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[11 The transport and deposition of acolian dust represents an important material

input pathway for many marine and terrestrial ecosystems and may be an ecologically
significant source of exogenous phosphorus (P) to alpine lakes. In order to assess the
abundance and elemental composition of atmospheric mineral dust over the Sierra Nevada
of California, we collected size-fractionated atmospheric particulate matter (PM)
samples during July 2008 to March 2009 at a mixed conifer site located in Sequoia
National Park. PM concentrations were at their highest levels during the dry season,
averaging 8.8 + 3.7 and 11.1 + 7.5 ug m > for the coarse (1 pm < D, < 15 pm) and fine
(D, < 1 pm) fractions, respectively, while winter months were characterized by low

(<1 pug m ) PM concentrations in both size fractions. Using Al as a diagnostic tracer for
mineral aerosol, we observed a significant and uniform contribution (50-80%) from
acolian dust to the total coarse PM load, whereas submicron particles contained
comparatively little crustal material (7-33%). The mass concentrations of elements

(Fe, Ca, Mg, P, and V) in the coarse PM fraction were significantly correlated with Al
throughout the study, and coarse PM exhibited elemental signatures that were temporally
consistent and distinguishable from those of other sites. Conversely, higher elemental
enrichments were observed in the fine PM fraction for Fe, V, and P, indicating a greater
contribution from anthropogenic emissions to the fine particle load. Fe/Al and Fe/Ca ratios
suggest a mixture of mineral dust from regional agricultural activities and long-range
transport of mineral dust from Asia. Asian sources comprised 40-90% of mineral dust in

July 2008 and then declined to between 10 and 30% in August and early September.

Citation: Vicars, W. C., and J. O. Sickman (2011), Mineral dust transport to the Sierra Nevada, California: Loading rates and
potential source areas, J. Geophys. Res., 116, G01018, doi:10.1029/2010JG001394.

1. Introduction

[2] Atmospheric mineral dust comprises the largest com-
ponent of total aerosol mass over continental regions and has
recently attracted a great deal of scientific interest due to its
potential impact on atmospheric chemistry and global radia-
tive forcing. Atmospheric dust acts as condensation nuclei for
cloud formation [Yin et al., 2002], supplies limiting nutrients
to support primary production in marine and terrestrial eco-
systems [Bishop et al., 2002; Chadwick et al., 1999; Graham
and Duce, 1982; Mills et al., 2004], provides reaction sur-
faces for gas-phase atmospheric chemical processes [Zhang
and Carmichael, 1999], and influences the global radiation
balance through its interaction with long- and short-wave
radiation [Sokolik et al., 2001]. Furthermore, there is increasing
evidence that the transport of mineral dust to high-elevation
areas may have considerable biogeochemical implications for
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mountain ecosystems [Psenner, 1999]. The deposition of
phosphorus, an element which is predominantly associated
with crustal material in the atmosphere, may be largely con-
trolled by dust at some remote high-elevation sites, representing
a significant nutrient input pathway for high-elevation lakes
[Morales-Baquero et al., 2006]. However, there is a relative
scarcity of information on the size distribution and chemical
composition of dust aerosol particles in remote areas, and
thus there is large uncertainty regarding the possible impacts
of atmospheric dust loading in high-elevation regions
[Prospero, 1999].

[3] Atmospheric particulate matter (PM) at any site is
composed of materials from nearby areas as well as particles
transported over long distances. The majority of mineral
material emitted into the atmosphere from land exists in the
coarse (1-100 um diameter) aerosol fraction. However, due
to the rapid deposition of the largest particles (>10 pm), the
size distribution of a mineral aerosol is altered as it is trans-
ported from its source region, resulting in a progressively
smaller mean diameter. Consequently, mineral aerosols that
have undergone long-distance transport are composed mostly
of particles in the 1-3 pm size range [Mori et al., 2003;
VanCuren and Cahill, 2002; Zhao et al., 2003], while mineral
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Figure 1. Map of California and location of the Lower Kaweah sampling site in the southern Sierra

Nevada.

aerosols from local or regional sources are typically larger
than 3 pum. Atmospheric mineral aerosols transported from
the world’s major desert regions have been detected in the 1—
3 pm size range in the free troposphere in nearly every part of
the world [Arimoto et al., 1995; Bergametti et al., 1989;
Prospero, 1999]. For example, the atmospheric transport of
mineral dust and associated pollutants from the Asian conti-
nent are a significant contributor to aerosol loading
throughout the Pacific basin. Asian dust can reach relatively
high concentrations above the marine boundary layer in the
western United States, representing as much 85% of the total
atmospheric burden of particulate matter at some sites
[VanCuren, 2003]. Trans-Pacific dust transport has been
found to be particularly relevant in high-elevation regions,
which typically represent free-tropospheric conditions due to
the limited transport of lowland air pollutants and predomi-
nance of upper air subsidence [VanCuren et al., 2005]. This
makes high-elevation sites of the western U.S. ideal locations
for studying the transport of Asian dust [Cutten et al., 2003].

[4] The input of mineral dust and associated pollutants is
likely to have broad hydrological and biogeochemical con-
sequences in high-elevation regions [Painter et al., 2007;
Neff et al., 2008; Seinfeld et al., 2004]. For example, the
deposition of black carbon associated with the Asian con-
tinental plume has been observed to significantly decrease
snow albedo in the Arctic [Park et al., 2005]. A similar
effect in the western U.S. could have implications for runoff

timing and water supply for millions of people depending on
snowpack water [Pupacko, 1993]. Dust deposition may also
represent an ecologically significant input of nutrients,
acids, and base cations to high-elevation lakes, which are
sensitive to the effects of atmospheric deposition due to their
low nutrient content and limited acid-neutralizing capacity
[Fenn et al., 2003]. Long-term data from the Sierra Nevada,
California suggest that lakes are experiencing eutrophication
in response to increased P loading [Sickman et al., 2003];
however, there have been very few measurements of
atmospheric P concentrations made in the western U.S. that
can be used to assess whether these biogeochemical trends
are being driven by atmospheric processes.

