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Abstract:
This study introduces an observation-based dusttifd&tion approach and applies this

method to reconstruct long-term dust climatologythie western United States.Long-term dust
climatology is important for quantifying the effecof atmospheric aerosols on regional and
global climate. Although there exist many routineragol monitoring networks, it is often
difficult to obtain dust records from these netwsgyrkecause these monitors are either deployed
far away from dust active regions (most likely oolited with dense population) or contaminated
by anthropogenic sources and other natural soustesy as wildfires and vegetation detritus.
Here we propose an approach to identify local @wsints relying solely on aerosol mass and
composition from general-purpose aerosol measuresn&hrough analyzing the chemical and
physical characteristics of aerosol observatiommmgusatellite-detected dust episodes, we select
five indicators to be used to identify local dustards: 1) high PM concentrations; 2) low
PM, ¢PMjo ratio; 3) higher concentrations and percentagecrofstal elements; 4) lower
percentage of anthropogenic pollutants; and 5)davichment factors of anthropogenic elements.
After establishing these identification criteriag veonduct hierarchical cluster analysis for all
validated aerosol measurement data over 68 IMPRON4S in the western United States. A
total of 182 local dust events were identified o@6rof the 68 locations from 2000 to 2007.
These locations are either close to the four U.&sdnts, namely the Great Basin Desert, the
Mojave Desert, the Sonoran Desert, and the ChitaratResert, or in the high wind power
region (Colorado). During the eight-year study péyithe total number of dust events displays
an interesting four-year activity cycle (one in Q€003 and the other in 2004-2007). The years
of 2003, 2002 and 2007 are the three most actige mkriods, with 46, 31 and 24 recorded dust
events, respectively, while the years of 2000, 2804 2005 are the calmest periods, all with
single digit dust records. Among these deserts, Ghéhuahuan Desert (59 cases) and the
Sonoran Desert (62 cases) are by far the mosteastiurce regions. In general, the Chihuahuan
Desert dominates dust activities in the first lodlthe eight-year period while the Sonoran Desert
in the second half. The monthly frequency of dwstinés shows a peak from March to July and a
second peak in autumn from September to Novembkee [Arge quantity of dust events
occurring in summertime also suggests the prewifimpact of windblown dust across the year.

This seasonal variation is consistent with previmaglel simulations over the United States.

Keywords:Dust, aerosols, climatology, air quality, IMPROMWEought
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Introduction

Due to its various effects on air quality and cliem@intergovernment Panel on Climate
Change, IPCC, 2007), dust aerosol lifted from diztd soil has been extensively studied
through ground observation, remote sensing and hwdwilations (Gillette and Passi, 1988;
Gong et al., 2003; Reid et al., 2003; Zhang et28l03). For both remote sensing and modeling
studies, ground measurements are critically imporfar verifying derived results. Specific
ground-based monitoring networks have been eshkedaliso facilitate dust detection (Zhang et
al., 2003) and to assist in calibrating and impngvaerosol models (Gong et al., 2003). In most
cases, however, ground aerosol monitoring netwarksdeployed for other purposes, such as
monitoring visibility (Pitchford and Malm, 1994) dprotecting human health (Bell et al., 2007).
Therefore, it is difficult to utilize these moni®to identify dust events because the monitoring
sites are either deployed far away from dust aatdgrons (most likely collocated with dense
population) or contaminated by anthropogenic saurEsen at rural or background sites, other
natural sources, such as wildfires and vegetatetntds, and long-range transported dust can
contribute to monitor readings (e.g., Edgertonlet2809; Jaffe et al., 2004). Consequently, it is
difficult to directly utilize the measurement ddtam such monitoring networks to detect dust
from local sources or to assess dust model perfmcemalhe regulatory monitoring networks,
however, represent the majority of air quality mionng around the world. The incapability of
utilizing such a large set of data results is asgdsopportunity to gain insight into dust actistie
from the perspective of “ground truth”.

A myriad of observation-based methods have beepogeal to identify dust events using
satellite observation, computer models and grountblaboratory measurements. These methods
vary in complexity and applicability, but in genkefall into three categories: laboratory-based
approach, and remote sensing-based approach aaddgnaonitor-based approach. In the early
years, radioative elements, such as Radon-222, lbesre used as a tracer of dust transport from
Africa (Prospero, 1970). In later studies, the mahelust component in sampled aerosols was
determined by the weight of ash residue from tighf#émperature burning of sampling filter
after being extracted with deionized water (Prospet999). Another laboratory study
differentiated dust particles from other types minsportable particles collected on board the

NOAA Research Vessel Ronald H. Brown through irdlmal-particle analysis using an
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automated scanning electron microscope (SEM) antleld emission scanning electron
microscope (FESEM) (Gao et al., 2007).

With the rapid expansion of remote sensing dateersé studies have attempted to detect
dust outbreaks using satellite images and otheiveterproducts (Kauffman et al., 2000;
Prospero et al, 2002; Rivera-Rivera et al., 20 &t al, 2009). The pioneer works by Prospero
and colleagues have associated dust sources witbnbareas with “depressed” elevations
relative to their surroundings (Ginoux et al., 2p0&sed on satellite-based global observations
from the NIMBUS 7 Total Ozone Mapping Spectromgieg®MS) (Prospero et al., 2002). They
found that the major dust sources are invariabgoeiated with topographical lows in arid or
semiarid regions with rainfall below 250 mm (Praspet al., 2002). A recent work by Ginoux et
al (2010) combines land use data with the ModeRdsolution Imaging Spectroradiometer
(MODIS) Deep Blue algorithm to identify natural amehthropogenic dust sources over the
western Africa. This approach is further develope@in-point active dust sources in the North
America by selecting grid cells based on the fregyeof high aerosol optical depth (AOD)
events (AOD = 0.75) (Draxler et al., 2010). In dfoe to quantify the relative impacts of
Saharan and local dust in Elche in SoutheastermSHN&olas et al. (2008) combined satellite
images from the NASA SeaWiFS, two dust predictioodeis (NAAPS and DREAM), a back-
trajectory model (HYSPLIT) and NCEP meteorologieanalysis data to detect the outbreaks of
African dust events. Using Positive Matrix Factatian (PMF), they identified six PM
sources, including local soil and African dust, ethare distinguished by the correlation of the
source intensity with Ti. In Asia, an operationaist retrieval algorithm has been developed
based on the FY-2C/SVISSR through combining visdid water vapor bands observations of
the geostationary imager to distinguish dust plufn@® surface objects and clouds (Hu et al.,
2008). In the United States, data from both polbitimg and geostationary satellites have been
used to characterize source areas of large dusteakts (Lee et al., 2009; Rivera-Rivera et al.,
2010). It should be mentioned that all of theset dosirce identification methods are based on
satellite remote sensing that needs to be indepégdeerified using ground observations. For
instance, Schepanski et al. (2007, 2012) combinbdch-tracking method with high temporal
satellite aerosol data (15-min Aerosol Index (AHrh the Ozone Monitoring Instrument (OMI))

to identify dust sources over the Saharan regitveyTound that the spatial distribution of dust



