asian dust and Asian combustion aerosols to North America
and the mean transpacific transport of tropospheric O; to the Pacific coast. In
addition, we present evidence of local particle nucleation from May to August
during periods of onshore airflow near the Pacific coast. We propose that new
particle production observed in this study is most likely due to SOA formation
from continental BVOC emissions in air masses that have been previously
scavenged of other aerosols.

2 Methods

We collected measurements at the Oliver Observing Station operated by the
Monterey Institute for Research in Astronomy (MIRA: http://www.mira.org/)
on top of Chews Ridge, which is located in the coastal Santa Lucia Mountain
Range in Monterey County, California (36.306°N 121.565°W). At 1,550 m,
Chews Ridge sits ~1 km above the shallow marine boundary layer that butts
up against the coastal mountains about 20 km to the west. Whereas the
coastal marine boundary layer is characterized by persistent northwesterly
winds during most of the spring throughfall (Dorman et al., 1999), the
meteorological setting at Chews Ridge is composed of two dominant wind
modes: southwesterly onshore winds (two thirds of the time) and
northeasterly offshore winds. The two wind domains are related to the
interplay of synoptic forcing from the climatological trough along the
California coast that drives southwesterly flow and the thermal low of the
Southwestern continental United States, respectively. The latter wind pattern
brings polluted air from Central California to the site and typically occurs



during the warmest periods when the thermal low is the strongest and able
to overwhelm the prevailing trough pattern at the elevation of the site. The
site frequently samples the free troposphere, uninfluenced by North
American emissions, particularly when the atmospheric boundary layer
overlying the coastal mountains shrinks to a minimum (i.e., during winter or
summer nights) and when the site experiences onshore winds.

We collected size-segregated aerosols for elemental analysis with a rotating
drum impactor (RDI) nearly continuously from 25 February to 14 September
2012, along with scanning mobility particle size spectra (SMPS, made up of a
TSI 3080 electrostatic classifier in line with a TSI 3025A ultrafine
condensation particle counter), and Os concentrations. Additionally, 24
subsamples of the RDI impactor film were analyzed for Pb isotopic
composition. The RDI instrument was mounted on the outside of the second
story of the observation station (Figure S1). Ozone and particles were drawn
through %" outer-diameter 30" Teflon (Os) and a stainless steel (SMPS) inlet
lines located ~2 m below the RDI inlet on the west side of the Oliver
Observing Station building, ~8 m above the ground. The SMPS, Os, and data
logging computer were housed in a sheltered shed on the first floor.

The RDI instrument is described in detail by Rabbe et al. (1988). Briefly, the
instrument advances Mylar sampling strips at a rate of 0.5 mm every 3 hr,
yielding an approximate ~3-hr temporal sampling resolution. Particles in
theoretical 50% cutoff collection bins based on aerodynamic diameters (5-10
Mm, 2.5-5 um, 1.1-2.5 ym, 0.75-1.1 ym, 0.56-0.75 um, 0.34-0.56 um, 0.24-
0.34 um, and 0.09-0.24 um) were autonomously collected on Mylar strips of
eight stages for ~5-6 weeks prior to retrieval and replacement. RDI samples
corresponding to each of eight size classes of aerosols were analyzed for
elemental composition using X-ray fluorescence (XRF) technology at the
Advanced Light Source-Lawrence Berkeley National Laboratory. Mylar strips
were coated with Apiezone grease to reduce particle bounce during
collection. The aerosol concentration (ng/m?3) of each sample was calculated
using the RDI instrument's flow rate (15 L/min) and advance rate. XRF
measurements were conducted twice to test the precision of the elemental
composition analysis. At select (nonrandom) dates, 8 mm sections (i.e.,
approximately two days) of Mylar films were subsampled for Pb isotopic
analysis following XRF analysis and analyzed for light absorption (VanCuren
& Gustin, 2015). Although issues of accuracy and exact sizing determination
have been raised with respect to the RDI (Venecek et al., 2016; Wexler et al.,
2015), especially under low particulate matter loadings, the XRF temporal
patterns of elements from the RDI sampling have been shown to generally
agree with other methods (Wexler et al., 2015). We propose that the results
of our RDI-XRF analyses does not depend on exact concentrations or size
distributions but rather on relative distributions of these elements, and thus
are not contingent on highly precise quantification of size speciated aerosols.