[5] In this study, we report measurements of the mass
concentration and elemental composition of size-fractionated
atmospheric PM sampled at a mixed-conifer site in the
southern Sierra Nevada during 2008-2009. This detailed
analysis, which involves the use of elemental mass con-
centrations (Al, Fe, Ca, Mg, V, and P) and relative elemental
abundances as diagnostic tracers to identify and characterize
atmospheric mineral dust, is one of the first to examine the
nature and chemical composition of airborne dust in the Sierra
Nevada of California. A secondary objective of the study was
to quantify the relative extent of trans-Pacific transport of
aeolian materials from Asia compared to the transport of dust
from local or regional sources during the summer growing
season in the Sierra Nevada, when biological impacts of dust
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Figure 2. (a) Three day and (b) 11 day backward trajectories
of the air masses reaching the Lower Kaweah site in late August,
showing the most common regional and long-range transport
patterns, respectively. AMBT data was obtained from the
National Oceanic and Atmospheric Administration (NOAA)
GDAS database using the hybrid single-particle Lagrangian
integrated trajectory (HYSPLIT) model [Draxier and Hess,
1998] and is described in greater detail by Vicars et al. [2010].
AMBTs were calculated at 10, 500, and 1000 m above ground
level.

deposition on aquatic ecosystems may be greatest. We
hypothesize that regional PM sources (San Joaquin Valley
agriculture, Sierra Nevada forest fires, and forest biogenic
particles) will overwhelm inputs from distance sources such
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as Asia during the late summer and autumn in the Sierra
Nevada, while Asian dust will be a relatively stronger source
of PM during early summer. Furthermore, we hypothesize
that mineral dust is the primary source of atmospheric P over
the Sierra Nevada, with implications for nutrient delivery to
remote aquatic ecosystems.

2. Materials and Methods

2.1.

[6] Atmospheric PM sampling was conducted at the
Lower Kaweah monitoring station (36° 33’ 58" N, 118° 46’
40" W; 1905 m above mean sea level; Figure 1), located in
Sequoia National Park, in the southern Sierra Nevada of
California. The Lower Kaweah station is situated at the top
of a steep cliff on a west facing rocky outcrop in a mixed
conifer forest, about 1500 m from the nearest major road,
and is therefore relatively sheltered from nearby sources of
anthropogenic aerosol particles. The site is an air quality and
visibility monitoring station operated by the National Park
Service, Air Resources Division and has been the location of
previous air pollution studies [Bytnerowicz et al., 2002].

[7] The results of 3 and 11 day air mass back trajectory
(AMBT) simulations obtained with the NOAA HYSPLIT
model (Figures 2a and 2b) indicate that air masses reaching the
Lower Kaweah site most frequently arrived from a westerly, or
northwesterly direction, typically passing over the San Fran-
cisco Bay area and the San Joaquin Valley en route (Figure 2a);
this is a very common pattern of air mass transport in central
California during the dry season [Leidner et al., 2001; Vicars
et al, 2010]. These air masses may transport substantial
quantities of atmospheric PM due to the buildup of particulate
emissions in the San Joaquin Valley associated with “Fresno
Eddy” recirculation events, which is the primary cause of
impaired air quality and reduced visibility within Sequoia
National Park during nonwinter months [Carroll and Dixon,
2002]. However, an atmospheric boundary layer exists at an
elevation lower than that of the sampling site during most of
summer and autumn [Cutten et al., 2003; Ewell et al., 1989],
which tends to restrict up-valley aerosol transport to a few
hours a day. Therefore, the Lower Kaweah site is likely to
be impacted episodically throughout the dry season by both
regional dust emissions transported upslope from the San
Joaquin Valley and long-range dust transport associated
with the marine boundary layer. The trans-Pacific movement
of air masses from the vicinity of the Asian continent and
associated delivery of free-tropospheric air to our high-
elevation sampling site was confirmed by 11 day AMBT
data (Figure 2b) and was found to occur regularly throughout
the sampling period.

[8] The mean daily averaged temperature, relative humidity,
and wind speed during the study period were 16.8 + 4.3°C,
45 + 15%, and 1.7 £ 0.2 m s ', respectively. Topographic
winds at the Lower Kaweah site followed a predictable pattern
[Ewell et al., 1989] of daytime up-valley winds and nighttime
down-valley winds, with the former typically transporting a
much greater aerosol load. There were no significant precipi-
tation events during the July-October 2008 period, with the
exception of a small (8 mm) snow event in early October.
However, snow events were common during the November-
March period, with approximately 500 mm of snow falling
during this time.

Site Description and Meteorology
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2.2. Aerosol Sampling

[s] Dichotomous PM sampling was conducted using
Stacked Filter Unit (SFU) samplers [Hopke et al., 1997],
which collected coarse and fine PM samples integrated over
24 or 48 h. The SFUs were equipped with flow regulators and
were typically operated at a rate of 20 L per minute. The SFUs
used a multiple filter holder to fractionate aerosols, which
were collected on 47 mm Nuclepore polycarbonate mem-
brane filters. A 5 um pore size filter captured coarse PM
(1 pm < D, < 15 pm), while fine PM (D, < 1 pm) passed
through and was deposited on a polycarbonate membrane
filter with pore size of 0.4 um. The SFU samplers were
equipped with a sampling inlet cover that excluded particles
larger than 15 pm in diameter. This inlet was positioned
approximately 3 m above the ground.

[10] A total of 43 SFU samples were collected between
2 July and 27 October 2008, and nine samples were col-
lected between 23 December 2008 and 25 March 2009.
Field blanks for SFU substrates were collected at regular
intervals and were subjected to the same storage, handling,
and analytical procedures as field samples. After sampling,
all filters were folded and placed into clean petri dishes and
stored at —20°C. Particle mass concentrations were then
determined via gravimetric analysis of filters [Vicars et al.,
2010]. In this method, SFU filters were weighed before and
after field deployment using a Sartorious ME-5 microbal-
ance. Precautions were taken to minimize possible varia-
tions in filter mass caused by differences in moisture content
and electrostatic charge. The method detection limit for
particle mass on sampling membranes was 20 pg. Based on
the average sampling time and flow rate used in our study,
this detection limit corresponds to atmospheric PM con-
centrations of about 1 pg m .