125 source areas inferred from OMI 15-min Al is distlpdifferent from that by using the daily
126 MODIS Deep Blue aerosol data (Schepanski et al.2R0

127 Beside these laboratory and remote sensing studliss,identification methods have also
128 been developed based exclusively on aerosol massegtration and its correlation with
129 meteorological conditions. Kavouras and co-workE807) developed a semi-quantitative
130 method to assess local dust contribution in theemedJnited States utilizing multivariate linear
131 regression of dust concentrations against categpbrizind parameters. In their study, dust
132 concentrations are assumed equal to the sum o$d@ih@and coarse particles using an operational
133 definition adopted from Malm et al. (1994, 200080@b). Escudero et al. (2007) proposed a
134  method to quantify the daily African dust load lmpacting the daily regional background level
135  from the PMp concentration value. Ganor et al (2009) develogad tested an automated dust
136 identification algorithm for monitoring location itsrael. Their algorithm determined a dust
137  event by three conditions: half-hour RMaverage level exceeds 1Q@/m’, this high level
138  maintained for at least three hours, and the péai Bver reaches 180g/m®. In most aerosol
139  observations, however, the dust emission condit@ngsual identification information are not
140 available. Consequently, it is challenging to idgntocal windblown dust events based on
141  particle concentration or chemical species becaofethe variability in meteorological
142  conditions, dust strength and the distance frommcgoareas (e.g. Luo et al. 2003).

143 We propose here a comprehensive dust identificafmproach and apply this method to
144  reconstruct long-term dust climatology over the t@esUnited States. During local dust storms,
145  air samples demonstrate distinct physical and cte&nsharacteristics, “fingerprints” that can be
146  used to pinpoint these events based on elementdaboe and size distribution. This ground-
147  monitoring based method identifies individual loahlst events using five dust indicators,
148 including mass concentrations, chemical composiéod size distribution. These indicators are
149  chosen from case studies of the aerosol data tedleduring three large dust storms identified
150 independently by satellite remote sensing. Somehede indicators are being used in previous
151  dust identification works. We demonstrate here thatconcurrent application of all five criteria
152  lends greater confidence to the reconstructed ahtsiset in the absence of other complementary
153  measures. Hierarchical cluster analysis is subselyueonducted to apply these indicators to
154 daily aerosol data, so that a group of local dusibsol samples that best matches these

155 identification criteria can be separated from otherosols of other origins. The use of cluster
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analysis not only allows us to process large datdsé also provides identifying threshold
values through clustering all aerosol data basedheir statistical similarity in physical and
chemical characteristics. In addition, we applys tApproach to scan the IMPROVE data from
2000 to 2007, and identify 182 local dust sample= 80 locations in the western United States.
A dataset of identified local dust events provideful information for regulators to pinpoint
natural dust events and for researchers to vesfyiote sensing products and atmospheric
modeling results. In addition, the detailed chexhitata collected during these identified dust
events make it possible to determine the chemiacahposition of dust aerosols. The
representation of chemically speciated dust aesoathbws atmospheric modeler to directly
compare model predicted crustal and trace elemwiits field measurements. Atmospheric
modelers, when equipped with such information, via# able to explicitly simulate the
concentrations and deposition of critical nutrie(ésy., Fe) and toxic elements to study the
climate, health and biogeochemical effects of desbsols.
2. Methodology
2.1 Approach to identify local dust records

This approach consists of several consecutive sk@ss, we review the satellite data from
the MODIS sensors to identify well-recorded largestdevents that originate within the United
States. Based on the time and location of thesdligatdetected storms, we obtain the ground
measurement data from the Interagency Monitoring Rebtected Visual Environments
(IMPROVE) network in the western United Stateshire are valid IMPROVE measurements,
these cases will serve as the dust "samples” ttoexpotential rules for identifying local dust
aerosols. The second step of this approach is @mie the physical and chemical
characteristics of the “known dust” samples. We paeticularly interested in the following
parameters: PAM and PM; (particles smaller than 10 and 2ufn in diameter, respectively)
mass concentrations, ratio of Mo PM,, percentage of crustal elements in 2Mpercentage
of industrial, residential or biomass burning elatsan PM s, and enrichment factors of several
crustal and anthropogenic elements.

The rationale behind choosing these parametersesiath general, a dust event is
associated with reduced visibility, resulting francreased levels of fine and coarse particles in
the air (Malm et al., 1994). Therefore, PMand PMy concentrations during dust events are

considerably higher than the typical levels. Higt Boncentrations, however, do not warrant a
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local dust event. For instance, long-range trarisgdoksian and African dust has been previously
reported to cause air quality degradation in bduh western and the eastern United States
(Prospero, 1999; Jaffe et al., 2004; Fairlie, et20007). To ensure the source of dust aerosols is
local, we exclude the high PM data that is als@@ased with high PMs/PMy, ratio. Field and
laboratory measurements of freshly emitted soit desosols reveal a low PMto PMy ratio,
which increases as dust plumes age. The US EPAaugekie of 0.15 - 0.26 for PMto PMy
ratio for soil dust emissions from human activit{®RI, 2005). In this work, we remove the
high PM data with the PpyPM;o ratio higher than 0.35, considering these samphiag
contaminated with non-local dust sources. Thisoraichosen based on the emission splitting
factors used fugitive dust particles by the US ERARI, 2005), and previous field
measurements of the BMIto PMy ratio during dust events (e.g., 0.45 in Chenglet2005).
Considering that most IMPROVE are not in the imragsgliproximity of dust source areas, we
allow the cutoff ratio to be slightly larger (0.3®) the data processing. It should be noted that
we consider all dust emissions from North Amerinaluding these from the Chihuahuan Desert
in Mexico as local dust because the southern Chilua Desert is a frequent dust source for
aerosols in the southwestern US, especially TemddNa&w Mexico. The low PWMyYPMyg ratio is
also expected to exclude high PM concentration rimried by biomass burning, which is
dominated by fine patrticles, resulting in a high 2NM;o ratio (Reid et al., 2005). A simple
sensitivity test was conducted in the Discussianige to examine how sensitive the results are
to the choice of the cutoff value.

Because dust particles can be mobilized by bothdweirosion and human activities, we
apply three additional criteria to distinguish wirolwn dust from anthropogenic fugitive dust or
other intensive aerosol types (such as volcani¢ agtfire, or vegetative detritus). Soil dust
aerosols are associated with abundant crustal aetlsmnehich differentiate them from aerosols
from biomass burning or fossil fuel combustion.dfeature alone, however, can not distinguish
natural dust from anthropogenic fugitive dust.He tUnited States, anthropogenic fugitive dust is
the largest sector of primary PM emissions. The fivajor fugitive dust sources in the United
States are vehicle emissions from unpaved road Y4@&ved road (7%), agricultural operation
(29%), and construction (11%), and mining/quarryifi§o). Each of these sources involves
either fossil fuel combustion or other human atgsiin the immediate vicinity of dust sources.

