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Abstract. This study introduces an observation-based dust2003 and the other in 2004—2007). The years of 2003, 2002
identification approach and applies it to reconstruct long-and 2007 are the three most active dust periods, with 46, 31
term dust climatology in the western United States. Long-and 24 recorded dust events, respectively, while the years of
term dust climatology is important for quantifying the ef- 2000, 2004 and 2005 are the calmest periods, all with sin-
fects of atmospheric aerosols on regional and global climategle digit dust records. Among these deserts, the Chihuahuan
Although many routine aerosol monitoring networks exist, Desert (59 cases) and the Sonoran Desert (62 cases) are by far
it is often difficult to obtain dust records from these net- the most active source regions. In general, the Chihuahuan
works, because these monitors are either deployed far awaesert dominates dust activities in the first half of the eight-
from dust active regions (most likely collocated with denseyear period while the Sonoran Desert in the second half.
population) or contaminated by anthropogenic sources andhe monthly frequency of dust events shows a peak from
other natural sources, such as wildfires and vegetation deMarch to July and a second peak in autumn from Septem-
tritus. Here we propose an approach to identify local dustber to November. The large quantity of dust events occurring
events relying solely on aerosol mass and composition fronin summertime also suggests the prevailing impact of wind-
general-purpose aerosol measurements. Through analyzirffgown dust across the year. This seasonal variation is consis-
the chemical and physical characteristics of aerosol observatent with previous model simulations over the United States.
tions during satellite-detected dust episodes, we select five
indicators to be used to identify local dust records: (1) high
PMio concentrations; (2) low PiE/PMsg ratio; (3) higher
concentrations and percentage of crustal elements; (4) lowek Introduction

percentage of anthropogenic pollutants; and (5) low enrich-

ment factors of anthropogenic elements. After establishingPue to its various effects on air quality and climate (Inter-
these identification criteria, we conduct hierarchical clustergovernment Panel on Climate Change, IPCC, 2007), dust
analysis for all validated aerosol measurement data over 68€rosol lifted from disturbed soil has been extensively stud-
IMPROVE sites in the western United States. A total of 182 ied through ground observation, remote sensing and model
local dust events were identified over 30 of the 68 locationsSimulations (Gillette and Passi, 1988; Gong et al., 2003; Reid
from 2000 to 2007. These locations are either close to theét al., 2003; Zhang et al., 2003). For both remote sensing and
four US Deserts, namely the Great Basin Desert, the MoJnodeling studies, ground measurements are critically im-
jave Desert, the Sonoran Desert, and the Chihuahuan DeseROMant for verifying derived results. Specific ground-based
or in the high wind power region (Colorado). During the monitoring networks have been established to facilitate dust
eight-year study period, the total number of dust events disdetection (Zhang et al., 2003) and to assist in calibrating and