2.3. Laboratory Analysis

[11] Concentrations of dust-associated elements (Al, Fe,
Ca, and Mg) were determined for coarse and fine SFU sam-
ples after acid digestion using inductively coupled atomic
emission spectrometry (ICP-AES, Optima 3000 DV, Perkin-
Elmer™ Instruments, U.S.) while concentrations of V, which
is commonly regarded a tracer for emissions derived from
fossil fuel combustion [Sholkovitz et al., 2009], were deter-
mined using quadrupole inductively coupled mass spectrom-
etry (ICP-MS, Agilent™ 7500ce, Agilent™ Technologies,
U.S.). In the acid digestion procedure, filters were placed into
Teflon vessels (which were thoroughly precleaned via soni-
cation in 50% HNOj; and kept stored in a 5% HNOj acid bath
when not in use) to which 6 ml 70% HNO; and 6 ul HF
[Kulkarni et al., 2007] were added. The filters were then
digested in a two-step process using a microwave heating
system (CEM MARS 5, CEM™ Corporation, U.S.). In the
first step, the temperature was ramped to 200°C (with a pres-
sure setting of 1379 kPa) and allowed to dwell for 20 min,
thus ensuring the complete dissolution of the mineral aerosol
particles and filter [Pekney and Davidson, 2005]. The vessels
were then removed from the microwave, cooled for 1 hin a
freezer, and then opened and allowed to vent. At this time,
56 ul of a 5% boric acid solution was added to each vessel to
ensure the complete complexation of any free F- in the solution
[Swami et al., 2001]. The Teflon-lined vessels were then
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recapped, placed back into the microwave and heated again to
200°C (1379 kPa) followed by a 20 min dwell time. The acid
extract was then transferred to a clean centrifuge tube and
diluted with 18.2 M2 deionized water to a final volume of
85 mL. Elemental concentrations derived from ICP-AES and
ICP-MS were corrected for field blanks (i.e., field blank filters
plus analytical reagents). Based on the standard deviation of
the blank concentrations and average volume of air filtered for
each sample (~43 m?), method detection limits were deter-
mined for atmospheric elemental concentrations (33, 20, 12, 6,
and 0.035 ng m > for Al, Ca, Fe, Mg, and V, respectively). In
order to confirm the effectiveness of the digestion procedure
used in this study, a recovery study was conducted using an
atmospheric PM reference material (SRM 2783, Air Particu-
late Matter on Filter Media) provided by the National Institute
of Standards and Technology [Freitas et al., 2004]. The cer-
tified particle loading value for each SRM 2783 filter is 485 ug,
which is in the same range of the filter samples collected during
the study (100-500 pg). Recoveries of elements in the refer-
ence material via digestion and ICP-MS analysis averaged 96,
102, 107, 98, and 109% (n = 2) for Al, Ca, Fe, Mg, and V,
respectively, indicating that our digestion method was suffi-
ciently robust for the elements reported in this study.

[12] Total P was determined on SFU filter samples using a
digestion procedure adapted from Chen et al. [2006]. Filters
were combusted in a closed container overnight at 550°C
and then extracted via sonication for 12 h with 10 mL of
trace metal grade 1 N HCI Extracts were neutralized to
pH 7 with reagent grade 10 N NaOH and carried through
the molybdenum blue colorimetric method, using a Varian
Cary 50 spectrophotometer and 5 cm quartz cell. The
method detection limit obtained for TP was approximately
0.06 zmol L™ (0.5 ng m ™ in aerosols). TP values for blanks
(i.e., blank filter and reagents) were consistently below the
method detection limit. There is presently no certified
atmospheric PM reference material available for P; there-
fore, the accuracy of the TP analysis procedure used in this
study was checked against a marine sediment reference
material (SRM 2702, Inorganics in Marine Sediment) pro-
vided by the National Institute of Standards and Technol-
ogy. SRM 2702 was included in all analytical runs and
recoveries averaged 98 £ 5% (n = 33).

3. Results

3.1.

[13] Temporal variations in the gravimetric mass con-
centrations of coarse (1 <D, <15 pm) and fine (D, < 1 ym)
mode PM are shown in Figures 3a and 3b, respectively,
while average PM mass values are summarized in Table 1
for aggregated periods of the sampling campaign. Dry sea-
son total PM concentrations (D, < 15 pum) measured in this
study ranged between 6 and 65 ;g m >, with a mean value
and standard deviation of 20 + 10 pug m°. Particle mass
concentration exhibited substantial variability, particularly
the fine particle load, which ranged from 3 to 49 ug m>
during the summer dry season. This variability is particu-
larly striking during the period 16-23 September, when
maximum particulate loads were observed during a local
wildfire called the Hidden Fire. The Hidden Fire occurred

Coarse and Fine Particle Mass
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Figure 3. Temporal variability in total PM and estimated
dust mass concentrations for (a) coarse and (b) fine filter
samples.

approximately 10 km from the sampling site (Figure 1) and
was the largest lightning-caused forest fire to burn in
Sequoia National Park in decades, consuming 3700 acres
between 10 September and 1 October, and producing large
quantities of airborne PM. Wildfire emissions led to espe-
cially high fine PM concentrations (~49 pg m >; Figure 3b),
although coarse PM (~16 ug m ) also spiked during this
time, most likely due to the entrainment of local dust and
large carbonaceous particles during the fire [Mahowald et al.,
2005]. Coarse PM concentrations reached their highest
sustained values during the month of August, when the fine
to coarse particle ratio was below unity for most of the
month. However, for the majority of the sampling period,
there was typically a greater concentration of fine PM mass,
presumably due to the upslope transport of submicron par-
ticles produced from combustion and other anthropogenic
activities in the San Joaquin Valley. Size distribution data
reported by Vicars et al. [2010] for the period July-October
2008 indicates that 50-70% of the primary aerosol particle
mass at the Lower Kaweah site was composed of particles
in the 1.0-3.2 um size range, while particles larger than
10 pm, which have brief atmospheric residence times and
are thus more likely to have originated from local sources,
contributed only 5-15% of the total PM mass. This obser-
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vation suggests that long-range and regional transport
pathways (i.e., mineral aerosol transport from Asia and
central California) are important factors determining coarse
PM mass concentrations at Lower Kaweah.

[14] PM concentrations in both the coarse and fine frac-
tions reached their lowest dry season values at the end of
October (Figures 3a and 3b) and very low mass concen-
tration values were observed throughout the winter, pre-
sumably due to thorough scavenging of atmospheric
particles by falling snow coupled with weakened transport
from off site. In fact, PM concentrations were below
detection limit (1 ug m ) in both size fractions for the entire
period December-February (Table 1), highlighting the
importance of the dry season for aerosol transport to the
Sierra Nevada. Due to the low relative abundance of PM
observed during the winter months, the nine samples col-
lected during this period have been largely neglected in
the following analysis and means and standard deviations
given throughout the text are for the dry season (July-
October) unless otherwise stated.