We conducted a positive matrix factorization (PMF) analysis of the RDI-XRF
data using the Environmental Protection Agency 5.0 software, which is a



weighted least squares solution to the multivariate receptor problem yielding
factor (source) profiles and temporal contributions of these sources to each
time series observation. Although the resulting factors are not orthogonal,
this model has low rotational ambiguity and produces factors that are more
easily interpreted due to inherent nonnegativity constraints on the solution
(Kim & Hopke, 2005). We selected the elements Al, Ca, Cl, Fe, K, Mo, Na, Pb,
S, Si, and Ti based on their crustal, combustion, or marine abundance and a
low average signal-to-noise ratio (S/N > 5), which are deemed strong
predictor variables (Paatero et al., 2002). Model runs were initiated with
random seeds and relied on two inputs, the mean concentrations of duplicate
samples at each time-point and the corresponding analytical uncertainty of
each XRF measurement. In two of four sampling periods, critical orifices of
the cartridges were improperly installed between the fifth and sixth stages
(Venecek et al., 2016), yielding sampling errors in these stages. Therefore,
stages 5 and 6, corresponding to aerosol sizes ~0.56-0.75 um and 0.34-0.56
KM, were not used in this analysis. A total of 100 runs converged, each
yielding six positive matrix factors. The model run with the best goodness-of-
fit statistics was selected, residuals of each element were inspected for skew
and heavy-tails, and the selected run was further analyzed using native EPA
software Bootstrap and Fpeak methods to verify that the initial factor profiles
and contributions were robust and that the PMF solution had low rotational
ambiguity (Bootstrap and Fpeak solutions differed little from the base
results). We examined the timing of transport events using each factor
contributions' power spectra, calculated after the application of a Hamming
window to minimize distortion due to sidelobe spectral leakage. We also
calculated the top 10% of each factor's contributions and characterize the
particle distribution of each factor.

The Pb isotopic composition (2°°Pb/?°’Pb and 2°¢Pb/?°’Pb) of aerosol samples
was measured by multicollector-inductively coupled plasma-mass
spectrometer (ICP-MS) to further identify aerosol origins (e.g., Christensen et
al., 2015; Ewing et al., 2010). Pb isotope subsamples from Mylar strips,
representing approximately two days or 16 ~3 hr samples, were leached in 6
N HCI in Teflon vials on a hot plate set to 90 °C for 4 hr. After cooling the
Mylar strips were removed, and the leachates dried down and taken up again
in 0.5 N HBr for chemical separation on small-volume columns using AG1x8
resin eluted with 0.5 N HBr. Pb was stripped off with 6 N HCI. Pb from
subsamples was then dried down and taken up in 0.3 N HNOs and spiked
with the appropriate amount of Tl solution as determined by a concentration
measurement on a 10% sample aliquot. The Pb isotopic compositions were
measured on a Neptune + ICP-MS using the 2°TI/2%Tl ratio for mass
fractionation correction. This method has been applied extensively to
distinguish Asian Pb from Pb derived from North American sources (e.g.,
Figure 1; Bollhofer & Rosman, 2001, 2002; Christensen et al., 2015; Diaz-
Somoano et al., 2009; Ewing et al., 2010; Tan et al., 2006). The percent of
Asian influence is calculated as the ratio of A ?°®Pb observed/A ?°®Pb Asia,



where A %°®Pb denotes the difference between the expected California
208pp/207Pp ratio and either the observed or the expected Asian 2°2Pb/?°’Pb
ratio for a given 2°°Pb/?°’Pb ratio (Figure 1; Ewing et al., 2010).
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Figure 1. Compilation of Pb isotope data from XRF-RDN samiples from Chews Ridge, as well as samples from throughout northern and central California and Asia. Inset
illustrates how the %Asian Pb (of total Pb) is derived. Data from Bollhéfer and Rosman (2001, 2002), Tan et al. (2006), Diaz-Somoano et al., 2009, and Ewing et al.
(2010).