plays an interesting four-year activity cycle (one in 2000 Improving aerosol models (Gong et al., 2003). In most cases,
however, ground aerosol monitoring networks are deployed
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for other purposes, such as monitoring visibility (Pitchford based on the frequency of high aerosol optical depth (AOD)
and Malm, 1994) and protecting human health (Bell et al.,events (AOD =0.75) (Draxler et al., 2010). In an effort to
2007). Therefore, it is difficult to utilize these monitors to quantify the relative impacts of Saharan and local dust in
identify dust events because the monitoring sites are eitheElche in Southeastern Spain, Nicolas et al. (2008) combined
deployed far away from dust active regions (most likely col- satellite images from the NASA SeaWiFS, two dust predic-
located with dense population) or contaminated by anthrotion models (NAAPS and DREAM), a back-trajectory model
pogenic sources. Even at rural or background sites, other natHYSPLIT) and NCEP meteorological reanalysis data to de-
ural sources, such as wildfires and vegetation detritus, antect the outbreaks of African dust events. Using Positive Ma-
long-range transported dust can contribute to monitor readtrix Factorization (PMF), they identified six P sources,
ings (e.g., Edgerton et al., 2009; Jaffe et al., 2004). Con-including local soil and African dust, which are distinguished
sequently, it is difficult to directly utilize the measurement by the correlation of the source intensity with Ti. In Asia,
data from such monitoring networks to detect dust from lo-an operational dust retrieval algorithm has been developed
cal sources or to assess dust model performance. The regbased on the FY-2C/SVISSR through combining visible and
latory monitoring networks, however, represent the majoritywater vapor bands observations of the geostationary imager
of air quality monitoring around the world. The incapability to distinguish dust plumes from surface objects and clouds
of utilizing such a large set of data results is a missed oppor{Hu et al., 2008). In the United States, data from both polar-
tunity to gain insight into dust activities from the perspective orbiting and geostationary satellites have been used to char-
of “ground truth”. acterize source areas of large dust outbreaks (Lee et al., 2009;
A myriad of observation-based methods have been proRivera-Rivera et al., 2010). It should be mentioned that all of
posed to identify dust events using satellite observationthese dust source identification methods are based on satellite
computer models and ground and laboratory measurementsemote sensing that needs to be independently verified using
These methods vary in complexity and applicability, but in ground observations. For instance, Schepanski et al. (2007,
general fall into three categories: laboratory-based approact012) combined a back-tracking method with high tempo-
remote sensing-based approach, and ground monitor-basedl satellite aerosol data (15-min Aerosol Index (Al) from
approach. In the early years, radioative elements, such athe Ozone Monitoring Instrument (OMI)) to identify dust
Radon-222, have been used as a tracer of dust transposburces over the Saharan region. They found that the spatial
from Africa (Prospero, 1970). In later studies, the mineral distribution of dust source areas inferred from OMI 15-min
dust component in sampled aerosols was determined by thal is distinctly different from that by using the daily MODIS
weight of ash residue from the high-temperature burningDeep Blue aerosol data (Schepanski et al., 2012).
of sampling filter after being extracted with deionized wa- Beside these laboratory and remote sensing studies, dust
ter (Prospero, 1999). Another laboratory study differenti- identification methods have also been developed based exclu-
ated dust particles from other types of transportable parti-sively on aerosol mass concentration and its correlation with
cles collected on board the NOAA Research Vessel Ronaldneteorological conditions. Kavouras and co-workers (2007)
H. Brown through individual-particle analysis using an au- developed a semi-quantitative method to assess local dust
tomated scanning electron microscope (SEM) and a fielccontribution in the western United States utilizing multivari-
emission scanning electron microscope (FESEM) (Gao et al.ate linear regression of dust concentrations against catego-
2007). rized wind parameters. In their study, dust concentrations are
With the rapid expansion of remote sensing data, severahssumed equal to the sum of fine soil and coarse particles us-
studies have attempted to detect dust outbreaks using satelliteg an operational definition adopted from Malm et al. (1994,
images and other derived products (Kauffman et al., 200020004, b). Escudero et al. (2007) proposed a method to quan-
Prospero et al, 2002; Rivera-Rivera et al., 2010; Lee et altify the daily African dust load by subtracting the daily re-
2009). The pioneer works by Prospero and colleagues havgional background level from the P concentration value.
associated dust sources with barren areas with “depressedsanor et al. (2009) developed and tested an automated dust
elevations relative to their surroundings (Ginoux et al., 2001)identification algorithm for monitoring location in Israel.
based on satellite-based global observations from the NIM-Their algorithm determined a dust event by three conditions:
BUS 7 Total Ozone Mapping Spectrometer (TOMS) (Pros-half-hour PMg average level exceeds 100 ugthis high
pero et al., 2002). They found that the major dust sourcedevel maintained for at least three hours, and the peakoPM
are invariably associated with topographical lows in arid or ever reaches 180 ugm. In most aerosol observations, how-
semiarid regions with rainfall below 250 mm (Prospero et al., ever, the dust emission conditions or visual identification in-
2002). A recent work by Ginoux and colleagues (2010) com-formation are not available. Consequently, it is challenging to
bines land use data with the Moderate Resolution Imagingdentify local windblown dust events based on particle con-
Spectroradiometer (MODIS) Deep Blue algorithm to iden- centration or chemical species because of variability in me-
tify natural and anthropogenic dust sources over the westerteorological conditions, dust strength and the distance from
Africa. This approach is further developed to pin-point ac- source areas (e.g. Luo et al. 2003).
tive dust sources in the North America by selecting grid cells
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We propose here a comprehensive dust identification apidentifying local dust aerosols. The second step of this ap-
proach and apply this method to reconstruct long-term dusproach is to examine the physical and chemical character-
climatology over the western United States. During local dustistics of the “known dust” samples. We are particularly in-
storms, air samples demonstrate distinct physical and chemterested in the following parameters: Pdvand PM s (par-
cal characteristics, “fingerprints” that can be used to pinpointticles smaller than 10 and 2.5 um in diameter, respectively)
these events based on element abundance and size distribmass concentrations, ratio of BMto PMyg, percentage of
tion. This ground-monitoring based method identifies indi- crustal elements in Pp%, percentage of industrial, residen-
vidual local dust events using five dust indicators, includingtial or biomass burning elements in Bl| and enrichment
mass concentrations, chemical composition and size distrifactors of several crustal and anthropogenic elements.
bution. These indicators are chosen from case studies of the The rationale behind choosing these parameters varies. In
aerosol data collected during three large dust storms idengeneral, a dust event is associated with reduced visibility, re-
tified independently by satellite remote sensing. Some ofsulting from increased levels of fine and coarse particles in
these indicators are being used in previous dust identificathe air (Malm et al., 1994). Therefore, BMland PMg con-
tion works. We demonstrate here that the concurrent appli€entrations during dust events are considerably higher than
cation of all five criteria lends greater confidence to the re-the typical levels. High PM concentrations, however, do not
constructed dust dataset in the absence of other complememvarrant a local dust event. For instance, long-range trans-
tary measures. Hierarchical cluster analysis is subsequentlgorted Asian and African dust has been previously reported
conducted to apply these indicators to daily aerosol data, sto cause air quality degradation in both the western and the
that a group of local dust aerosol samples that best matchesastern United States (Prospero, 1999; Jaffe et al., 2004; Fair-
these identification criteria can be separated from aerosols dfe, et al., 2007). To ensure the source of dust aerosols is
other origins. The use of cluster analysis not only allows uslocal, we exclude the high PM data that is also associated
to process large dataset, but also provides identifying threshwith high PMp 5/PMyg ratio. Field and laboratory measure-
old values through clustering all aerosol data based on theiments of freshly emitted soil dust aerosols reveal a lovg BM
statistical similarity in physical and chemical characteristics.to PMyg ratio, which increases as dust plumes age. The US
In addition, we apply this approach to scan the IMPROVE EPA uses a value of 0.15-0.26 for R¥ito PMyg ratio for
data from 2000 to 2007, and identify 182 local dust samplessoil dust emissions from human activities (MRI, 2005). In
over 30 locations in the western United States. A dataset othis work, we remove the high PM data with the P§PM3g
identified local dust events provides useful information for ratio higher than 0.35, considering these samples being con-
regulators to pinpoint natural dust events and for researcheraminated with non-local dust sources. This ratio is chosen
to verify remote sensing products and atmospheric modelbased on the emission splitting factors used fugitive dust par-
ing results. In addition, the detailed chemical data collectedticles by the US EPA (MRI, 2005), and previous field mea-
during these identified dust events make it possible to detersurements of the Pyt to PMyg ratio during dust events
mine the chemical composition of dust aerosols. The repre{e.g., 0.45 in Cheng et al., 2005). Considering that most IM-
sentation of chemically speciated dust aerosols allows atmoPROVE stations are not in the immediate proximity of dust
spheric modelers to directly compare model predicted crustasource areas, we allow the cutoff ratio to be slightly larger
and trace elements with field measurements. Atmospheri€0.39) in the data processing. It should be noted that we con-
models, when equipped with such information, will be able sider all dust emissions from North America, including these
to explicitly simulate the concentrations and deposition offrom the Chihuahuan Desert in Mexico as local dust because
critical nutrients (e.g., Fe) and toxic elements to study thethe southern Chihuahuan Desert is a frequent dust source for
climate, health, and biogeochemical effects of dust aerosolsaerosols in the southwestern US, especially Texas and New

Mexico. The low PM s/PMjg ratio is also expected to ex-
clude high PM concentration contributed by biomass burn-

2 Methodology ing, which is dominated by fine particles, resulting in a high
PMas/PMjg ratio (Reid et al., 2005). A simple sensitivity
2.1 Approach to identify local dust records test was conducted in the Discussion section to examine how

sensitive the results are to the choice of the cutoff value.