3.2. Aerosol Contributions From Mineral Dust

[15] In order to estimate the mass concentration of aeolian
dust, we used Al as a diagnostic tracer of atmospheric crustal
material [Guieu et al., 2002; Liu et al., 2009; Markaki et al.,
2003]. This approach assumes that the atmospheric Al
detected during the sampling period was entirely of mineral
origin, and that Al derived from anthropogenic activities was
an insignificant source of atmospheric loading, which is a
reasonable assumption for a remote, high-elevation site
[Kumar and Sarin, 2009]. Using the average Al abundance
(8.04%) of upper continental crust (UCC) [Taylor and
McLennan, 1995] as an index of mineral dust, the mass
concentration of mineral dust was calculated for each sam-
pling period, and its contribution to total PM mass in the
coarse and fine fractions was estimated as

[Alpy]

%oDustpy = ——o ML
OFSIPM = G 0804 [PM]

(1)

where Alpy is Al mass (ng m ") in each aerosol sample,
0.0804 is the average abundance of Al in the UCC, and PM is
the particle mass concentration (ug m ) for the sample.
Mineral dust dominated the coarse PM fraction for most of
the sampling period, representing 60—80% of total coarse
particle mass (Figure 3a). Dust concentrations in the coarse
PM fraction were highest (9—10 g m ) during the period 1—
17 August 2008. Samples collected during this period aver-
aged 80% mineral dust by mass, and are deemed particularly
useful in this study for the elemental characterization of dust
transported to the southern Sierra Nevada. These samples will
henceforth be referred to as “high dust” samples. Mineral dust
contributed much less to the total mass of submicron parti-
cles, with a fractional contribution ranging between 7 and
33% (0.3-3 pg m>; Figure 3b).

[16] The association of the elements measured in this study
with mineral dust, which was suggested by their coarse size
distribution, was confirmed through the use of linear regres-
sion analysis (Table 2). Significant linear relationships (p <
0.05) between measured elements and Al (i.e., mineral dust)
were observed in both size fractions, with somewhat stronger
correlations (i.e., higher r* values) exhibited in the coarse PM
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Table 1. Mean Mass and Elemental Concentrations for Coarse, Fine, and Total Atmospheric PM at the Lower

Kaweah Study Site From July 2008 to March 2009?

n  Mass(ugm°) Dust(ugm>) Al(ngm°) Ca(mgm° ) Fe(mgm?> Mgmhgm?) V(ngm>)
Coarse
712-17/16 8 9.2 4.8 389 180 253 84 0.80
7/16-8/1 4 5.6 3.9 313 113 210 73 0.65
8/1-8/17 6 12.7 9.4 759 285 520 182 1.56
8/17-9/1 6 10.8 7.0 563 239 399 139 1.20
9/1-9/16 8 8.1 5.7 454 170 320 112 1.00
9/16-9/23 2 12.1 6.6 528 208 310 118 1.05
9/23-10/10 5 6.9 3.8 306 107 198 67 0.59
10/10-10/27 4 53 3.4 274 83 214 67 0.62
December 2 <1.0 (2) 0.8 68 17 59 (2) 19 (1) <0.04 (2)
January 4 <1.0 (2) <0.4 (2) <33 (2) 14 13 (3) <6 (4) <0.04 (3)
February 2 <1.0 (1) <0.4 (1) <33 (1) <12 (1) <10 (2) <6 (2) 0.06 (1)
March 1 8.2 0.4 34 <12 (1) <10 (1) <6 (1) 0.27
Fine
712-17/16 8 13.2 0.9 69 45 (2) 44 11 0.32
7/16-8/1 4 6.2 0.5 39 <12 (3) 20 9 0.17
8/1-8/17 6 8.6 0.7 54 18 (5) 43 16 0.36
8/17-9/1 6 10.6 2.1 166 42 197 44 0.55
9/1-9/16 8 11.8 2.4 190 80 163 51 0.58
9/16-9/23 2 36.5 2.1 166 67 273 30 0.65
9/23-10/10 5 9.3 1.6 130 42 (1) 77 23 0.41
10/10-10/27 4 4.7 1.5 120 43 107 29 0.39
December 2 <1.0 (2) <0.4 (1) <33 (1) 15 <10 (2) <6 (2) <0.04 (2)
January 4 <1.0 (2) 0.5 (2) 38 (2) 13 (1) <10 (4) <6 (3) <0.04 (2)
February 2 <1.0 (1) 0.4 (1) 33 (1) <12 (1) 11 (2) <6 (1) 0.04
March 1 4.4 0.4 36 23 26 16 0.16
Total

7/2-7/16 8 22.4 5.7 459 225 298 95 1.12
7/16-8/1 4 11.8 44 352 121 229 82 0.82
8/1-8/17 6 21.2 10.1 813 303 562 198 1.92
8/17-9/1 6 21.4 9.1 729 281 596 183 1.74
9/1-9/16 8 19.9 8.0 644 251 483 163 1.58
9/16-9/23 2 48.6 8.6 694 275 583 148 1.70
9/23-10/10 5 16.2 5.4 437 149 274 90 1.00
10/10-10/27 4 10.0 49 394 126 321 96 1.01
December 2 <2.0 1.2 99 32 64 22 <0.08
January 4 <2.0 <0.8 <66 28 <20 <12 0.08
February 2 <2.0 <0.8 <66 <24 21 <12 0.10
March 1 12.6 0.9 69 29 36 19 0.43

“Data are aggregated biweekly and for periods of distinct PM characteristics, such as the Hidden Fire (16-23 September) and high
dust periods (1-17 August). Date format is month/day. The number (n) of samples collected is given for each time period, while the
number of samples below detection limit for each period is given in parentheses after the concentration value.

fraction. Enrichment factors with respect to Al (EFx/4;) were
calculated as

(D) par

EFx =
(Ail) Crustal

x )
where (X/Al)py; is the mass ratio of an element X to Al in
either the coarse or fine PM sample and (X/A/)crustal 1S the
characteristic X/Al mass ratio of the average UCC value.
Mean = SD of enrichment factors calculated for coarse
aerosol fractions were 1.6+0.2,1.1+0.3,1.4+0.2,and 3.1 £
0.5 for Fe, Ca, Mg and V, respectively. Mean + SD
of enrichment factors calculated for fine aerosol fractions
were 1.9+ 1.1,0.9+0.6, 1.4 £ 0.4, 6.0 = 2.6 for Fe, Ca, Mg
and V, respectively. The enrichment factors in this study
were generally not much higher than unity, indicating that
these elements were mostly derived from crustal materials.