Therefore, compared to natural dust, anthropogeéust aerosols contain higher anthropogenic-
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originated elements, such as elemental carbon (fossil fuel or biomass combustion) or heavy
metals (such as Zn, Pd and Cu) from industrial apars (Chow et al., 1993; 2003; Reff et al.,
2009). For instance, high levels of black carbdm, Zh are found in paved road particles while
high levels of nitrate (Ng), Cr and Ni are found in unpaved road dust (Chovalg 1993).
Similarly, OC, K and Ca concentrations are highammal husbandry dust and Ti, V, Mn
concentrations in construction dust (Chow et @Q3). Therefore, we use the concentrations and
enrichment factors (EFs) of anthropogenic polligaad the indicators to distinguish natural dust
from anthropogenic dust. In this study, the enriehtfactors (EFs) are calculated for a series of
elements using Si as the reference element andbilnedance of crustal elements at the Earth’s
surface as given by Taylor and McLennan (1985),

crustal

EF,

where (X/Si)erosoi@and (X/Si}rustarepresent the ratio of a certain species (X) tm Sampled dust
aerosols and in the Earth’s surface soil, respelgtivSpecies with EFs close to unity are
considered to have a strong natural origin, whpecges with higher EFs have mainly an
anthropogenic origin. By examining the variationtbé above parameters, we can establish
useful criteria for the subsequent statistical ysialto identify other local dust events that ase n
revealed by satellite data. Considering all thevaht parameters discussed above, five criteria
will be the focus of subsequent statistical anatys) PMo and PM s concentrations; 2) Ratio of
PM,s to PMy, 3) Concentrations of crustal elements Si, CaF&, Ti; 4) Concentrations of
anthropogenic pollutants, As, Zn, Cu, Pb, sulfateate, Organic carbon (OC), and EC; and 5)
enrichment factors (EF) of anthropogenic pollutedements Cu, Zn, Pb and K.

The third step of the procedure is to cluster ailydaerosol data according to these
indicators, and to pinpoint a local dust group.sTisi achieved by applying hierarchical cluster
analysis to IMPROVE daily data site by site fors#lected sites. Cluster analysis is a statistical
method that creates clusters of items or objeas thve similarity within the same cluster but
with differences between clusters. This technigas heen previously applied to air quality
studies to investigate source origins of air palis (e.g. Slanina et al., 1983; Dorling et al.,
1992; Tong et al., 2005; Van Curen, et al., 2088)discussed earlier, dust episodes are usually
extraordinary events with large perturbations irthbaerosol concentrations and chemical

composition compared to that during non-dusty msricAssuming spatial homogeneity in dust
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chemical composition within a dust source regior, wged the hierarchical cluster analysis to
group all IMPROVE aerosol measurements based omsithiarities in chemical and physical
characteristics. The spatial homogeneity in dushmusition, as observed in many desert
regions, is likely due to the fact that the aerasadr the desert itself is well mixed as a result
from long-time continuous deposition and uptakenwdterials from the ground (Schutz and
Sebert, 1987). The cluster analysis is conducteagube statistical software SPSS Statistics
17.0 (SPSS Inc.). As hierarchical cluster analgsapplied to each site, more than 600 daily data
covering 2000-2007 period are involved for ~90% ®fsées except for a few sites with missing
data. In the cluster analysis, the concentratidnSioCa, K, Fe, Ti, As, Cu, Pb, S, Zn and V,
PM, sPM;, ratio, and the enrichment factors of Ca, K, Fe, 88, Pb and Zn, are used to
construct six clusters. The concentrations of fieeosol components, Al, sulfate, nitrate, OC and
EC are excluded from this analysis to avoid thealariced sampling issue, because a large
portion of these data are either missing or invalidtween-Group Linkage clustering method
and Pearson Correlation to measure inter-clustervials are configured to assemble the most
similar cases into a same group. This method meadhe correlations of x and y variables of
case i according to the following formula (SPSSiStias 17.0 Algorithms, SPSS Inc.):

(ZxiZyi
=2 = @
Xi— X,

)

in = —
U3 X0z =X, )N -1)
WhereC, the correlation between variable x and variabl&yand Z; are the standardized Z-

score value of x and y for the case i, respectjvllys the number of cases, an)sl_N is the

average value of x of the case j)(for the N cases. The cases with higher correfatichich
means higher similarity, are put into one clustergroup).

In this study, the cluster analysis processes dgihpsol data (i.e., 24-hour every third day
according to the IMPROVE sampling protocol) at eaith to identify a dust group. During the
study period, there are more than 600 daily datards from 90% of studied 68 sites except for
a few sites with less than 300 data records. Altercluster analysis, the identified dust records
at each site are further grouped according to gw@phic locations and temporal ranges for

subsequent analysis.
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2.2 Observational data

The aerosol observation data from the IMPROVE netweere chosen for two reasons.
The IMPROVE monitoring sites, with a few exceptipase deployed in the national parks and
wilderness areas in the United State (Pitchford Mdiatin, 1994), including many sites in close
proximity or downwind to major dust source regioBiscond, the IMPROVE network is also one
of the two national air quality monitoring networteat measure both mass concentrations and
chemical composition of atmospheric aerosols. Tlaeeeother national or regional monitoring
networks existing in the United States. The EPA Aiality System (AQS) network has a
national coverage, but there is no aerosol comipasitata available from this network. Another
national aerosol monitoring network, the Chemicak@&ation Network (CSN), is deployed
mostly in urban areas, making it unsuitable for tdusonitoring due to anthropogenic
contamination. There are also some regional netsyoskich as the Southeastern Aerosol
Research and Characterization Study (SEARCH), wimehsures aerosol mass and composition
at both urban and rural sites (Edgerton et al.920Dhe currently operating eight SEARCH sites,
however, are located in the southeastern US antbarfar away from major dust sources.