Our approach consists of several consecutive steps. First, we Because dust particles can be mobilized by both wind ero-
review the satellite data from the MODIS sensors to iden-sion and human activities, we apply three additional crite-
tify well-recorded large dust events that originate within the ria to distinguish windblown dust from anthropogenic fugi-

United States. Based on the time and location of these satetive dust or other intensive aerosol types (such as volcanic
lite detected storms, we obtain the ground measurement datash, wildfire, or vegetative detritus). Soil dust aerosols are
from the Interagency Monitoring of Protected Visual Envi- associated with abundant crustal elements, which differenti-
ronments (IMPROVE) network in the western United States.ate them from aerosols from biomass burning or fossil fuel
If there are valid IMPROVE measurements, these cases wilcombustion. This feature alone, however, can not distinguish
serve as the dust "samples” to explore potential rules fomatural dust from anthropogenic fugitive dust. In the United
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States, anthropogenic fugitive dust is the largest sector of priaerosol concentrations and chemical composition compared
mary PM emissions. The five major fugitive dust sources into those during non-dusty periods. Assuming spatial homo-
the United States are vehicle emissions from unpaved roadeneity in dust chemical composition within a dust source
(47 %), paved road (7 %), agricultural operation (29 %), con-region, we used the hierarchical cluster analysis to group all
struction (11 %), and mining/quarrying (7 %). Each of these IMPROVE aerosol measurements based on the similarities in
sources involves either fossil fuel combustion or other humarchemical and physical characteristics. The spatial homogene-
activities in the immediate vicinity of dust sources. There- ity in dust composition, as observed in many desert regions,
fore, compared to natural dust, anthropogenic dust aerosolss likely due to the fact that the aerosol over the desert itself is
contain higher anthropogenic-originated elements, such awell mixed as a result from long-time continuous deposition
elemental carbon (from fossil fuel or biomass combustion)and uptake of materials from the ground (Schutz and Sebert,
or heavy metals (such as Zn, Pd and Cu) from industrial op-1987). The cluster analysis is conducted using the statistical
erations (Chow et al., 1993, 2003; Reff et al., 2009). For in-software SPSS Statistics 17.0 (SPSS Inc.). As hierarchical
stance, high levels of black carbon, Pb, Zn are found in pavedluster analysis is applied to each site, more than 600 daily
road particles while high levels of nitrate (N Cr and Ni  data covering 2000—2007 period are involved 80 % of

are found in unpaved road dust (Chow et al., 1993). Similarly,68 sites except for a few sites with missing data. In the clus-
OC, K and Ca concentrations are high in animal husbandrter analysis, the concentrations of Si, Ca, K, Fe, Ti, As, Cu,
dust and Ti, V, Mn concentrations in construction dust (ChowPb, S, Zn and V, PMs/PMzq ratio, and the enrichment fac-

et al., 2003). Therefore, we use the concentrations and ertors of Ca, K, Fe, As, Cu, Pb and Zn, are used to construct
richment factors (EFs) of anthropogenic pollutants as the insix clusters. The concentrations of five aerosol components,
dicators to distinguish natural dust from anthropogenic dustAl, sulfate, nitrate, OC and EC are excluded from this anal-
In this study, the enrichment factors (EFs) are calculated fowysis to avoid the unbalanced sampling issue, because a large
a series of elements using Si as the reference element and tipertion of these data are either missing or invalid. Between-
abundance of crustal elements at the Earth’s surface as giveBroup Linkage clustering method and Pearson Correlation

by Taylor and McLennan (1985), to measure inter-cluster intervals are configured to assemble
(X /S aerosol the most similar cases into a same group. This method mea-

EFk = 0 () sures the correlations efandy variables of caseaccording
(X/Sherustal to the following formula (SPSS Statistics 17.0 Algorithms,

where (X/Sikerosoland (X/Si}rustal represent the ratio of a SPSS Inc.):

certain species (X) to Si in sampled dust aerosols and in the

Earth’s surface soil, respectively. Species with EFs close tcthy _ 2.0 (ZxiZyi) @)
unity are considered to have a strong natural origin, while N

species with higher EFs have mainly an anthropogenic ori-

gin. By examining the variation of the above parameters, o

we can establish useful criteria for the subsequent statistiz L Xi— Xy 3)
cal analysis to identify other local dust events that are not \/ Xi2 — X2\ /(N — 1

revealed by satellite data. Considering all the relevant pa- 2 (Xi%= Xy )/ (N = 1)

rameters discussed above, five criteria will be the focus Of\NhereCXy the correlation between variabteand variabley
subsequent statistical analysis: (1) BMind PMys concen- 7 - 5nqg Z,; are the standardized Z-score valuer@ndy for
trations; (2) Ratio of PMs to PMi; (3) Concentrations of 0 ooqq- respectivelyN is the number of cases, aidy is
crustal elements Si, Ca, K, Fe, Ti; (4) Concentrations of an-y o average value of of the casé (x;) for the N cases. The

thro.pogenic pollutants, As, Zn, Cu, Pb,'sulfate, nitrate, Or-aseq with higher correlation, which means higher similarity,
ganic carbon (OC), and EC; and (5) enrichment factors (EF)

f anth : lluti | Cu. 7n. Pb and K are put into one cluster (or group).
of anthropogenic poliution elements Cu, Zn, Pb and K. In this study, the cluster analysis processes daily aerosol

The third step of the procedure is to cluster all daily data (i.e., 24-h every third day according to the IMPROVE

aerosol data according t_o thes_e indicators, a_nd tq pinpoi_ngamp”ng protocol) at each site to identify a dust group. Dur-
a local dust group. This is achieved by applying h|erarch|-ing the study period, there are more than 600 daily data

cal cluster analysis to IMPROVE daily data site by site for records from 90 % of studied 68 sites except for a few sites

all selected sites. Cluster analysis is a statistical method th%ith less than 300 data records. After the cluster analysis
creates clusters of items or objects that have similarity withinthe identified dust records at eéch site are further groupeé

the same cluster but with _dn‘ferences- betweep clust.ers, Th's‘clccording to the geographic locations and temporal ranges
technique has been previously applied to air quality stud—forsulosequent analysis

ies to investigate source origins of air pollutants (e.g. Slan-
ina et al., 1983; Dorling et al., 1992; Tong et al., 2005; Van
Curen, et al., 2002). As discussed earlier, dust episodes are
usually extraordinary events with large perturbations in both
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Fig. 1. Locations of the 68 selected IMPROVE monitors from which the aerosol observation data are used in this study. The 30 sites (marked
in red) indicate the locations where at least one local dust storm has been identified between 2000 and 2007 using the approach proposed i
this work. The background is the area classified as arid or semi-arid land.