Particle size spectra measurements were made using a SMPS between 12
May and 31 August 2012 at an ~5-min temporal resolution. Particles were
counted in 107 diameter size class bins ranging between 14 and 650 pum.
Raw data were corrected for particle losses through the inlet calculated at
each diameter according to the Particle Loss Calculator software tool (von
der Weiden et al., 2009), which for the system described above lead to an
estimated 50% cutoff at 16 nm aerodynamic diameter, and 90% efficiency at
72 nm. Thereafter, data were binned to a temporal resolution of 1 hr for
comparison with ozone and meteorological data. Data were segregated
based on hourly-average vector wind direction and wind speed into onshore
(150-330° degrees; >1 m/s) and offshore (330-150°; >1 m/s)
measurements. Due to a combination of SMPS and weather station
instrument troubles data are missing from two ~10-day periods between 12-
22 July and 16-27 August, as well as data between 19 May and 23 June. We
formalized the identification of nucleation events following the approach of
Heintzenberg et al. (2007), quantifying nucleation mode particle number and
Aitken/aged nucleation mode median diameter. Thresholds adopted for the
nucleation mode (<50 nm) and the Aitken/aged nucleation mode (<200 nm)
were based on the particle concentration plots and generally resemble those
reported by Beddows et al. (2014) for mountain and western sites in Europe.
Each nucleation event was treated separately, and nucleation particle
number and Aitken/aged nucleation mode median particle diameter from 11
a.m. to 5 p.m. were correlated with the total surface area (preceding



nucleation events; from 5 a.m. to 11 a.m.) to test if particle formation
occurred in clean, prescavenged air masses.

In addition to measurements of airborne particles, we obtained
measurements of Os, and local meteorological data. Os concentrations were
measured using the 2B technologies Ozone Monitor (Model 202, which was
calibrated every three to four months). Air sampled for O; measurements
was filtered through a 47 mm Teflon Particle Filter, replaced every three to
six months as required. Final O3 data products represent compiled 1-hr
averages of raw Os; data that were vetted by eye for any periods of degraded
performance based on the flow, lamp intensity, pressure, and temperature
diagnostic variables. The seasonal cycle was removed from the Os; data using
an ongoing time series at Chews Ridge prior to its use statistical correlations.
Ancillary meteorological data were provided courtesy of the Oliver Observing
Station at Chews Ridge, supported by MIRA. Wind speed, wind direction,
temperature, and relative humidity measurements collected at Chews Ridge
by a Davis weather station are available at a 5-min temporal resolution.

3 Results and Discussion
3.1 PMF Results and Source Apportionment

On average, the PMF model reproduced observed species well (r = 0.71 =
0.03), given that a few factors are not capable of reproducing all the
observed variance. In addition, the Kolmogorov-Smirnoff test indicated the
residuals were normally distributed for 98.5% of species, and >95% of
species from the base run were within the inner quartile range of Bootstrap
intervals and Fpeak results, suggesting that this solution was not particularly
sensitive to random errors or rotational ambiguity. Factor contributions and
profiles, both of which were normalized to one, facilitated factor profile
interpretability and source apportionment. The PMF analysis yielded five
identifiable factors (of six) based on factor profiles: Asian dust, (aged) Asian
combustion, marine, local dust, and local combustion (Table 1 and Figures 2
and S3). One of the six factors, factor 4, was not interpretable (i.e., was
considered an artifact of the data collection) and is not shown. Factors
differed in their particle distributions as well as in their elemental
composition (Figure S2 and Table 1). Seasonally, we found that March-April-
May (MAM) and June-July-August-(September) (JJA(S)) contain 89% and 10%,
respectively, of the contributions from the Asian dust factor, whereas MAM
and JJA(S) contained 51% and 44% (45%), respectively, of contributions from
the Asian combustion factor (Table 1).