3.3. Elemental Composition of Atmospheric Particles

[17] Mean elemental concentrations for coarse, fine, and
total atmospheric PM at the Lower Kaweah study site are

presented in Table 1 for aggregated periods of the sampling
campaign. While PM mass was typically concentrated in the
fine fraction, the crustal elements measured in this study, Al,

Table 2. Linear Relationships Between Dust Elements and Al*

) m EFa,
Coarse (>1 pm)
Ca 0.82 0.38 1.1 (0.3)
Fe 0.99 0.69 1.6 (0.2)
Mg 0.98 0.24 1.4 (0.2)
v 0.98 0.0020 3.1 (0.5)
Fine (<I pm)
Ca 0.53 0.36 0.9 (0.6)
Fe 0.57 1.13 1.9 (1.1)
Mg 0.89 0.26 1.4 (0.4)
\% 0.75 0.0027 6.0 (2.6)

Standard deviations are given in parentheses. All linear regression
models are statistically significant (p < 0.01). Enrichment factors (EF 4,
values) presented here have been calculated based on average UCC
values [Taylor and McLennan, 1995].
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Ca, and Mg, were consistently more abundant in the coarse
PM fraction, reflecting their association with aeolian dust,
which generally consists of particles greater than 1um in
diameter. Among detected elements, Al was most abundant,
with a mean dry season concentration of 460 and 120 ng
m > in the coarse and fine fractions, respectively. P and V
concentrations were also elevated in the coarse fraction,
suggesting that they too were associated mostly with pri-
mary aerosol particles, although both of these elements had
a considerable component (~30%) in the fine PM fraction.

[18] The elemental composition of atmospheric crustal
material sampled at a particular location can be used to draw
conclusions regarding the geographical sources of airborne
dust [Hsu et al., 2008; Shen et al., 2006; Wu et al., 2009].
Particularly useful information can be obtained through
analysis of the ratios of crustal elements, which are gener-
ally indicative of the dust source region and appear to be
diagnostic for many sources [Holmes and Zoller, 1996;
McKendry et al., 2001]. In this study, we have used a suite
of crustal elements (i.e., Al, Fe, Ca, and Mg) and their mass
ratios in order to characterize the dust present in the atmo-
sphere at the Lower Kaweah site and to assess the relative
contributions of different dust sources, including Asia.
3.3.1. Iron

[19] Dry season Fe concentrations in coarse and fine mode
PM varied from 47 to 840 ng m > (mean = 457 + 228 ng
m ) and <33 to 265 ng m > (mean = 119 = 72 ng m°),
respectively. Linear regression models (y = mx + b) fit to Fe
and Al in coarse particles (Table 2) reveal a characteristic
Fe/Al ratio (m = 0.69) in the mineral dust over the sampling
site, with a significant positive correlation (r* = 0.99) in the
coarse PM fraction, reflecting the conservative atmospheric
transport of these predominantly crustal elements. The
temporal variability in the Fe/Al ratio is very low in the
coarse fraction (standard deviation = 0.095), indicating that
this is a characteristic relative abundance for atmospheric
PM transported to the southern Sierra Nevada during the dry
season. Mineral dust at the Lower Kaweah site is enriched in
Fe relative to the average crustal concentration ratio of 0.43
[Taylor and McLennan, 1995], with EF 4, values of 1.6 and
1.9 for coarse and fine Fe, respectively. The mean Fe/Al
ratio found in our study fell between the characteristic Fe/Al
ratio for Asian dust (ranging from 0.78 to 0.62 moving from
west to east across the Pacific Ocean) and measured values
for agricultural dust within the San Joaquin Valley (0.47)
[Holmes and Zoller, 1996; VanCuren and Cahill, 2002].

[20] Plotting the Fe/Al ratio against the percent contribu-
tion from mineral dust reveals that, in coarse PM samples
with >50% mineral dust mass, the Fe/Al ratio varied
between 0.6 and 0.8 (Figure 4a). However, variability in the
Fe/Al ratio was greater in samples collected during local
wildfires and during other periods when dust made <50%
contribution to the total particle load. Wider variability in
the Fe/Al ratio was observed for fine PM samples, signi-
fying a greater relative importance of anthropogenic and
combustion sources of atmospheric Fe to the fine PM
fraction (Figure 4b) [Majestic et al., 2006]. However, almost
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all fine PM samples composed of >20% mineral had Fe/Al
ratios of 0.7-0.9, which indicates a similar source for min-
eral dust for both coarse and fine PM fractions. Thus, the
variability in Fe/Al ratio indicates not only the varying
contributions of two or more geologic sources of aeolian
particles (i.e., Asian dust versus San Joaquin Valley dust),
but also Fe derived from anthropogenic sources such as
biomass burning and fossil fuel combustion [Guieu et al.,
2005; Sholkovitz et al., 2009].
3.3.2. Calcium and Magnesium

[21] Globally, the abundances of Ca and Mg in crustal
materials are represented as 3.0 and 1.3%, respectively
[Taylor and McLennan, 1995]. These elements are present
in dust aerosol particles in association with carbonate
minerals, such as calcite and dolomite, which are particu-
larly abundant in atmospheric dust generated from source
regions dominated by sedimentary parent materials. Dry
season Ca concentrations in coarse and fine PM samples
varied from <12 to 382 ng m > (mean = 180 + 100 ng m ")
and <12 to 179 ng m > (mean = 49 + 38 ng m °), respec-
tively (Table 1). Mg concentrations ranged from 13 to
205 ng m > (mean = 108 + 55 ng m ) and <6 to 70 ng m >
(mean = 28 + 20 ng m ") for coarse and fine PM samples,
respectively. For both Ca and Mg, mass abundance in the
coarse PM fraction was strongly correlated with Al (r* = 0.82
for Ca and 0.98 for Mg), with a weaker correlation observed
for the fine PM fraction (r* = 0.53 for Ca and 0.89 for Mg).
The mean Ca/Al ratios obtained in this study are very close to
the average value for upper continental crust, with EF values
very close to 1 in both size fractions (Table 2). This obser-
vation suggests that carbonate minerals in the mineral dust
sampled at the Lower Kaweah site may be somewhat less
abundant than aluminosilicates, as carbonate-rich dust would
be expected to have a higher EF value. PM samples also
exhibited Mg/Al ratios that were only slightly enriched above
the crustal average, evidence further supporting the relative
scarcity of carbonates in Sierra Nevada aerosols. Similar to
the trend observed for Fe, more scatter of Ca/Al and Mg/Al
ratios were observed in the fine fraction (Figures 4d and 4f),
particularly in samples with a low abundance of dust, while
the ratios for the coarse PM mode had a narrower range
(Figures 4c and 4e), due to the significantly higher contri-
bution from mineral dust to the coarse fraction.
3.3.3. Vanadium