2.2 Observational data A subset of 68 sites from the IMPROVE network are used
in this study. This subset of IMPROVE sites, deployed in
The aerosol observation data from the IMPROVE networkeight western states (Fig. 1), is chosen based on the findings
were chosen for two reasons. The IMPROVE monitoring in previous studies that have identified the geographical dis-
sites, with a few exceptions, are deployed in the nationakribution of active dust sources in the North America (Gillette
parks and wilderness areas in the United State (Pitchforchng Passi, 1988: Malm et al., 2004; Van Curen, et al., 2002;
and Malm, 1994), including many sites in close proximity \Wells et al., 2007; Draxler et al., 2010). These regions are
or downwind to major dust source regions. Second, the IM-generally associated with high wind power over barren land.
PROVE network is also one of the two national air quality The IMPROVE samplers have four modules designed to col-
monitoring networks that measure both mass concentrationfect samples to measure RpMand PM s mass concentra-
and chemical composition of atmospheric aerosols. There argons, and PM s chemical components (Malm et al., 1994).
other national or regional monitoring networks existing in These aerosol components include 24 elements (Al, As, Br,
the United States. The EPA Air Quality System (AQS) net- Ca, CI, Cr, Cu, Fe, K, Mn, Mo, Na, Ni, P, Pb, Rb, S, Se, Si, Sr,
work has a national coverage, but there is no aerosol comTj, v, Zn, Zr) measured by proton-induced X-ray emission
position data available from this network. Another national (PIXE) and X-ray fluorescence (XRF), selected ions(Cl
aerosol monitoring network, the Chemical Speciation Net-NO§, 8@4) by ion Chromatography (|C), organic to elemen-
work (CSN), is deployed mostly in urban areas, making ittal carbon ratio (OC/ EC) by staged thermal desorption and
unsuitable for dust monitoring due to anthropogenic contamtombustion, and total hydrogen by proton elastic scattering
ination. There are also some regional networks, such as thgeESA) (Malm, 2000). Fine soil in the IMPROVE data is
Southeastern Aerosol Research and Characterization Studgiculated from the mass concentrations of five major soil-
(SEARCH), which measures aerosol mass and compositioderived elements (Al, Si, Ca, Fe, K, and Ti) in their assumed

at both urban and rural sites (Edgerton et al., 2009). The curpxides (AbOs, SiO,, CaO, kO, FeO, FgOs, TiO,, respec-
rently operating eight SEARCH sites, however, are locatedively) (Malm, 2000a, b):

in the southeastern US and are too far away from major dust
sources.

Soil = 2.2[Al] + 2.49Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti] (4)
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Fig. 2. Variations of PM g, PM» 5 and chemical components of BM at the BIBE1, GUMO1, AGTI1 and SAGOL1 sites during, before and
after three dust storms. These dust events have been pinpointed by MODIS satellite data. “Fractigs’imnBldates the fraction of the
concerned aerosol component to total Pdvmass, and Eg; indicates the enrichment factors of concerned species using Si as the referent
element.

where [Al], [Si], [Ca], [Fe] and [Ti] are the measured con- east of Kansas are excluded from this analysis, since there are
centrations of particulate Aluminum, Silicon, Calcium, Iron no major active dust sources in this region.
and Titanium, respectively. All observational data for the pe- Besides the IMPROVE data, satellite remote sensing of
riod 2000-2007 are used in the subsequent analyses. All datdust aerosols is used to independently identify local dust
flagged in the dataset for not attaining quality control stan-events. The MODIS sensors aboard both Terra and Aqua
dards were removed, with the exception of those flagged fohave been making global daily observations of atmospheric
moderate changes in flow rate. Data from the IMPROVE sitesaerosols since 2002 (Terra started in 2000). A total of seven
wavelength channels (ranging from 0.47 to 2.13um) are
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used by MODIS to retrieve aerosol properties. Separate alepisodes (Fig. 2). A few interesting patterns are shown in
gorithms are developed for aerosol retrieval over land andhe aerosol samples collected during dusty periods: (1) com-
ocean. Over the ocean, MODIS relies on the aerosol spectrglared to that on non-dusty days, the fjMoncentration dur-
signature from 0.55 to 2.13 um to separate pollution parti-ing a dusty day was elevated by 2—10 times from the pre-
cles (smaller in size) from coarse sea-salt and dust particlestorm and post-storm levels; (2) although the concentration
(Tane et al., 1997). Over the land, MODIS uses the 2.1 mmof PM 5 also increased during a dust storm, the ZPM; o
channel to monitor surface-cover properties, and the visible-atio dropped significantly to approximately 0.2, a value typ-
wavelength to observe surface reflectance (Kaufman et alically representing freshly emitted soil particles; (3) both the
1997). concentrations and percentage of crustal elements, including
Si, Ca, Fe, and K, increased during dusty days; (4) The per-
centages of anthropogenic components inoBMncluding

3 Identifying windblown dust events Cu, Zn, Pb, S@‘, NOj, and OC, all decreased from their
corresponding pre-storm and post-storm levels, although the
3.1 Analysis of satellite detected dust events absolute concentrations may have increased or decreased de-