Table 1

The Name, PMF Number, the Particle Distribution Mode, the Mean Squared Error (M5E) of the Elemental Bulk Ratios Belonging to Each Factor Profile Compared to
Elemnental Ratios of Dust Attributed to Transpacific Transport (Holmes & Zoller, 1996), the Relationship to Pb From Asia and Deseasonalized Oy, and the Contribution
(%) That Occurred in Spring (MAM, With the Rernaining Contribution Occurring in LIAS)

Name MNumber Aer. Mode MSE H&Z YeMsian Pb. Rel. Deseason. Oy Rel. MM

Asian dust 2 594 nm oo r = 080, p = 0LDO1 r=024,p < 0.001 89%%
Pb=191+27AD 03 = —-32 + 15xAD

Asian combustion [ 552 nm 013 r =075, p < 0.001 r=024,p = 0.001 51%
Pb = —4.0 + 23.1xAC 03 =-38+28xAC

Marine 5 63.8 nm S9E+4 r=—026p=022 r=016p <001 59%
Pb = 54.7-7 8xM 03=-31+17M

Local dust 3 594 nm 93 r=-—030,p=016 r=002p =045 37%

Pb = 74.3-28 4xLD
Local combustion 1 413; 55.2 bimodal 06ES r=—084, p = 0.001 r=—0.07,p =004 22%

Pb = 74.6-30.7xLC
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Figure 2. Profiles of factors 2 and 6, determined using EPA 5.0 positive matrix factorization. Factor 2 attributed to Asian dust and factor 6 attributed to Asian com-
bustion and stovetop burning.

Factor 2, the Asian dust factor, summarized ~40-60% of the crustal
elements (e.qg., Ca, Fe, Si, and Ti) in coarse (D, > 2.5 um) aerosols, typically
associated with dust (Figure 2a; VanCuren et al., 2005). Factor 6, the Asian
combustion factor, explained a substantial percent of elements S, K, and Pb
in fine aerosols (=1 um; Figure 2b). S and K are produced from combustion
and metallurgy (Nriagu, 1990; VanCuren, 2003; VanCuren et al., 2005). The
marine factor, factor 5, accounted for a high percentage of Cl, S, and Na
(Figure S3), which are known to be principal components of sea salt aerosols.
Factors 1 and 3, which were dubbed the local combustion factor and the
local dust factor explained 40-60% of the crustal elements (e.g., Al, Ca, Fe,
Si, and Ti) in the largest size class bin (5-10 um), approximately seven times
more than the Asian dust factor (Figure S3). Following Holmes and Zoller
(1996), we also examined the ratio of crustal elements Ca, Fe, K, Na, and Ti
(summed across all available size bins and normalized to total Al) in each
factor. The ratios of the Asian dust factor in this study agreed well with
literature values (Figure S4 and Table 1); however, this agreement,
interpreted based on mean squared error, worsened in order of the following
factors: Asian combustion, local combustion, local dust, and marine (Table
1). In addition to distinct compositions, differences in the particle distribution
modes of factors denote subtle size differences between dust, combustion,



and marine fine aerosols (Figure S2 and Table 1). In particular, the local
combustion factor has a bimodal particle distribution, potentially indicative of
local particle nucleation.