A subset of 68 sites from the IMPROVE network asediin this study. This subset of
IMPROVE sites, deployed in eight western stateg.(E), is chosen based on the findings in
previous studies that have identified the geogi@hdistribution of active dust sources in the
North America (Gillette and Passi, 1988; Malm et 2004; Van Curen, et al., 2002; Wells et al.,
2007; Draxler et al., 2010). These regions are gdigeassociated high wind power over barren
land. The IMPROVE samplers have four modules desigon collect samples to measure oM
and PM s mass concentrations, and Pdchemical components (Malm et al., 1994). These
aerosol components include 24 elements (Al, As (&, Cl, Cr, Cu, Fe, K, Mn, Mo, Na, Ni, P,
Pb, Rb, S, Se, Si, Sr, Ti, V, Zn, Zr) measured mtgn-induced X-ray emission (PIXE) and X-
ray fluorescence (XRF), selected ions (GIOs, SQ;,") by ion chromatography (IC), organic to
elemental carbon ratio (OC/ EC) by staged thernedotption and combustion, and total
hydrogen by proton elastic scattering (PESA) (Ma®)0). Fine soil in the IMPROVE data is
calculated from the mass concentrations of fiveomagil-derived elements (Al, Si, Ca, Fe, K,
and Ti) in their assumed oxides {8, Si0,, Ca0, KO, FeO, FgO3, TiO,, respectively) (Malm,
2000a, 2000b):

Soik = 2.2[Al] + 2.49 [Si] + 1.63[Ca] + 2.42[Fe] + 1.p4] 3

10
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where [Al], [Si], [Ca], [Fe] and [Ti] are the measd concentrations of particulate Aluminum,
Silicon, Calcium, Iron and Titanium, respectivePl observational data for the period 2000-
2007 are used in the subsequent analyses. Allfidaiged in the dataset for not attaining quality
control standards were removed, with the exceptibthose flagged for moderate changes in
flow rate. Data from the IMPROVE sites east of Kamare excluded from this analysis, since
there are no major active dust sources in thioregi

Besides the IMPROVE data, satellite remote sensiryist aerosols is used to independently
identify local dust events. The MODIS sensors athdmoth Terra and Aqua have been making
global daily observations of atmospheric aerosimiees2002 (Terra started in 2000). A total of
seven wavelength channels (ranging from 0.47 t@ frh) are used by MODIS to retrieve
aerosol properties. Separate algorithms are deséléqr aerosol retrieval over land and ocean.
Over the ocean, MODIS relies on the aerosol spesityaature from 0.55 to 2.18n to separate
pollution particles (smaller in size) from coarsgasalt and dust particles (Tanré et al., 1997).
Over the land, MODIS uses the 2.1 mm channel toitmosurface-cover properties, and the

visible wavelength to observe surface reflectak@f{man et al., 1997).

3. ldentifying windblown dust events
3.1 Analysis of satellite detected dust events

During the study period, there were thirteen ladlgst storms occurring in the southwestern
United States that have been identified from NAS#tE Observatory’s Natural Hazards dust
products (http://earthobservatory.nasa.gov/Natuaa#ids). The purpose of analyzing these
known dust events is to learn from these data @fdiktinct physical and chemical properties of
local dust samples. The IMPROVE sampling protosdbi collect a 24h duration sample every
three days. Therefore, it is difficult for the gnmbmonitors to capture all dust events identified
by the satellite sensors. Meanwhile, because otddntemporal and spatial coverage, cloud
contamination and high surface reflectivity oveselts, satellite remote sensing can not detect
all dust events. Therefore, it is not easy to pinfpa dust case that is simultaneously recorded by
both satellite sensors and ground monitors. Heréowes on three such rare dust cases that were
recorded by both ground and satellite observat@mn#pril 15, 2003, November 27, 2005 and
April 12, 2007. The MODIS imageries show that theee storms originated from different
source regions. The former two storms were corceftom the Chihuahuan Desert in northern

11
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Mexico, while the latter one from the Mojave Desarsouthern California. By examining the
MODIS imageries and the Pllconcentrations at ground monitors, we choose anevo
IMPROVE sites that have captured a significant amha@d dust aerosols at their samplers. These
sites include the Guadalupe Mountains National PEk(GUMO1) site for the April 15, 2003
storm, the Big Bend National Park, TX (BIBE1) sited the GUMOL site for the November 27
2005 storm, and the Agua Tibia, CA (AGTI1) site atm@ San Gorgonio Wilderness, CA
(SAGOL1) site for the April 12, 2007 storm (Fig. 2).

The aerosol mass and chemical composition measuatsraethese monitors are then used to
extract the commonality of typical local dust saesplin each case, we compare the observed
concentrations of PN, PM, 5 crustal (Si, Ca, Fe, K) and anthropogenic elem€ati, Zn, Pb),
sulfate, nitrate, OC and EC in BM the PM sPM;g ratio, the percentage of the above species
and the enrichment factors of anthropogenic elesnéatfore, during, and after these dust
episodes (Fig 2). A few interesting patterns arenshin the aerosol samples collected during
dusty periods: 1) compared to that on non-dusty didnge PM, concentration during a dusty day
was elevated by 2-10 times from the pre-storm aodt-gtorm levels; 2) although the
concentration of PlMs also increased during a dust storm, the,FRM;i, ratio dropped
significantly to approximately 0.2, a value typigaiepresenting freshly emitted soil particles; 3)
both the concentrations and percentage of crusehemts, including Si, Ca, Fe, and K,
increased during dusty days; 4) The percentagesntiiropogenic components in RPM
including Cu, Zn, Pb, S§, NOs, and OC, all decreased from their correspondiegsporm and
post-storm levels, although the absolute conceotratmay have increased or decreased
depending on the site and the species. The comatentrof EC during the dusty days was
reduced to almost zero at all sites, but sulfatkratrate concentrations varied at different sites,
with an increase at the GUMOL1 site and the BIBE4 during the November 2005 dust storms
and a decrease at the AGTI1site and the SAGOldsiteg the April 2007 dust storm. The
concentrations of particulate sulfate and nitrateind) dust events are controlled by two
processes: the dilution by dusty but otherwiserckiaof background pollution (Guo et al., 2004)
and the supply of sulfate and nitrate from soikipbes and the uptake and/or formation of nitrate
and sulfate on dust particles. Similar phenomenee haeen reported in previous studies
(Arimoto et al., 2006; Wang et al., 2005, Sun et2004) in which the concentrations of nitrate
and sulfate increased during dust days, since alimerst particles provide alkalic surface and

12
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catalytic for the scavenging and heterogeneous ersion of SQ and NQ into sulfate and
nitrate. For the selected cases, the absolute ntatiens of sulfate and nitrate increase, but the
relative abundance of these components decreage®)(Rand 5) The silicon enrichment factors
of Cu, Zn and Pb, which indicates anthropogenidammation, decreased dramatically on dusty
days.

Although the number of dust storms analyzed herém#&ed, the consistence of these
patterns at all sites suggests that it may beliga® identify local dust events through the uke o
routinely monitored aerosol parameters. Based @n dhservations above, we propose the
following five indicators to be used to identifycll dust records in the subsequent hierarchical
cluster analysis: 1) high PM concentrations; 2) low ratio of PM to PMy, 3) higher
concentrations and percentage of crustal elemefjtslower percentage of anthropogenic
pollutants; and 5) low enrichment factors of anflagenic elements.