[22] On average, the upper continental crust contains
60 ppm V yielding a V/Al ratio of about 0.0007 [Taylor and
McLennan, 1995]; however, atmospheric V is not consid-
ered to be a predominantly crustal element, but is often used
as a diagnostic tracer for the atmospheric products of fossil
fuel (particularly oil) combustion [Moreno et al., 2008].
For example, Sholkovitz et al. [2009] developed a positive
linear relationship between V/Al ratios and the percent sol-
ubility of aerosol Fe and, using this relationship as a tracer for
anthropogenic aerosols, estimated the extent of soluble Fe
deposition to the North Atlantic resulting from oil combus-
tion. At Lower Kaweah, a strong correlation between Al and
V was observed in both size fractions (Table 2, r* = 0.98 and

Figure 4. (a—j) Scatterplots of coarse and fine elemental ratios to Al plotted against the relative contribution from mineral
dust (based on Al mass concentration) to total PM. The mean crustal ratios for the study period are displayed as solid lines.
Average crustal ratios (dashed lines) were obtained from Taylor and McLennan [1995].
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Table 3. Mean Elemental Mass Ratios Measured in PM Samples From the Lower Kaweah Site, Along With Elemental Ratios of Various
Dust Source Profiles Representing Regional (San Joaquin) and Distant (Asian) Sources of Airborne Dust®

Sample Type Fe/Al Ca/Al Mg/Al V/Al P/Al Fe/Ca Source
Lower Kaweah
Coarse (>1 pm) 0.69 (0.10)  0.39 (0.12)  0.24 (0.03)  0.0022 (0.0004)  0.065 (0.043)  1.89 (0.68) Present study
Fine (<1 pm) 0.83 (0.47) 0.35(0.23) 0.23 (0.07)  0.0042 (0.0018)  0.126 (0.089) 3.01 (2.15) Present study
“High dust” (>1 pm) 0.69 (0.01) 0.38 (0.01) 0.24 (0.01)  0.0021 (0.0001)  0.044 (0.006) 1.81 (0.03) Present study
Asian dust (Hawaii) 0.75 1.00 0.42 0.0040 0.046 1.10 Holmes and Zoller [1996]
Asian dust (China) 0.78 0.76 0.19 0.0050 0.046 1.04 Shen et al. [2006]
Asian dust (California) 0.62 0.44 0.46 0.0047 - 1.41 VanCuren et al. [2005]
San Joaquin dust
Agricultural dust 0.47 0.22 0.07 0.0006 0.009 2.10 Chow et al. [2003]
Unpaved roads 0.54 0.44 0.09 0.0010 0.008 1.22 Chow et al. [2003]
Paved roads 0.52 0.35 0.08 0.0005 0.039 1.50 Chow et al. [2003]
Average UCC ratio 0.43 0.37 0.17 0.0007 0.009 1.20 Taylor and McLennan [1995]

Standard deviations for the elemental ratios determined in the present study are given in parentheses.

0.75 for coarse and fine PM, respectively), suggesting that
atmospheric V in the Sierra Nevada is primarily associated
with mineral dust. The mean V/Al ratio was 0.0022 and
0.0042 for coarse and fine PM, respectively. These values are
similar to those observed in atmospheric dust from North
Africa [Eglinton et al., 2002] and Asia [Holmes and Zoller,
1996], but exceed the crustal average of 0.0007, with EF 5,
values of 3.1 and 6 for coarse and fine PM, respectively. As
with Fe, more scatter of V/Al ratio values were observed in
the fine fraction (0.0018-0.0089) compared to the coarse
fraction, while V/Al ratios exhibited an extremely narrow
range (0.0018-0.0024) in the coarse PM mode and consis-
tently reached a minimum in samples with a large relative
proportion of dust (Figure 4g). The higher V/Al ratio (and
lower correlation with Al) observed in the fine mode PM
samples suggests that V from anthropogenic emissions is a
more important source for fine accumulation mode particles.
However, based on mixing calculations performed using
0.0018 for the crustal V/Al ratio (which is likely to be a more
appropriate estimate for atmospheric crustal material at the
Lower Kaweah site based on arguments presented above), we
contend that atmospheric dust was the largest source of
atmospheric V loading to the Lower Kaweah site during the
sampling period, representing on average 85 and 50% of
coarse and fine mode V, respectively. This result is similar to
those obtained at a high-elevation site reported by Marenco
et al. [2006].
3.3.4. Phosphorus

[23] Atmospheric TP concentrations during the dry season
ranged from 9 to 47 ng m > (mean = 24 £+ 10 ng m ) and
2to 28 ng m° (mean = 11 £+ 6 ng m °) for coarse and fine
particles, respectively. Such values are nearly an order of
magnitude higher than those observed in other locations of
the Sierra Nevada [Mahowald et al., 2008], although they are
similar to P measurements made in the Lake Tahoe basin
[Zhang et al., 2002], the Mediterranean region [Bergametti
et al., 1992; Markaki et al., 2003; Migon et al., 2001] and
Brazil [Artaxo et al., 2002; Fuzzi et al., 2007]. Atmospheric
P is thought to be associated primarily with mineral dust
[Graham and Duce, 1979; Mahowald et al., 2008], partic-
ularly at high-elevation sites [Morales-Bagquero et al., 2006],
and this assertion is generally supported by the observations
made in our study. Scatterplots of the P/Al ratio in coarse
and fine PM (Figures 4i and 4j) reveal a characteristic P/Al
ratio in the mineral dust sampled during this study. In the

majority of coarse PM samples consisting of 50% or more
mineral material, the P/Al ratio varied between 0.03 and
0.08. In contrast, a much wider variability in P/Al ratio was
observed in fine PM samples and is most likely the result of
lower abundance of dust in the fine fraction and the rela-
tively greater importance of anthropogenic sources of
atmospheric P in the fine aerosol mode [Markaki et al.,
2003]. However, fine PM samples composed of 20% or
more mineral dust still exhibit a range of P/Al ratios (0.04—
0.12) similar to the coarse PM samples.