pending on the site and the species. The concentration of EC
During the study period, there were thirteen large dustduring the dusty days was reduced to almost zero at all sites,
storms occurring in the southwestern United States thabut sulfate and nitrate concentrations varied at different sites,
have been identified from NASA Earth Observatory’s Nat- with an increase at the GUMOL site and the BIBEL1 site dur-
ural Hazards dust productst{p://earthobservatory.nasa.gov/ ing the November 2005 dust storms and a decrease at the
NaturalHazards The purpose of analyzing these known dust AGTI1site and the SAGO1 site during the April 2007 dust
events is to learn from these data of the distinct physical andtorm. The concentrations of particulate sulfate and nitrate
chemical properties of local dust samples. The IMPROVEduring dust events are controlled by two processes: the dilu-
sampling protocol is to collect a 24 h duration sample ev-tion by dusty but otherwise clean air of background pollution
ery three days. Therefore, it is difficult for the ground mon- (Guo et al., 2004) and the supply of sulfate and nitrate from
itors to capture all dust events identified by the satellite sensoil particles and the uptake and/or formation of nitrate and
sors. Meanwhile, because of limited temporal and spatialsulfate on dust particles. Similar phenomena have been re-
coverage, cloud contamination and high surface reflectivported in previous studies (Arimoto et al., 2006; Wang et al.,
ity over deserts, satellite remote sensing can not detect alk005, Sun et al., 2004) in which the concentrations of ni-
dust events. Therefore, it is not easy to pinpoint a dust cas¢rate and sulfate increased during dust days, since mineral
that is simultaneously recorded by both satellite sensors andust particles provide alkalic surface and catalytic for the
ground monitors. Here we focus on three such rare dust casesavenging and heterogeneous conversion of &@ NG
that were recorded by both ground and satellite observationsto sulfate and nitrate. For the selected cases, the absolute
on 15 April 2003, 27 November 2005 and 12 April 2007. concentrations of sulfate and nitrate increase, but the relative
The MODIS imageries show that the three storms originatecabundance of these components decreases (Fig. 2); and (5)
from different source regions. The former two storms wereThe silicon enrichment factors of Cu, Zn and Pb, which indi-
conceived from the Chihuahuan Desert in northern Mexico,cates anthropogenic contamination, decreased dramatically
while the latter one from the Mojave Desert in southern Cal-on dusty days.
ifornia. By examining the MODIS imageries and the M Although the number of dust storms analyzed here is lim-
concentrations at ground monitors, we choose one or two IM-ted, the consistence of these patterns at all sites suggests that
PROVE sites that have captured a significant amount of dusit may be feasible to identify local dust events through the
aerosols at their samplers. These sites include the Guadalupese of routinely monitored aerosol parameters. Based on the
Mountains National Park, TX (GUMO1) site for the April observations above, we propose the following five indicators
15, 2003 storm, the Big Bend National Park, TX (BIBE1) to be used to identify local dust records in the subsequent
site and the GUMOL site for the 27 November 2005 storm,hierarchical cluster analysis: (1) high Rdlconcentrations;
and the Agua Tibia, CA (AGTI1) site and the San Gorgonio (2) low ratio of PMy5 to PMyg; (3) higher concentrations
Wilderness, CA (SAGO1) site for the 12 April 2007 storm and percentage of crustal elements; (4) lower percentage of
(Fig. 2). anthropogenic pollutants; and (5) low enrichment factors of

The aerosol mass and chemical composition measureanthropogenic elements.

ments at these monitors are then used to extract the common-
ality of typical local dust samples. In each case, we compare3.2 Cluster analysis
the observed concentrations of PYIPM; s, crustal (Si, Ca,
Fe, K) and anthropogenic elements (Cu, Zn, Pb), sulfate, niAfter establishing these identifying indicators, we use cluster
trate, OC and EC in Pl%, the PMy5/PMsg ratio, the per-  analysis to test the hypothesis that there is one aerosol group,
centage of the above species and the enrichment factors a@fe local dust group, simultaneously matching all the above
anthropogenic elements before, during, and after these dustelection criteria. We perform hierarchical cluster analysis
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Fig. 3. Physical and chemical characteristics of aerosol samples in different clusters as generated by the hierarchical cluster analysis of all
IMPROVE observation data from 2000 to 2007 at the GUMO1 $#pPM;g massi(b) PM, 5 massjc) crustal elements, Si, Ca, K, Het)
anthropogenic trace elements, Cu, Zn, @) Sulfate, Nitrate, OC and EC; arff) PM, 5/PM;g ratio. The bottom and top edges of the box
indicates the 25th and 75th percentile and the line in the box indicates the 50 %. Group 1 was identified as the local dust group.

for all validated aerosol measurement data over the 68 studthe typical background levels in the western United States
sites, using the concentrations of PdyIPM; 5, elements (Si, (Malm et al., 1994). The Plk concentrations in this group
Ca, K, Fe, Ti, As, Cu, Zn, Pb, V), the PM to PMyg ratio, are also higher than in other groups, although the differ-
the enrichment factors of K, Ca, Cu, Zn and Pb as the clusences among groups are relatively smaller than that for the
tering criteria as discussed earlier. We found that over 30 ofPM;g concentrations (Fig. 3b). The concentrations of the
the 68 sites, there is one aerosol data group that demonstratésur crustal elements are significantly higher in group 1 than
similar physical and chemical characteristics as observed itin other groups (Fig. 3c). During non-dusty days, the concen-
the previously satellite identified dust events. At the remain-trations of these crustal elements in Pi/are low (less than
ing sites, none of the IMPROVE data show any consistent0.1 pg nt3) in most cases, except for Si the concentration of
pattern of dust events. which reaches 1.0 pgm occasionally. During dust storms,
Figures 3 and 4 show the results of cluster analysis ofthe Si concentration varies from 1.0 pgto 6.0 pg nt3.
all IMPROVE observation data from 2000 to 2007 at the For the three trace metals that are mainly attributed to an-
GUMO1 site, which experienced the large number of dustthropogenic sources, their concentrations in group one is
storms during the study period. The cluster analysis dividesamong the lowest, but the difference is not as distinguish-
all data into six groups, and the first group has the highestble as those of PM or crustal elements (Fig. 3e), likely re-
PMjg concentrations (Fig. 3a). The mean RMoncentra-  sulting from varying meteorological conditions and uneven
tion in this group is approximately 60 pgt 3—10 fold of  distribution of emission sources. For the four major aerosol
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Fig. 4. Physical and chemical characteristics of aerosol samples in different clusters as generated by the hierarchical cluster analysis of all
IMPROVE observation data from 2000 to 2007 at the GUMOL1 site (continanass fractions of Si, Ca, K, and Fe in in BN} (b) mass

fractions of Cu, Zn, and Pb in P)&; (c) mass fractions of Sulfate, Nitrate, OC and EC in 2¥(d) enrichment factors of Cu, Zn and Pb

using Si as the reference element between different groups classified by cluster analysis. The bottom and top edges of the box indicates thi
25th and 75th percentile and the line in the box indicates the 50 %. Group 1 was identified as the local dust group.

components (sulfate, nitrate, OC and EC), the distinctionanthropogenic soil dust (such as from unpaved road or min-

among these groups is further blurred. This is because thesag operation). Based on the consistent and distinct chemical

aerosol components can be contributed by both natural sond physical patterns that simultaneously match the five stip-

dust and non-dust sources (Fig. 3e). Finally, the data in grouplated criteria, we hence identify group 1 from the cluster

one have the lowest PM/PM;g ratios. The PM5/PM;g ra- analysis as the local dust aerosol group.

tio ranges from 0.1 to slightly above 0.3, with a mean of 0.2. Figure 5 shows all identified dust events along the time se-