3.2 PMF Versus Pb Isotope Subsamples

Seeking to minimize the number of expensive and time-intensive 2°®Pb/?°’Pb
versus 2°°Pb/?°’Pb measurements, we carefully chose subsamples from
archived Mylar films based on (and to corroborate) our PMF results (Figure
3). Overall, we found good agreement between the percent of Asian Pb
calculated from Pb isotope measurements and the temporal contributions of
the Asian combustion factor and Asian dust factor derived from the PMF
analysis (Figure 3). These independent measurements both suggest that
Asian influence exhibits a strong springtime pulse, which in 2012 peaked on
12 April. Indeed, numerous studies have noted a spring pulse in the
contribution of Asian dust (and to a lesser extent combustion aerosols) to
North America (Uno et al., 2009; Yu et al., 2012), and some modeling and
field-based studies indicate that Asian transport continues into the
summertime (e.g., Holzer & Hall, 2007; VanCuren, 2003; VanCuren et al.,
2005).

Asian Combustion Factor

'MM«M

Figure 3. Time-series of the % Asian Pb derived from Pb isotope analysis and the
PMF signals.

L
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Six of the 20 subsections from the RDI record targeted a period of peak Asian
influence in April and were probed for differences in 2°Pb/?°’Pb versus
206pp/207ph of different sized aerosols (Figure 3). A wide range of aerosol sizes
(0.09-5 um) contained very high concentrations of Pb in the 12 April sample
(86 = 2.6% Asian Pb) with the exception of aerosols in the largest size class
bin (5-10 um), which contained 59% Asian Pb (Figure 3). The 5-10 pm
aerosols may have been strongly influenced by gravitational settling or
wet/dry deposition in the marine boundary layer during transit. Wet
deposition due to below-cloud scavenging and in-cloud scavenging is thought
to be orders of magnitude higher in the marine boundary layer than in the



free troposphere, particularly for aerosols =5 um (e.g., Croft et al., 2014;
Zhao, 2003). As suggested by Brock et al. (2004) gravitational settling could
also play a small role in the removal of larger aerosols, leading to ~1 km
vertical displacement during transit at 600 mb 263 K. Similarly, throughout
the spring and summer, the percent of Asian influence in each of the
smallest two size classes was well correlated with one another (r = 0.89, p <
0.01), and we observed little difference between the two (15.5 = 14% higher
Asian influence in the smallest size bin; data not shown).

We found a strong correlation between the percent of Asian Pb across all size
classes and the Asian dust factor (Figure 4a) and the Asian combustion factor
(Figure 4b). Because each PMF is normalized to an average value of unity,
the slope is used to estimate the average contribution of the Asian
combustion factor to Asian Pb. Together, these factors suggest that
transcontinental transport is responsible for approximately 31% Asian Pb at
Chews Rigde on average (8.3% was attributed to the Asian dust factor, and
23.1% was attributed to the Asian combustion factor), while 15% (19.1% -
4.1%) Asian Pb is not explained by our PMF results. We speculate that this
unexplained Asian Pb fraction may be linked to the fine-aerosol global
background connected with Asian emissions (e.g., Vernier et al., 2015). Thus,
an average of 46% of the Pb observed at Chews Ridge during this
experiment was of Asian origin, which is in line with the average observed by
Ewing et al. (2010) at Mt. Tamalpais (44%) along the coast north of San
Francisco, and at various sites within the Central Valley (31%). As might be
expected, Asian Pb was negatively correlated with the local combustion
factor and the local dust factor (Table 1).

siar Ph |
Pt

% fsian Pbo= 19.1% 12,8 + 8.3 = 2.7 x Asian Dust Factor % Aian Bh = 4.1 £ 22 4 231
Al [unbinned data) r =0.80; p =2 She-06 AR {unbinned data)

Figure 4. The relationship between Asian Pb (%) and (a) the Asian dust factor and (b) the Asian combustion factor across all aerosol bin sizes. For reference, raw data
are binned per unit of factor contributions.