3.2 Cluster analysis

After establishing these identifying indicators, wse cluster analysis to test the hypothesis
that there is one aerosol group, the local dustgreimultaneously matching all the above
selection criteria. We perform hierarchical clusiaealysis for all validated aerosol measurement
data over the 68 study sites, using the conceatsf PMo, PM, 5, elements (Si, Ca, K, Fe, Ti,
As, Cu, Zn, Pb, V), the PM to PMy ratio, the enrichment factors of K, Ca, Cu, Zn &idas
the clustering criteria as discussed earlier. Wendbthat over 30 of the 68 sites, there is one
aerosol data group that demonstrates similar palyaitd chemical characteristics as observed in
the previously satellite identified dust eventstid¢ remaining sites, none of the IMPROVE data
show any consistent pattern of dust events.

Figures 3 and 4 show the results of cluster armlgball IMPROVE observation data from
2000 to 2007 at the GUMOL site, which experientedlarge number of dust storms during the
study period. The cluster analysis divides all data six groups, and the first group has the
highest PM, concentrations (Fig. 3a). The mean fgMoncentration in this group is
approximately 6Qug/m®, 3—10 fold of the typical background levels in thestern United States
(Malm et al., 1994). The PMconcentrations in this group are also higher timaother groups,
although the differences among groups are relgtivaaller than that for the PM

concentrations (Fig. 3b). The concentrations offthe crustal elements are significantly higher
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in group 1 than in other groups (Fig. 3c). Durimn+dusty days, the concentrations of these
crustal elements in PM are low (less than 0.fuig/m®) in most cases, except for Si the
concentration of which reaches Ju§/m® occasionally. During dust storms, the Si concéioina
varies from 1.0pg/m® to 6.0 pg/m°. For the three trace metals that are mainly afteid to
anthropogenic sources, their concentrations ingme is among the lowest, but the difference
is not as distinguishable as that of gMr crustal elements (Fig. 3e), likely resultingnr
varying meteorological conditions and uneven dsiion of emission sources. For the four
major aerosol components (sulfate, nitrate, OC B@¢l, the distinction among these groups is
further blurred. This is because these aerosol comts can be contributed by both natural soil
dust and non-dust sources (Fig. 3e). Finally, tai dh group one have the lowest PPM;o
ratios. The PMgPM;q ratio ranges from 0.1 to slightly above 0.3, watimean of 0.2. The ratios
in other groups have a wide range, from 0.1 to &@r(Fig. 3f). The higher ratio reflects either
higher contribution of anthropogenic sources anaiaiss burning, or the aging of aerosol
plumes.

Figure 4 shows additional distinct physical andnstoal characteristics of group 1 from other
data groups. Not only the actual mass concenttdrerustal elements are higher in group 1,
their relative abundance (in percentage) is algbdrithan in other groups (Fig 4a). The opposite
is true for the three anthropogenic trace methks,percentage of which is the lowest among all
groups. The enrichment factors for these metal efgsnare extremely close to unity in group 1,
indicating their soil origin. In comparison, thdicn referenced enrichment factors are much
higher in all other groups, except group 4, whibbvgs consistent low enrichment factors and
higher crustal elements. This group, although motclkearly characterized as group 1, may
represent similar soil dominated aerosol samplash sis smaller dust events or anthropogenic
soil dust (such as from unpaved road or mining atpen). Based on the consistent and distinct
chemical and physical patterns that simultaneonsych the five stipulated criteria, we hence
identify group 1 from the cluster analysis as theal dust aerosol group.

Figure 5 shows all identified dust events along time series of Pls and PMg
concentrations at the GUMOL site during the erdttely period. Most of the high Rlicases
are identified by the cluster analysis as localtdegents (highlighted with dashed circles),
including the two large dust storms discussed ctige 3.1. However, there are other cases of

high PMy, concentrations being excluded by the cluster amalgts local dust samples. These
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data are either associated with high R2Nb PM, ratios (long-distance dust transport or biomass

burning) or with different chemical compositiore(i.aerosols originated from other sources).

4. Summary of identified dust records
4.1 Summary of identified dust records

Cluster analysis of all aerosol data identifieotltof 182 dust records from 30 of the 68
sites (Table 1). These sites with dust recordsats@ marked in red in Figure 1. These 30 sites
are located in the states of Texas, New Mexicazéra, South California, Nevada and Colorado.
Such spatial distribution is consistent with thstrdbution of the four U.S. Deserts, namely the
Great Basin Desert, the Mojave Desert, the SonDesert, and the Chihuahuan Desert. Outside
the deserts, there are two sites in Colorado wpereious model studies have found that high
wind power in spring lifts surface soil grains (&fte and Hansen, 1989). Overall, the spatial
distribution is similar to the dust source map migd in previous studies (Malm et al., 2004;
Kavouras et al, 2007).

Among the 30 dust sites, there are three sitesudimg Phoenix (PHOE1) and Douglas
(DOUGLI) in Arizona, and Fresno (FRES1) in Califarnihat demonstrate distinct patterns in
chemical composition. Although all located in and semiarid regions, these sites are also
noticeably influenced by anthropogenic sources fro@arby urban areas. In fact, a separate
cluster has been identified for these sites, wiieeeconcentrations and percentage of primary
anthropogenic pollutants such as Cu, Zn, Pb anddsQGuyell as their enrichment factors are
much higher than at rural or remote dust sourceasardhe concurrent high crustal and
anthropogenic elements result from strong mixingwohd-generated emissions and urban

plumes, a unique setting for studying the intecangtibetween dust and urban pollutants.

4.2 Temporal and spatial variability in dust events

The temporal variability of dust aerosols is alsoiateresting feature to air quality and
climate modeling. Previous windblown dust studiesystly relying on model simulations,
predicted a springtime maximum over the North Aree(Gillette and Hansen, 1989; Tegen and
Miller, 1998). The “well-known” seasonal trend afichl windblown dust in US, however, has

not been independently evaluated against robussunement data except for Kavouras et al.
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(2007), who used wind and visibility data to idéntocal windblown dust and investigated the
seasonal trend.

The dust events identified in this work displayglrtemporal and spatial variability. All
dust cases from the three urban sites are exclhdesl because of their proximity to urban
emissions. Figure 6 shows the interannual variatafriocal dust records in the five dust regions
from 2000 to 2007. Although the IMPROVE monitors aot expected to capture all dust events,
the dust records over these static sites nevesthaleflect the year-to-year change in dust
activities over these areas. Unlike urban monittrs, IMPROVE monitors are distributed far
away from each other. Therefore, the observed eltesits are unlikely to overlap those detected
at other locations. Only during extraordinarilygardust events, such as the April 15, 2003 storm,
the dust plume can be detected by multiple IMPROMEhitors (four in this case) and the data
at these sites are considered valid since allfiitexing criteria are met.

During the eight-year study period, the total numbiedust events displays an interesting
four-year activity cycle. In the first cycle, thest events increase from 8 per year in 2000 to 45
per year in 2003. In the second cycle, dust a@witiropped to below 10 per year in 2004, and
then persistently increase to 20 per year in 200i8. not clear if such an interannual pattern
exists in other years. The years of 2003, 20022007 are the three most active dust periods,
with 46, 31 and 24 recorded dust events, respdgtiVee years of 2000, 2004 and 2005 are the
calmest dust periods, all with single digit dustamels.