The ratios in other groups have a wide range, from 0.1 tories of PMys and PMg concentrations at the GUMO1 site

over 0.9 (Fig. 3f). The higher ratio reflects either higher con-during the entire study period. Most of the high RMases

tribution of anthropogenic sources and biomass burning, omare identified by the cluster analysis as local dust events

the aging of aerosol plumes. (highlighted with dashed circles), including the two large
Figure 4 shows additional distinct physical and chemicaldust storms discussed in Sect. 3.1. However, there are other

characteristics of group 1 from other data groups. Not onlycases of high Plyy concentrations that are excluded by the

are the actual mass concentrations of crustal elements highetuster analysis as local dust samples. These data are either

in group 1, but also their relative abundance (in percentage) imssociated with high Py to PMyg ratios (long-distance

higher than in other groups (Fig. 4a). The opposite is true fordust transport or biomass burning) or with different chemical

the three anthropogenic trace metals, the percentage of whioctomposition (i.e., aerosols originated from other sources).

is the lowest among all groups. The enrichment factors for

these metal elements are extremely close to unity in group 1,

indicating their soil origin. In comparison, the silicon refer- 4 Summary of identified dust records

enced enrichment factors are much higher in all other groups,

except group 4, which shows consistent low enrichment fac4.1 Summary of identified dust records

tors and higher crustal elements. This group, although not as ] ) -~

clearly characterized as group 1, may represent similar soif-luster analysis of all aerosol data identifies a total of 182

dominated aerosol samples, such as smaller dust events gKSt records from 30 of the 68 sites (Table 1). These sites
with dust records are also marked in red in Fig. 1. These 30
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Fig. 5. Time series of PMg and PM 5 mass concentrations and their ratio at the Guadalupe Mountains National Park, TX (GUMO1) site
between 2000 and 2007. Red circles indicate local dust events identified using the dust identification approach. The approach has effectively
captured all satellite pinpointed dust events, including the 15 April 2003 storm and the 27 November 2005 storm.
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Fig. 6. The annual frequency of local dust cases from 2000 to 2007 in the five dust source regions, namely, the Chihuahuan Desert (CHD),
the Sonoran Desert (SOD), the Mojave Desert (MOD), the Great Basin Desert (GBD) and the Colorado Plateau (COP).

sites are located in the states of Texas, New Mexico, Ari-urban plumes, a unique setting for studying the interactions
zona, South California, Nevada and Colorado. Such spatiabetween dust and urban pollutants.
distribution is consistent with the distribution of the four US
Deserts, namely the Great Basin Desert, the Mojave Desery.2 Temporal and spatial variability in dust events
the Sonoran Desert, and the Chihuahuan Desert. Outside the
deserts, there are two sites in Colorado where previous modéthe temporal variability of dust aerosols is also an inter-
studies have found that high wind power in spring lifts sur- esting feature to air quality and climate modeling. Previous
face soil grains (Gillette and Hansen, 1989). Overall, the spawindblown dust studies, mostly relying on model simula-
tial distribution is similar to the dust source map reported intions, predicted a springtime maximum over North America
previous studies (Malm et al., 2004; Kavouras et al, 2007). (Gillette and Hansen, 1989; Tegen and Miller, 1998). The
Among the 30 dust sites, there are three sites, includingwell-known” seasonal trend of local windblown dust in US,
Phoenix (PHOE1) and Douglas (DOUG1) in Arizona, and however, has not been independently evaluated against robust
Fresno (FRESL1) in California, that demonstrate distinct pat-measurement data except for Kavouras et al. (2007), who
terns in chemical composition. Although all located in arid used wind and visibility data to identify local windblown dust
or semiarid regions, these sites are also noticeably influencednd investigated the seasonal trend.
by anthropogenic sources from nearby urban areas. In fact, a The dust events identified in this work display large tem-
separate cluster has been identified for these sites, where thporal and spatial variability. All dust cases from the three
concentrations and percentage of primary anthropogenic polarban sites are excluded here because of their proximity to
lutants such as Cu, Zn, Pb and EC, as well as their enrichmenirban emissions. Figure 6 shows the interannual variations
factors are much higher than at rural or remote dust source aef local dust records in the five dust regions from 2000 to
eas. The concurrent high crustal and anthropogenic elemen®007. Although the IMPROVE monitors are not expected to
result from strong mixing of wind-generated emissions andcapture all dust events, the dust records over these static sites
nevertheless reflect the year-to-year change in dust activities
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Fig. 7. The monthly frequency of local dust cases from 2000 to 2007 in the five dust source regions, namely, the Chihuahuan Desert (CHD),
the Sonoran Desert (SOD), the Mojave Desert (MOD), the Great Basin Desert (GBD) and the Colorado Plateau (COP).

over these areas. Unlike urban monitors, the IMPROVE mon-ivities in the Chihuahuan Desert. Actually, May 2003 is the
itors are distributed far away from each other. Therefore,month with the largest number of local dust records during
the observed dust events are unlikely to overlap those dethe eight-year period, with 16 dust records obtained by 10
tected at other locations. Only during extraordinarily large IMPROVE monitors there. The abundance of ground mea-
dust events, such as the April 15, 2003 storm, the dust plumsurements during this period makes it an ideal case for a fu-
can be detected by multiple IMPROVE monitors (four in this ture dust modeling study over the United States. The peak
case) and the data at these sites are considered valid since dllist season in the Chihuahuan Desert is about two months
five filtering criteria are met. earlier than in Sonoran Desert. The lowest number of dust
During the eight-year study period, the total number of events is found in January and August, during both periods
dust events displays an interesting four-year activity cycle.dust activities were found only in the Mojave Desert. During
In the first cycle, the dust events increase from 8 per year irthe study period, there are eight sites that have observed more
2000 to 45 per year in 2003. In the second cycle, dust activthan eight local windblown dust events, with the GUMOL1
ities dropped to below 10 per year in 2004, and then persissite in Texas having the largest number (27) of dust records.
tently increase to 20 per year in 2007. It is not clear if such anin addition, the Queen Valley site in Arizona (QUVAL), the
interannual pattern exists in other years. The years of 2003Big Bend site in Texas (BIBE1), the Salt Creek site in New
2002 and 2007 are the three most active dust periods, witlMexico (SACRL1), the Chiricahua site (CHIR1), the Saguaro
46, 31 and 24 recorded dust events, respectively. The yeand/est site (SAWEL), and the Ike's Backbone site (IKBA1), all
of 2000, 2004 and 2005 are the calmest dust periods, all withn Arizona, have captured 19, 16, 12, 9, 9, and 9 dust events,
single digit dust records. respectively. These monitors are either located in or down-
Figure 6 also reveals the different activity patterns in dif- wind to the previously identified dust source regions associ-
ferent dust regions. The Chihuahuan Desert (59 cases) anated with the geological characteristics of high soil erodibil-
the Sonoran Desert (62 cases) are by far the most activity (Kavouras et al., 2007).
source regions. In general, the Chihuahuan Desert dominates
dust activities in the first half while the Sonoran Desert in the
second one (Fig. 6). The interannual trend is primarily driven
by the dust activities from these regions. The Mojave Deserr5
contributes 23 dust events during this period, while the Great
Basin Desert and the Colorado Plateau contribute only sevefthe major limitation of our approach is that the dust indica-
and eight dust events, respectively. tor parameters may not be universally available from routine
The dust records suggest clear seasonal variability in dusferosol monitoring networks. Our approach involves both
activities. The monthly frequency of dust events (Fig. 7) physical and chemical data of aerosol measurements, there-
shows a peak from March to July and a second peak in aufore requiring a comprehensive monitoring and analysis net-
tumn from September to November. Among all months, theyorks such as the IMPROVE program used in this study. In
highest number of dust records is in April, when the dustmany cases, especially over major dust regions over Africa
emissions in both the Chihuahuan and Sonoran Deserts argng Asia, routine measurements of aerosol size distribution
most active. The month of May sees almost the same numbegnd chemical composition are not available. The lack of these