4. Discussion

4.1. Regional Versus Global Sources of Dust
to the Sierra Nevada

[24] The elemental ratios for samples collected in the
present study have been separated by fine and coarse PM in
order to directly compare means and standard deviations
between size fractions (Table 3). Furthermore, we have
separated out the coarse PM samples collected during the
period 1-17 August 2008 when mineral dust represented
approximately 75% of the total coarse PM mass (Table 1),
and designated them “high dust” samples. Uniformly low
standard deviations for elemental ratios in the high dust
samples indicate that this is a very well constrained ele-
mental profile. Although the comparison of elemental ratios
cannot be used to provide precise estimates for different
dust sources, they can be used in a semiquantitative fashion
to better understand potential dust sources to the Sierra
Nevada.

[25] The average Fe/Al ratio of Asian dust has been
reported as 0.75 in previous studies [Holmes and Zoller,
1996; Shen et al., 2006] and this value is similar to those
obtained in our study (0.69 for coarse and high dust sam-
ples; Table 3). In comparison, San Joaquin dust profiles
determined by Chow et al. [2003] exhibit lower Fe/Al ratios
(0.47-0.54) that are closer to the average values for the
upper continental crust (UCC) determined by Taylor and
McLennan [1995]. Conversely, the Ca/Al and Mg/Al
ratios measured in our study indicate that Ca and Mg are
enriched only a little above their UCC values (0.37 and
0.17, respectively) and fall between the overlapping values
for San Joaquin dust and Asian dust. Asian dust typically
displays higher Ca/Al and Mg/Al ratios than the UCC
[Holmes and Zoller, 1996; Shen et al., 2006]; however,
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Figure 5. Temporal variability in the Fe/Ca mass ratio of
coarse PM samples collected at the Lower Kaweah site
showing the significant increase over background levels
in October. Samples characterized by high mineral dust
loading (>7 pug m °) are indicated with solid dots.

VanCuren and Cahill [2002] report Ca/Al and Mg/Al values
for Asian dust detected at a high-elevation site in the
western U.S. that are lower than those of dust sampled in
China and Hawaii and more similar to those observed for
Lower Kaweah samples in this study. Furthermore, there is
evidence that atmospheric processing of Asian dust can
occur during long-range transport which results in the del-
iquescence and consequent depletion of Ca from the mineral
aerosol load through reactions between calcium carbonate
and acidic species associated with the Asian continental
plume [Krueger et al., 2003].

[26] Modeling studies by VanCuren et al. [2005] suggest
that the Fe/Ca ratio is the most appropriate diagnostic tracer
for Asian dust in North America. They used Fe/Ca mass
ratios of atmospheric PM samples collected at various high-
elevation sites in California to differentiate mineral aerosol
of Asian origin (Fe/Ca = 1.1) from locally generated dust
particles. The Fe/Ca ratios measured in our study ranged
from 0.69-5.03 (mean = 1.89 + 0.68) and 1.78—1.86 (mean =
1.81 £ 0.03) for coarse and high dust samples, respectively.
These mean ratios are comparable to Fe/Ca ratios that
have been measured in San Joaquin agricultural dust (2.1;
Table 3), suggesting that regional agricultural activities are a
quantitatively significant source of atmospheric PM loading
to the Sierra Nevada. However, the remarkably low Ca/Al
ratios observed in the Lower Kaweah samples suggest that
atmospheric processing of calcium carbonate dust may be an
important factor and one that may produce artificially high
Fe/Ca ratios through depletion of Ca in the coarse aerosol
mode. The strong agreement in mean Fe/Ca values between
total coarse PM and high dust samples (and the low standard
deviation in Fe/Ca observed for the high dust samples)
suggest that the ratio measured in this study is a character-
istic ratio for atmospheric mineral dust transported to the
southern Sierra Nevada. Fe/Ca ratios in atmospheric PM
sampled at the Lower Kaweah site showed a significant
upward trend during the period of July to early September
and were observed to increase considerably near the
beginning of October (Figure 5), concurrent with the end of
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Asian dust transport season (March-November [VanCuren,
2003]). These temporal trends in the Fe/Ca ratio suggest
an overall decrease in the contribution of Asian dust sources
over the course of the dry season. We speculate that the
Hidden Fire caused the temporary decline in the Fe/Ca ratio
in September. Nearly all of the atmospheric mineral PM
sampled in our study exhibited an Fe/Ca ratio higher than
the characteristic Asian Fe/Ca ratio (~1.1), but we did,
however, observe Fe/Ca values in the early part of the
summer that were significantly reduced below the charac-
teristic San Joaquin agricultural dust Fe/Ca ratio (~2.1), and
we propose that this was primarily due to inputs of Asian
dust. This hypothesis is supported by 11 day AMBT data
(Figure 2b) and particle size-resolved mass distribution data
for the Lower Kaweah site reported by Vicars et al. [2010],
which showed that primary aerosol particle mass at the site
was enriched in the 1.0-3.2 pum size range during the
sampling period, which encompasses the typical size dis-
tribution of Asian dust particles observed in North America
[McKendry et al., 2001; VanCuren and Cahill, 2002].
However, it should be noted that Asian dust transport is
typically expected to peak in spring (March-May) and thus
this study may be missing the most significant annual con-
tributions from Asian sources.