Figure 6 also reveals the different activity patsein different dust regions. The Chihuahuan
Desert (59 cases) and the Sonoran Desert (62 cagely far the most active source regions. In
general, the Chihuahuan Desert dominates dustitagivn the first half while the Sonoran
Desert in the second one (Fig. 6). The interantread is primarily driven by the dust activities
from these regions. The Mojave Desert contributsl@st events during this period, while the
Great Basin Desert and the Colorado Plateau comdribnly seven and eight dust events,
respectively.

The dust records suggest clear seasonal varialnldiyst activities. The monthly frequency
of dust events (Fig. 7) shows a peak from Marcluly and a second peak in autumn from
September to November. Among all months, the ghember of dust records is in April,
when the dust emissions in both the Chihuahuan Sombran Deserts are most active. The

month of May sees almost the same number of desite\as April, because the increase of dust
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activities in the Sonoran Desert can largely oftbet diminished activities in the Chihuahuan
Desert. Actually, May 2003 is the month with thegkst number of local dust records during the
eight-year period, with 16 dust records obtained 18y IMPROVE monitors there. The
abundance of ground measurements during this pemakes it an ideal case for a future dust
modeling study over the United States. The peak skeson in the Chihuahuan Desert is about
two months earlier than in Sonoran Desert. The sbwamber of dust events is found in January
and August, during both periods dust activitiesereund only in the Mojave Desert. During the
study period, there are eight sites that have gbdemore than eight local windblown dust
events, with the GUMOL1 site in Texas having theydat number (27) of dust records. In
addition, the Queen Valley site in Arizona (QUVA1De Big Bend site in Texas (BIBE1), the
Salt Creek site in New Mexico (SACR1), the Chirigalsite (CHIR1), the Saguaro West site
(SAWEL1), and the Ike’s Backbone site (IKBA1), all Arizona, have captured 19, 16, 12, 9, 9,
and 9 dust events, respectively. These monitorsedter located in or downwind to the
previously identified dust source regions assodiatéh the geological characteristics of high

soil erodibility (Kavouras et al., 2007).

5. Discussion
5.1 Limitations with the dust identification appoba

The major limitation of our approach is that thestdindictor parameters may not be
universally available from routine aerosol monimgrinetworks. Our approach involves both
physical and chemical data of aerosol measuremémesefore requiring a comprehensive
monitoring and analysis networks such as the IMPE@vogram used in this study. In many
cases, especially over major dust active regiors @¥rica and Asia, routine measurements of
aerosol size distribution and chemical composiao& not available. The lack of these aerosol
parameters limits the applicability of our appro&chiust studies for those regions.

Alternatively, we consider here three simplifiedthuels that use only basic aerosol mass
concentrations, and compare their capability tqopint dust events to that of the full method
using all five indicators. The first simplified amach uses two dust indicators, the jfgkhass
concentration (> 4@ig/m°) and the PMs/PMjy ratio (< 0.35) as the filtering criteria. The RM
cutoff and the PMs/PMjq ratio cutoff are taken from the lower and uppe¥9&alues of the

corresponding parameters in the local dust groaptified by the full method as proposed in this
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study, respectively. The second method is simiathe first one, except using a P¥PMio
cutoff of 0.20, the median value of the dust grolipis ratio is also used by the US EPA to split
fugitive dust PMo into PMy 5 (MRI, 2005). Compared to the first one, the secamethod is
considerably more exclusive. The third method sjmysies Py > 100ug/m® as the identifying
indictor, following Ganor et al. (2009). Due to tiMPROVE sampling protocols, 24-hour mean
PMjo concentrations are used here, instead of hourlyEita as in Ganor et al. (2009). Table 2
compares the performance of the three simplifiethods to identify dust events to that of the
full method. Here we define the performance usiwg tcategorical evaluation metrics as
introduced by Kang et al. (2009): Hit Rate and &a\farm Ratio. Hit Rate is the percentage of
“true” dust events identified by the simple methodall events by the full method, while the
False Alarm Ratio is the percentage of “false” @sdne., not considered local dust events by
the full method) to all events selected by the $enmpethods. The first simplified method has the
highest hit rates, catching 27% of the dust evelgstified by the full method. Meanwhile, it is
also associated with the highest false alarm ratitthh 68% of the dust events it selected deemed
false by the full method. When the RPYPM;, ratio is further constrained to 0.20, the false
alarm ratio has been reduced significantly (to 1,@%a} at the cost of hit rate, which shows that
the second method can catch only 13% of the alt dusnts. The revised Ganor method
demonstrates dust identifying capability betwees thvo simplified methods. Although these
simplified methods show varying effectiveness teniify local dust events, it should be pointed
out that chemical fingerprint is still needed toswe the origin of measured aerosols. For
example, the measurement data over the three wibescan satisfy all selection criteria for
local dust events, except the high levels of aqbgenic components. Such information reveals
either human contamination of the dust aerosolbuanan motivated dust sources (such as road
dust from unpaved road). Regardless of its comiylerur proposed approach is likely to work
most efficiently when all five identification crit@ are concurrently applied.
5.2 Dust activities in the western United States

Our study reveals that dust events in the UnitedieStoccur in almost all seasons, suggesting
the prevailing impact of windblown dust across ¥ear. This seasonal variation is consistent
with previous model simulation over the United 8sa(Gillette and Hansen, 1989; Park et al.,
2010). The windblown dust emissions peak in thengprdue to high wind speed, low soil

moisture, and a lack of vegetation cover over diediand surface. The springtime maximum
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over North America was also reported in a long-tgeneral circulation model study by Tegen
and Miller (1998). Some previous study (e.g. Gaid Brospero, 1996) has used the infrequency
of summertime dust plumes to exclude the posgihofithe impact of dust storms on regional air
quality. This work and several previous modelingdsts suggest that it is possible to see
summertime impact of dust aerosols originated fthenwestern United States.

Although the IMPROVE sites are not expected to wagtll dust events on a local scale, in
particular for the Great Basin Desert and souti@rimuahuan Desert where monitors are sparse,
a dataset of observed dust events developed frong wsir approach can help evaluate the
completeness or efficiency of satellite-based apgres. Meanwhile, a variety of computer
models have been developed to study the life cg€ldust aerosols and their effects on the
regional and global climate systems. Although dumirces over North America contributes to
only 3% of global dust budget (Ginoux et al., 2Q0pyevious model simulations have
highlighted the importance of dust aerosols inaegi air quality and climate modeling over the
western United States (Draxler et al., 2010). Tdraesobserved dust dataset can provide detailed
comparisons between model and observations on emt éwvel. Furthermore, the rich pool of
aerosol chemical composition data associated widset identified dust records are useful to
compile chemical profiles for splitting dust aeriss&Recent advances of aerosol modeling (such
as the latest version of the Community Multiscale Quality (CMAQ) model) require emission
information of not only the mass flux and size wlgttion, but also the chemical composition of
emitted dust particles. A companying paper (DaalgtChemical composition of natural dust
particles in the United States, in preparationjaes the data of the identified dust events and
chemical composition to derive chemical profilesttltould be used in future dust aerosol
emission and modeling works.