of dust events as April, because the increase of dust activitiegerosol parameters limits the applicability of our approach to
in the Sonoran Desert can largely offset the diminished acqyst studies for those regions.

5 Discussion

1 Limitations of the dust identification approach
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Table 1. dentified local dust events from the IMPROVE monitoring network from 2000 to 2007. The concentrations and ratios listed in the
table represent the mean values if there is more than one identified dust episode.
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Site  SitelD Longitude Latitude PM PMs 5 PMo s/ Local Dust Events (YYMMDD)
(mgm3) (mgm3) PM;gRatio

1 BOAP1 —106,85 33,87 42,44 6,99 0,16 011016

2 GICL1 —108,24 33,22 35,59 7,71 0,22 070328

3 SACR1 -104,4 33,46 72,15 15,95 0,22 010410, 010925, 030415, 030602, 030605,
031226, 050311, 051203, 060312, 060619,
060622, 071114

4 WHIT1  —105,54 33,47 89,55 20,42 0,23 020426, 060216

5 BIBE1 —103,18 29,3 53,25 12,36 0,24 000322, 000422, 000921, 010209, 011124,
020210, 020309, 020312, 020330, 020402,
020616, 021110, 030328, 030406, 030415,
051127

6 GUMO1 -104,81 31,83 73,2 15,63 0,22 000422, 000517, 010422, 010603, 010624,
010715, 011016, 020309, 020420, 020502,
020511, 020526, 020610, 020613, 020619,
030202, 030304, 030415, 030418, 030515,
030723, 031208, 031226, 040608, 051127,
060318, 070223

7 CHIR1 —109,39 32,01 73,34 17,05 0,24 000408, 011109, 030521, 030717, 051127,
060601, 060716, 061222, 070328

8 IKBAL —111,68 34,34 62,53 18,76 0,29 010621, 020514, 030515, 030521, 030530,
030726, 040903, 070412, 070720

9 QUVAL —-111,29 33,29 61,2 13,64 0,22 011016, 020426, 020514, 030202, 030515,
030521, 030617, 030620, 030714, 030717,
030909, 041021, 060216, 060414, 060716,
060725, 070418, 070708, 071018

10 SAGU1 -110,74 32,17 57,79 18,13 0,31 011109, 030521, 030717, 060625, 070328,
070412

11 SAWE1 —111,22 32,25 75,59 20,23 0,25 011109, 030521, 030711, 030717, 030909,
070328, 070412, 070415, 070521

12 SIAN1 —110,94 34,09 59,6 17,22 0,3 011016, 030515, 030530, 070412, 060716

13 TONT1 -111,11 33,65 61,6 13,89 0,23 060716, 070412, 070708, 070720, 071006

14 PEFO1 —-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, 021125, 030106, 070412

16 DEVA1 -116,85 36,51 63,95 12 0,19 020508, 020511, 020520, 040903, 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, 011001, 020731, 030819, 050802,
060625

19 SAGAl1 -118,03 34,3 45,12 6,43 0,14 21002

20 SAGO1 -116,91 34,19 71,09 10,97 0,16 021125, 070412, 070521

21 SEQU1 -118,83 36,49 78,61 10,06 0,16 020710, 031030

22 HOOvV1l -119,18 38,09 149,29 45,76 0,31 20228

23 GRBA1l 114,22 39,01 104,62 18,85 0,18 20228

24  WARI1  -118,82 38,95 70,39 12,85 0,19 030921, 040310, 040903, 050916, 050922

25 INGA1  -112,13 36,08 107,08 32,39 0,3 70720

26 GRSA1 -105,52 37,72 51,28 11,1 0,23 000517, 020511, 030503, 050603

27 MEVE1l -108,49 37,2 65,2 13,68 0,22 030202, 030415, 050419

28 DOUG1 -109,54 31,35 81,27 21,2 0,26 070328 ,071108

29 PHOE1 -112,1 33,5 76,82 15,93 0,21 011016, 020511, 020722, 020917, 030202,
030515, 030530, 030714, 030717, 030909,
060405, 060414, 060625, 070412, 070720

30 FRES1 —119,77 36,78 88,88 16,65 0,19 040915, 060914, 060929, 061026, 070912
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Table 2. Comparisons of three simplified dust identification methods to the full method proposed in this study. Here the dust records identified
by the full method are used as reference data to calculate hits and false alarms.

Method Hitd False Alarm& Hit Ratd  False Alarm Rati8
Simplified Method # 49 381 27% 68 %
Simplified Approach R 24 86 13% 16 %
Ganor Approach 38 42 21% 29%

aMethod | uses two threshold values (Rit-40 pg T3, and PN 5/PM g ratio <0.35) to identify dust events;

b Method I is similar to that of Method I, except that the PMPM; g threshold value is set to be 0.20The

Ganor method (revised from Ganor et al., 2009) uses 24-ppRidncentration-100 pg nt3 as the sole criteria.

d Hits are the number of dust records identified by both the simple method and the full niéfraisie alarms are
the dust records selected by the simple method, but not by the full méthiitcRate is the percentage of “true”
dust events identified by the simple method to all events by the full me#iealse Alarm Ratio is the percentage
of “false” events (i.e., not considered local dust events by the full method) to all events selected by the simple
methods.