[27] In order to provide a quantitative estimate of frac-
tional contributions from Asian dust sources, we have per-
formed two-component mixing calculations using the coarse
PM Fe/Ca ratios shown in Figure 5 (Figure 6). However,
due to variations in the Fe/Ca ratio caused by significant
inputs of nondust PM (e.g., the Hidden Fire period), we
restricted the mixing computations to samples with rela-
tively large amounts of dust loading (>7 pug m >, solid dots
in Figure 5). Additionally, because the mixture analysis
depends on measurements of Fe and Ca performed in our
study and estimates of characteristic Fe/Ca ratios in the
Asian and local end-members, the computed contributions

1.0 -
0.8 A1
0.6 -
0.4 -

0.2 1

Fractional Contribution of Asian Dust to
Total Dust In Coarse Fraction

0.0

Figure 6. Fractional contribution of Asian dust sources to
total dust in the coarse aerosol fraction computed from a
two-component mixing model incorporating Asian and
San Joaquin Valley dust end-members. Data shown are
from samples characterized by high mineral dust loading
(>7 pg m ). Error bars denote the 95% confidence interval
for the Asian dust contribution.
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correlation was much weaker in fine PM samples.

from Asian dust have significant uncertainty. To provide an
estimate of this uncertainty we used propagation of error
techniques incorporating errors in Fe and Ca analyses of
Sierra Nevada samples and estimated uncertainties in char-
acteristic Fe/Ca ratios in the two end-members to compute
the 95% confidence interval around the Asian dust contri-
bution values (vertical area bars in Figure 6). For these
samples, the fractional contributions from Asian sources to
total dust loading vary between 0.4 and 0.9 (i.e., 40-90%)
during early July. In August and September the fractional
contributions from Asian sources varied between 0.1 and
0.3 with the exception of the 12 September sample where
fasian = 0.47. From the mixture analysis we speculate that
the Asian dust source is strongest in early summer, when
summertime trans-Pacific air mass transport was most
active, whereas in the late summer and early fall, trans-
Pacific sources were overwhelmed by regional dust sources
(e.g., agricultural activities in the San Joaquin Valley and
forest fires).

4.2. TImplications of Dust Loading to the Sierra Nevada

[28] Results of this study indicate that the atmospheric P
content over the Sierra Nevada is significantly correlated
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with mineral dust loading (Figure 7a, r* = 0.69, p < 0.0001),
suggesting that aeolian transport is a significant source of
this important nutrient. The relative contribution of mineral
sources to the total atmospheric P load over the Lower
Kaweah site can be calculated through the use of enrichment
factors (EFp/a; from equation (2)), P concentrations in dust
[(P)pm] and the following relationship:

(P)Du.vt — L .
(P)py EF &

[29] Equation (3) computes the ratio of P in mineral dust
to total atmospheric P loading; however, an accurate esti-
mation of (P)p,s/(P)pM is dependent on the selection of an
appropriate value for (P/Al)¢iustal reference i the calculation of
EFp/a; using equation (2). The P/Al ratio in soils and
atmospheric mineral dust is difficult to define precisely due
to the heterogeneous elemental composition of soils and
erodible rocks in different regions of the world. Current best
estimates for the P/Al ratio of crustal material and mineral
dust vary from the UCC average of 0.009 [Taylor and
McLennan, 1995], to 0.013 for Saharan dust [Guieu et al.,
2002], 0.030 for apatite-rich dust derived from arid North
African soils [Bergametti et al., 1992], and 0.046 for Asian
dust [Holmes and Zoller, 1996]. In the present study, the P/Al
ratio of our high dust samples (Table 3) was found to be
relatively well constrained, with a mean value and standard
deviation of 0.044 £ 0.006. In order to obtain a first-order
approximation of the fractional contribution from mineral
dust to atmospheric P loading, we have adopted a value of
0.035 for (P/Al)gqus, which was the lowest P/Al value
observed during the high dust period at Lower Kaweah.
Use of this P/Al value enabled us to calculate EFp/z; for
each sampling period and the relative significance of dust-
associated P was assessed. From inspection of Figures 8a
and 8b, it is evident that mineral dust is an important source
of atmospheric P at Lower Kaweah, typically representing
40-75% and 20-60% of total coarse and fine atmospheric P,
respectively. Predictably, dust contributions to total coarse
atmospheric P were particularly relevant (~75%) during the
high dust period (1-17 August). However, mineral dust
contributes very little P to the submicron particle range for
most of July and August, although it comprises approxi-
mately 40-60% of fine mode PM in September and October.

3)

5. Conclusions

[30] Based on a 4 month, high-intensity record of size-
segregated PM samples collected from a high-elevation site,
this study represents the first comprehensive data set char-
acterizing the elemental composition and temporal vari-
ability of mineral dust and associated atmospheric P over the
Sierra Nevada, California during the summer growing sea-
son. Results presented here add to our understanding of the
nature and magnitude of aeolian transport to high-elevation
sites of the western U.S. whose hydrology and ecology may
be sensitive to dust input [Neff et al., 2008].

[31] The mass concentration of coarse (>1 pum diameter)
atmospheric PM in the southern Sierra Nevada, California
was dominated by a temporally consistent contribution from
mineral dust (50-80%) throughout the study period. Con-
versely, fine mode PM typically contained a lesser propor-
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Figure 8. Temporal variability in total P and estimated P
dust concentrations for (a) coarse and (b) fine filter samples.

tion of mineral dust (7-33%), and exhibited greater ele-
mental enrichments relative to crustal averages (particularly
for Fe, V, and P), reflecting the importance of anthropogenic
sources in influencing the chemical composition of the fine
mode PM transported to the region.

[32] Total phosphorus concentrations were significantly
correlated (* = 0.68) with the mass of atmospheric dust. A
characteristic P/Al ratio was observed in the coarse fraction
during periods of high dust loading, and this ratio was used to
estimate the relative contribution from mineral dust to total
atmospheric P. Mineral dust was found to be the predominant
source of atmospheric P in the Sierra Nevada, with a frac-
tional contribution ranging from 40-75% and 20-60% for
coarse and fine atmospheric PM fractions, respectively.

[33] The mass concentrations of crustal elements (Fe, Ca,
Mg) in the coarse PM fraction were significantly correlated
with Al throughout the study period and coarse PM exhibited
elemental ratios that were temporally consistent and distin-
guishable from those of other sites. Fe/Al and Fe/Ca ratios
of samples collected at our sampling site suggest a mixture
of mineral dust from regional agricultural activities and
long-range transport of mineral dust from Asia, with the
regional sources playing their most significant role in the
late summer and early fall. The occurrence of trans-Pacific
transport during the sampling period was confirmed by
AMBT analysis (for example; Figure 2b); the concentration
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of coarse particle mass in the 1.0-3.2 pm size range [Vicars
et al., 2010] provides additional evidence for long-range
transport, as this is the typical size distribution of Asian dust
observed in North America. The transport of aeolian mate-
rial from Asia may be a particularly important factor
determining atmospheric TP concentrations in the Sierra
Nevada; particles in the 1.0-3.2 pm size range contributed
between 40 and 70% of TP throughout the sampling period.
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