Dust activities display a four-year cycle during thight-year study period. While more data
are needed to verify this four-year cycle obseriredhis study, we discuss briefly here the
possible driving forces behind this interannualiataitity. Climate models have predicted that a
transition to a more arid climate is under wayha southwestern United States, where multiyear
drought and the 1930s Dust Bowl will become the okmatology within a time frame of years
to decades (Seager et al., 2007). Windblown dussseoms are controlled by a number of
important parameters, such as wind speed, soiltaoreissurface roughness and erodible dust

supply (Marticorena et al., 1995; Gillette et 4988; 2004). Among these controlling factors,
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surface wetness can be used as an indicator tglurgondition, which is often associated with
dust activities in arid environment. Here we exaariine monthly surface wetness over the five
dust regions using the Modern Era Retrospectivéyaisafor Research and Application
(MERRA) dataset  from the NASA'’s Goddard Space Rligh Center

(http://gmao.gsfc.nasa.gov/research/merraigure 8 shows that the lowest surface wetngss i

found in different months among these regions. Thinuahuan Desert generally sees an early
dry season, while the Sonoran Desert and the Mofjaesert are often associated with a
prolonged and drier summer. Although soil moistwatrols several factors that influence dust
emissions, the monthly surface wetness data herearin good correlation with the observed
dust pattern. The monthly regional mean of surfastness may not represent the local
condition under which dust emissions are initiatdd. discussed by many field and model
studies, windblown dust emission is a complicatext@ss that has not been fully understood. In
addition, these processes are increasingly contetiday human disturbance of the land surface,
such as the rapid urbanization in southern Ariz@8@ooshian et al., 2011). Future analysis of
the meteorological parameters and surface conditmver these regions is need to further
investigate the underlying mechanisms causing miberannual variations. Given the climate
model prediction of a drier climate in the Southiyésis interesting to continue observing how

the dust activities will respond to the changesegfional and global climate systems.

6. Conclusions

Dust is a major component of atmospheric aerosoteany parts of the world. There are,
however, very few monitoring networks that are agolely designed and deployed to observe
sand and dust particles. General-purpose aeroswigaring networks, however, exist in a large
number. The approach we propose here can utileeyémeral aerosol observations to identify
local dust events. Using the publicly available RAPVE aerosols, we demonstrate how to use
an observation-based approach to pinpoint 182 |dcat records over 30 locations in the
western United States over a eight-year study gerio

The results presented in this study are subjecseteral limitations. The IMPROVE
monitors are unevenly deployed over different dumirce regions. Therefore, the observation-
based dust data may not represent the overall mssom each region. For instance, there are

only five monitors in the Great Basin Desert, aotenis sitting in the heart of the barren land.
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The low number of recorded dust events (about oreach year) may be related to the sparse
monitors in this region. Meanwhile, the IMPROVE nitors are more densely deployed over the
Sonoran Desert and north Chihuahuan Desert. The migmber of dust records over these
regions reflects both dense detection and actigé eissions.

Although our method specifically targets local daatples, it can be easily extended to
pinpoint other intermittent emission sources, sashHong-range transported dust, volcanic ash,
and biomass burning. Long-range transported dusis associated with an increase in crustal
elements. Compared to local dust events, the isereamass concentration from the non-dusty
level may be smaller, and the PY¥PMyo ratio is much higher during a long-range transport
event (Cheng et al., 2005). The volcanic ash orfdgyformed from emitted sulfate dioxide is
associated with high levels of sulfate contenthi@ derosols (Bao et al., 2010). The high sulfate
and low anthropogenic elements can be used tandigsh these data from that featuring coal-
burning aerosol. Similarly, biomass burning origethaerosols contain high levels of potassium,
organic carbon and black carbon, and the aeroselpradominantly in the fine mode (Reid et
al., 2005). Through a reasonable procedure of rersemnsing-assisted data training, our method
can be applied to identify a number of distinctoget sources in research and regulatory
applications. Our approach emphasizes using grouoaitoring data for dust identification. In
this approach, the use of satellite data is limitedelecting independently identified dust events
for the purpose of methodological training. There ather approaches that rely predominantly
on remote sensing data to pin-point dust eventssffero et al, 2002; Lee et al, 2009; Rivera-
Rivera et al., 2010). Our study proposes an altemavay to pin-point dust events that can work
complimentarily with these satellite-based methdslentify dust events.
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Table 1. Identified local dust events from the IMPNVRE monitoring network from 2000 to 2007.
The concentrations and ratios listed in the tappeasent the mean values if there is more than

one identified dust episode.

Site SitelD  Longitude Latitude (nilg\:llrlno?,) (51“3/31.153) PM ii’ti')\/l 10 Local Dust Events (YYMMDD)
1 BOAP1  -106.85 33.87 42.44 6.99 0.16 11016
GICL1 -108.24 33.22 35.59 7.71 0.22 70328
010410, 010925, 030415, 030602, 030605, 03122 0
3 SACRL -104.4 33.46 72.15 15.95 0.22 051203, 060312, 060619, 060622, 071114 s
4  WHIT1 -105.54 33.47 89.55 20.42 0.23 020426, 060216
000322, 000422, 000921, 010209, 011124, 02021BAR0
5 BIBEl -103.18 29.3 53.25 12.36 0.24 020312, 020330, 020402, 020616, 021110, 030328100
030415, 051127
000422, 000517, 010422, 010603, 010624, 01071%)1HE.1
020309, 020420, 020502, 020511, 020526, 02061 0
6 GUMOL  -104.81 31.83 32 15.63 0.22 020619, 030202, 030304, 030415, 030418, 030512%0
031208, 031226, 040608, 051127, 060318, 070223
000408, 011109, 030521, 030717, 051127, 060601180
7 CHIR1 -109.39 32.01 73.34 17.05 0.24 061222, 070328 1%
010621, 020514, 030515, 030521, 030530, 03072 0
8 IKBAl -111.68 34.34 62.53 18.76 0.29 070412, 070720 0B
011016, 020426, 020514, 030202, 030515, 03052551030
9 QUVAL -111.29 33.29 61.2 13.64 0.22 030620, 030714, 030717, 030909, 041021, 060216&12H0
060716, 060725, 070418, 070708, 071018
10 SAGU1  -110.74  32.17 57.79 18.13 0.31 011109, 0305217 D8 060625, 070328, 070412
011109, 030521, 030711, 030717, 030909, 07032811270
11 SAWEl1l -111.22 32.25 75.59 20.23 0.25 070415, 070521 &
12 SIAN1 -110.94 34.09 59.6 17.22 0.3 011016, 030515, 830870412, 060716
13 TONT1  -111.11 33.65 61.6 13.89 0.23 060716, 070412708,0070720, 071006
14 PEFOl1  -109.769 35.07 55.4 13 0.24 030509, 050404,050419
15 AGTI1 -116.97 33.46 72.46 13.69 0.19 010817, 021126108, 070412
16 DEVAl -116.85 36.51 63.95 12 0.19 020508, 020511, 020620903, 061228
17 DOME1 -118.14 35.73 65.6 6.86 0.1 31030
18 JOSH1 -116.39 34.07 69.56 15.97 0.27 000812, 0110@%,312 030819, 050802, 060625
19 SAGA1  -118.03 34.3 45.12 6.43 0.14 21002
20 SAGOl1 -116.91 34.19 71.09 10.97 0.16 021125, 0704105217
21 SEQU1 -118.83 36.49 78.61 10.06 0.16 020710, 031030
22 HOOV1 -119.18 38.09 149.29 45.76 0.31 20228
23 GRBAl -114.22 39.01 104.62 18.85 0.18 20228
24 WARI1  -118.82 38.95 70.39 12.85 0.19 030921, 040310903, 050916, 050922
25 INGAl -112.13 36.08 107.08 32.39 0.3 70720
26 GRSA1  -105.52 37.72 51.28 11.1 0.23 000517, 02051 BABM50603
27 MEVE1l -108.49 37.2 65.2 13.68 0.22 030202, 030415, 0504
28 DOUG1 -109.54  31.35 81.27 21.2 0.26 070328 ,071108
011016, 020511, 020722, 020917, 030202, 03051%31BO
29 PHOE1 -112.1 335 76.82 15.93 0.21 030714, 030717, 030909, 060405, 060414, 06062510
070720
30 FRES1 -119.77 36.78 88.88 16.65 0.19 040915, 06090923 061026, 070912
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Table 2. Comparisons of three simplified dust ideaition methods to the full method proposed
in this study. Here the dust records identifiedhmy full method are used as reference data to
calculate hits and false alarms.