3.3 The Transcontinental Transport of Ozone



The Asian PMFs provide a continuous estimate of the Asian influence in 2012
to determine the associated Os originating from Asian emissions. We
observed a positive correlation between deseasonalized Os; and the Asian
dust (Figure 5a) and combustion factors (Figure 5b). Similarly, the slope in
these relationships was used to calculate the increase in Os attributable to
the Asian combustion factor, 2.8 ppbv, and the Asian dust factor 1.5 ppbv
(Figure 5 and Table 1).
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Figure 5. The regression of ozone [ppb) against the (a) Asian dust factor and the (b) Asian combustion factor (n = 1,015). Binned data (mean and 5D) are also shown

for reference (b).

PMF signals were also used to estimate the transport of Os to the Pacific
Coast Range, where comprehending the benefits of regional policies relies on
a quantitative understanding of large-scale atmospheric dynamics. The
above Asian transport events contribute a total 4.3 = 0.80 ppb (Asian
combustion plus Asian dust factor), which combined with an additional 2.0
ppb from the unexplained Asian Pb fraction (note that the Asian combustion
and Asian dust factors only accounted for 68% of the Asian Pb observed, and
thus, we assume 68% of the Os due to transcontinental transport, as well),
which is equal to 6.3 = 0.80 ppb ppb Os; above background. This result is in
general agreement with the 5 = 5.5 ppbv contribution of Asian Os; found by
Christensen et al. (2015) during discrete episodes at 2 km elevation in
Eastern Nevada. Further, our observationally derived enhancement is similar
to the ~5-6 ppb mean Asian Os predicted for May-June of 2010 by the
Geophysical Fluid Dynamics Laboratory chemistry-climate model, AM3 (~50
km resolution), at 800 hPa (Lin et al., 2012, Figure 9a). However, it is
significantly greater than the surface level enhancements of ~3.5 ppb
predicted by Lin et al. (2012, their Figure 9b), which points to the importance
of the mesoscale boundary layer dynamics in complex terrain when it comes
to entrainment of transpacific plumes down to the surface. Due to the labor
and cost required to analyze Pb isotope samples, however, previous studies



quantifying the contribution of Asian influence to Pb or Os (e.g., Christensen
et al., 2015; Ewing et al., 2010) have relied on relatively few observations
(<100). This study supports these earlier findings using a correlation
between Os and factor contributions of Asian dust and combustion influences
from RDI-XRF data, yielding >1,000 concurrent observations between
February and September 2012.

3.4 Transport Times and Geographic Origin

We used power spectra and the National Oceanic and Atmospheric
Administration Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) particle dispersion model, in addition to total column CO retrievals
from the Atmospheric IR Sounder (AIRS) satellite instrument to probe the
transport timescales and geographic origin of air masses observed at Chews
Ridge. PMF contributions can be used to elucidate the transport timescales of
the Asian dust factor and the Asian combustion Factor (Figure 6), as well as
other factors (Figure S5). Power spectra of the PMF factors illustrate distinct
transport mechanisms for Asian combustion, Asian dust, marine, and local
signals (Figures 6; Figure S5). The transport of the Asian dust factor is
dominated by seasonal (springtime) and monthly periodicities. In other
words, while the Asian dust does come at regular monthly episodes
throughout the year, it is heavily peaked in the springtime as pointed out by
several previous researchers (Liang, 2005; VanCuren, 2002). Liang (2005)
use the GEOS-CHEM model to report that on average a “long range
transport” event occurs every 30 days in the lower troposphere above
Northwestern Washington state, corresponding well with our finding of the
Asian dust factor's periodicity. On the other hand, transport of the Asian
combustion factor occurs more characteristically of scalars in the free
troposphere having an approximate —5/3 power slope (Nastrom & Gage,
1985) on timescales of 4-20 days (Figure 6). These results are broadly
concordant with previous studies, which suggest episodic transport through
the troposphere every 10-30 days throughout the spring and summer (e.qg.,
Holzer et al., 2005; Jaffe et al., 2003; Liang, 2005; Liang et al., 2007), and a
large springtime pulse of Asian Dust when transport is accelerated due to
high zonal winds (Ewing et al., 2010; Holmes & Zoller, 1996; Uno et al., 2009;
Yu et al., 2012). Results from the HYSPLIT back trajectories suggest that
particles observed on 12 April 2012 during a short-lived period of strong
Asian influence traveled over Northeastern China ~8 days prior to reaching
Chews Ridge (Figure 7). Averaged ascending and descending (day and night)
CO retrievals from AIRS on 11 April, one day prior to the large event
observed on 12 April, show a substantial CO enhancement adjacent to Chews
Ridge (Figure S6b). The other retrieval shown in Figure S6a is from a period
with minimal Asian influence according to the PMF analysis (Figure 3), which
correspondingly shows no significant CO plumes in the Eastern Pacific. CO
has been used previously as a tracer of Asian pollution to forecast high
ozone (Lin et al., 2012), and here corroborates that the air mass observed on
12 April 2012 was very likely of direct Asian origin. In comparison, the