M ethod Hits ¢ FalseAlarms®  Hit Rate' FalseAIa;rm
Ratio
Simplified Method P 49 381 27% 68%
Simplified Approach If 24 86 13% 16%
Ganor Approachi 38 42 21% 29%

a. Method | uses two threshold values (gM40pg/m®, and PM g/PMyg ratio < 0.35) to

identify dust events;

b. Method Il is similar to that of Method I, excepat the PMs/PM; threshold value is set to be
0.20;

c. The Ganor method (revised from Ganor et al. 9208es 24-hour P concentration > 100
pg/m® as the sole criteria.

d. Hits are the number of dust records identifigdobth the simple method and the full method,;
e. False alarms are the dust records selectecelsirtiple method, but not by the full method.

f. Hit Rate is the percentage of “true” dust evedestified by the simple method to all events by
the full method,

g. False Alarm Ratio is the percentage of “falserds (i.e., not considered local dust events by
the full method) to all events selected by the $enmpethods.
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Figure 1. Locations of the 68 selected IMPROVE rtasifrom which the aerosol observation
data are used in this study. The 30 sites (markedd) indicate the locations where at least one
local dust storm has been identified between 2002907 using the approach proposed in this

work. The background is the area classified ab@rsemi-arid land.
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Figure2. Variations of PM, PM, s and chemical components of Rdat the BIBE1, GUMOL1,
AGTI1 and SAGOL1 sites during, before and afterd¢hdest storms. These dust events have been
pinpointed by MODIS satellite data. “Fraction iMP.5” indicates the fraction of the concerned
aerosol component to total BMmass, and Edrindicates the enrichment factors of concerned
species using Si as the referent element.
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Figure 3. Physical and chemical characteristicsa@fosol samples in different clusters as
generated by the hierarchical cluster analysisllofMPROVE observation data from 2000 to
2007 at the GUMOL1 site: (a) Rymass; (b) PMs mass; (c) crustal elements, Si, Ca, K, Fe; (d)
anthropogenic trace elements, Cu, Zn, Pb; (e) tulfditrate, OC and EC; and (f) BMPMyq
ratio. The bottom and top edges of the box indec#te 25th and 75th percentile and the line in
the box indicates the 50%. Group 1 was identifetha local dust group.

30



03 0.003

a =]
02 0.002
u W
= = E
01 0.001
I = M
e ;—lrl e
00.0 FF= 00.000 ;5% T T ﬁééﬁ‘:l;:l i Jza
1 2 3 4 5 6
Group
0.7 LD
d
0.8 500
0.5
400
LY
i 04 =
= = 300
= 03 e,
] Dz uis=:
200
02 [ t¥iteats e
01 Clec 100 e
000 | e 0 Cen

1 2 3 4

L#
(=31

Group Group
Figure 4. Physical and chemical characteristicsa@fosol samples in different clusters as
generated by the hierarchical cluster analysisllofMPROVE observation data from 2000 to
2007 at the GUMOL1 site (continued): (a) mass foadtiof Si, Ca, K, and Fe in in BM (b)
mass fractions of Cu, Zn, and Pb in PM(c) mass fractions of Sulfate, Nitrate, OC andi&C
PM,s (d) enrichment factors of Cu, Zn and Pb usingaSithe reference element between
different groups classified by cluster analysise Thottom and top edges of the box indicates the
25th and 75th percentile and the line in the bakdates the 50%. Group 1 was identified as the
local dust group.

31



200
—PMI0 ——PM25 —— PM2.5/PMID
e £

£ 140
= a/15/2003 —/
= | | =
= 120 \ —
= f s A =
=9 ~ %
i 30 - l“;
o1 I
= ! =
. e

40

0

20000101 20000924 20010425 20011203 20020707 20030208 20031006 20040515 20050101 20050811 20060405 20061104 20070611
Date (vyvymmdd)

Figure 5. Time series of PlMand PM s mass concentrations and their ratio at the Gupddilountains National Park, TX (GUMO1)
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Figure 6. The annual frequency of local dust céses 2000 to 2007 in the five dust source

regions, namely, the Chihuahuan Desert (CHD), theo&n Desert (SOD), the Mojave Desert
(MOD), the Great Basin Desert (GBD) and the ColorBthteau (COP).
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Figure 7. The monthly frequency of local dust cdsa® 2000 to 2007 in the five dust source
regions, namely, the Chihuahuan Desert (CHD), threo&n Desert (SOD), the Mojave Desert
(MOD), the Great Basin Desert (GBD) and the ColorBthteau (COP).
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Figure 8. Monthly variations of surface wetnessrdiwe dust source regions during the study
period. The surface wetness is derived from the AAMB®dern Era Retrospective-analysis for
Research and Application (MERRA) dataset. Five degions include the Chihuahuan Desert
(CHD), the Sonoran Desert (SOD), the Mojave Ded8@D), the Great Basin Desert (GBD)
and the Colorado Plateau (COP).
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