transport frequency of local and marine aerosols to the west coast of North
America has been less well characterized, but higher frequency transport is
expected due to shorter transport distances, and presumably shorter transit
times. Indeed, we found that the local dust factor, the local combustion
factor, and the marine factor exhibited frequent transport on timescales of
1-6 days (Figure S5).
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Figure 6. Spectral density plots of factor 2-Asian dust and factor 6-Asian combus-
tion. Data are filtered using a hamming filter with a cutoff frequency of 6.5/day.
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Figure 7. NOAA HYSPLIT back trajectory at the peak of the Asian influence (04/12). Peak Asian influence is determined using bath Pb isotopes and PMF factors (see
Figure 3).

3.5 Particle Nucleation

In addition to the transport of foreign aerosols, spring and summertime
particle nucleation represents an important source of secondary aerosols to
Chews Ridge and regions downwind. We present evidence of onshore
particle nucleation in the diurnal pattern of the particle size and number
(Figures 8a and 8b), the so-called banana curves, for onshore wind
conditions. The onset of particle nucleation occurs around noon, intensifies
until ~2:00 p.m., and is followed by the subsequent growth of existing
particles and an increase in the overall surface area between 2 p.m. and 5
p.m.. We observe a nearly bimodal distribution in the daytime onshore
particle number distribution as a function of aerosol size (Figure 8b), with a
mode near 35 nm as well as the more typical mode around 60 nm. At
nighttime, one mode of Aitken/aged nucleation particles was present, which
had overall lower particle number and surface area than its daytime
counterpart (Figures 8b and 8c). Corresponding offshore diurnal particle
number concentration and particle number plots demonstrate that particle
nucleation was not observed during periods of offshore flow (Figures 8d and
8e). Only one mode of Aitken/aged particles was present under these
conditions day or night and shared similar particle number characteristics.



Onshone DM/IogDR) (#/cm ™) Offshare DH/dlag(DF) (#hem )
0 000 2000 0 4000 5000 i W00 2000 3000 4000 5000

_ 600 _ B0
E E 400
o 200 E 00
1 1
E g
g an & 80
o 60 T 60
T 40 T 40
5 =
a 20 @ 20
o 5 a 16 20 o 5 15 20
Howrs Hours
2500 2500
b. o P e
2000 A ey #2000
o ! 11K E i "
e D L Fr “
£ 2 1500 o 1500 | *
5 £g \
5z oo s £ g 1m0 Py \
o ; = £ ke
00 ©2Z s "
ot L3 »"-_-: . v-'J -‘H__
o T . . T T rr— 0 L . . P L P
&0 40 60 BN 200 &) G600 20 40 G0 B0 Cey 200 400 B0
Diameter (nmyj Diameter (nm)
5 2000 [ &, e e 2000 -4,
E 4500 / E 1500 - T
= L = Wi
é‘ g 1000 i E @ e
g B f o £ 38 2 B
S W | s Y
- A T oBOF 4T i
SO0 b e H " — " .~ S S n F
40 60 BOD 10D 200 400 80D 40 E0 ED 100 200 400  BOD
Diarmeter (nmj Diameter [nm)
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To test the hypothesis that onshore particle nucleation occurs in air masses
that have been previously scavenged of particles through transpacific
transit, we correlated the overall surface area from the preceding morning (5
a.m.-11 a.m.) with particle nucleation number (and Aitken/aged aerosol
mode median size) on the same day (11 a.m.-5 p.m.). Inherent is the
assumption that our SMPS measurements capture the majority of the surface
area present. Although other, larger aerosol modes may contribute to the
total surface area, our SMPS measurement depict the bulk of the surface
area from the nucleated and Aitken/Aged aerosol modes during both periods
of onshore and offshore flow (Figures 8c and 8f). We observed a statistically
significant inverse relationship between the overall surface area in the
morning and the nucleation particle number measured during the following
afternoon (Figure 9a). Correspondingly, the median size of nucleation and
Aitken/aged particles was positively correlated with overall surface area that
morning (and negatively correlated with nucleation particle number; Figure
9b). We did not observe statistically significant relationships between O;
concentrations and temperature with either nucleation particle number or
the median size of nucleation and Aitken/aged particles.
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Figure 9. Relationship between (a) the total surface area of particles from 5 am. to 11 am. and particle number of nucleation-mode particles between 11 am. and
5 p.m, and (b} the median diameter length of nucleation and accumulation mode particles between 11 am.and 5 pm.in 2012

Our data suggest that particle nucleation occurs on summer afternoons in air
masses that have been prescavenged of existing aerosols (Figures 8 and 9).
Because this process is exclusively observed during the daytime, we
conclude that this secondary aerosol formation is driven by the OH oxidation.
Isoprene and a-pinene and B-pinene (two monoterpene isomers) emissions,
which are correlated with light and sensible heat flux (Jardine et al., 2015;
Rinne et al., 2002), could fuel SOA production through OH oxidation on the
order of a few hours (e.g., Atkinson, 1997). Indeed, Sindelarova et al. (2014)
suggest that a- and B-pinene and isoprene represent the most important
local sources of BVOCs near Chews Ridge (~1-3 ppbv). We propose that the
west coast of North America satisfies the requirement for widespread, rapid
nucleation events: (1) relatively clean (particle-free) air during periods of
onshore flow, (2) plentiful sunshine due to the Pacific High fueling the
photolysis production of OH, (3) local boreal BVOC and soil NOx emissions
(~1 ppb), and (4) warm temperatures, leading to elevated reaction rates.

4 Conclusions

Our observations point to the transport of distinct Asian dust and Asian
combustion plumes. Seasonally, MAM accounts for the lion's share (89%) of
the contributions in the Asian dust signal, but half (~51%) of the
contributions in the Asian combustion signal, compared with JJA(S). We
conclude that Asian dust and combustion aerosols are responsible for at
least 46% of the Asian Pb and 6.5 ppb Os observed at Chews Ridge during
our study period. Nearby particle nucleation provides an additional source of
fine secondary aerosols to Chews Ridge on spring and summer (May-
September) afternoons. We hypothesize that this secondary aerosol



formation is driven by a combination of photochemistry, continental BVOC
emissions, and onshore air masses with low preexisting aerosol surface area.
Our results indicate that PMF analysis of XRF RDI data can provide a useful
and inexpensive complementary tool to more time-intensive methods, such
as Pb isotope analysis, to investigate the transport of foreign aerosols and
gas-phase pollutants. This study suggests that Chews Ridge would prove an
excellent location for long-term observations of background Os; and aerosols
transport to the Pacific Coast.
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