Alternatively, we consider here three simplified methodstiveness to identify local dust events, it should be pointed out
that use only basic aerosol mass concentrations, and conthat chemical fingerprint is still needed to assure the origin of
pare their capability to pinpoint dust events to that of the measured aerosols. For example, the measurement data over
full method using all five indicators. The first simplified ap- the three urban sites can satisfy all selection criteria for local
proach uses two dust indicators, the fWhass concentra- dust events, except the high levels of anthropogenic compo-
tion (>40 pg nT3) and the PM5/PMyg ratio (<0.35) as the  nents. Such information reveals either human contamination
filtering criteria. The PMg cutoff and the PMs/PMg ratio of the dust aerosols, or human motivated dust sources (such
cutoff are taken from the lower and upper 95 % values of theas road dust from unpaved road). Regardless of its complex-
corresponding parameters in the local dust group identifiedty, our proposed approach is likely to work most efficiently
by the full method as proposed in this study, respectively.when all five identification criteria are concurrently applied.
The second method is similar to the first one, except using

a PMps/PMyp cutoff of 0.20, the median value of the dust 55 pyst activities in the western United States
group. This ratio is also used by the US EPA to split fugitive

dust PMo into PM s (MRI’ 200.5)' Compared to the_ first Our study reveals that dust events in the United States oc-
one, the second method is considerably more exclusive. Thgur in almost all seasons. suagesting the prevailing impact
third method simply uses PM >100 ug nT2 as the identi- » Sugg 9 P g 1mp

fying indicator, following Ganor et al. (2009). Due o the of windblown dust across the year. This seasonal variation

. is consistent with previous model simulation over the United
IMPROVE sampling protocols, 24-h mean pj&oncentra- - g0 (Gillette and Hansen, 1989; Park et al., 2010). The
tions are used here, instead of hourly RMata as in Ganor

et al. (2009). Table 2 compares the performance of the thre(\é\/mdbIOWn dust emissions peak in the spring, due to high

Sy . ) win low soil moisture, and a lack of v ion cover
simplified methods to identify dust events to that of the full d spegd, ow soil moisture, and a’acko egetgto cove
method. Here we define the performance using two cate c)r(_)ver erodible land surface. The springtime maximum over
. c ; '€ P g 99T orth America was also reported in a long-term general cir-
ical evaluation metrics as introduced by Kang et al. (2009):

) . . . ulation model study by Tegen and Miller (1998). Some pre-
Hit Rate and False Alarm Ratio. Hit Rate is the percentage of "\ e
“true” dust events identified by the simple method to all dustvIous study (.g. Gatz and Prospero, 1996) has used the infre

events by the full method, while the False Alarm Ratio is thequency of summertime dust plumgs to ex'clude Fhe pQSS|b|I|ty
of the impact of dust storms on regional air quality. This work

percentage of "false” events (i.e., not considered local dUStand several previous modeling studies suggest that it is pos-

events by the full method) to all dust events selected by the_. Lo -
simple methods. The first simplified method has the highesfIble to see summertime impact of dust aerosols originated

. ; : . rom the western United States.
Hit Rate, catching 27 % of the dust events identified by the : )
full method. Meanwhile, it is also associated with the high- .~ thoudh the IMPROVE sites are not expected to cap

. . . re all ven nal | le, in particular for th
est False Alarm Ratio, with 68 % of the dust events |tselectedtGu e all dust events on a local scale, particular for the

i reat Basin Desert and southern Chihuahuan Desert where
Qeemed false by _the full method. When the 2 M;o ratio monitors are sparse, a dataset of observed dust events devel-
is further constrained to 0.20, the False Alarm Ratio has been

reduced significantly (to 16 %), but at the cost of Hit Rate, oped from using our approach can help evaluate the com-

. leten r efficien f llite- roaches. Mean-
which shows that the second method can catch only 130/£)e_te €ss or efliciency o satellite-based approaches. Mea
: while, a variety of computer models have been developed
of the dust events. The revised Ganor method demonstrat

S ; .
dust identifying capability between the two simplified meth—eto study the life cycle of dust aerosols and their effects

ST ; on the regional and global climate systems. Although dust
ods. Although these simplified methods show varying eﬁec'sources over North America contributes to only 3 % of global
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Fig. 8. Monthly variations of surface wetness over five dust source regions during the study period. The surface wetness is derived from the
NASA Modern Era Retrospective-analysis for Research and Application (MERRA) dataset. Five dust regions include the Chihuahuan Desert
(CHD), the Sonoran Desert (SOD), the Mojave Desert (MOD), the Great Basin Desert (GBD) and the Colorado Plateau (COP).

dust budget (Ginoux et al., 2001), previous model simula-from the NASA's Goddard Space Flight Centhttfp://gmao.
tions have highlighted the importance of dust aerosols ingsfc.nasa.gov/research/mejr&figure 8 shows that the low-
regional air quality and climate modeling over the westernest surface wetness is found in different months among these
United States (Draxler et al., 2010). The same observed dustgions. The Chihuahuan Desert generally sees an early dry
dataset can provide detailed comparisons between model argkason, while the Sonoran Desert and the Mojave Desert
observations on an event level. Furthermore, the rich poolre often associated with a prolonged and drier summer. Al-
of aerosol chemical composition data associated with thes¢éhough soil moisture controls several factors that influence
identified dust records are useful to compile chemical pro-dust emissions, the monthly surface wetness data here are
files for splitting dust aerosols. Recent advances of aerosahot in good correlation with the observed dust pattern. The
modeling (such as the latest version of the Community Mul-monthly regional mean of surface wetness may not repre-
tiscale Air Quality (CMAQ) model) require emission infor- sent the local condition under which dust emissions are ini-
mation of not only the mass flux and size distribution, but tiated. As discussed by many field and model studies, wind-
also the chemical composition of emitted dust particles. blown dust emission is a complicated process that has not
Dust activities display a four-year cycle during the eight- been fully understood. In addition, these processes are in-
year study period. While more data are needed to verify thiscreasingly complicated by human disturbance of the land
four-year cycle observed in this study, we discuss brieflysurface, such as the rapid urbanization in southern Arizona
here the possible driving forces behind this interannual vari-(Sorooshian et al., 2011). Future analysis of the meteoro-
ability. Climate models have predicted that a transition to alogical parameters and surface conditions over these regions
more arid climate is under way in the southwestern Unitedis needed to further investigate the underlying mechanisms
States, where multiyear drought and the 1930s Dust Bowkausing the interannual variations. Given the climate model
will become the new climatology within a time frame of prediction of a drier climate in the Southwest, it is interesting
years to decades (Seager et al., 2007). Windblown dust emige continue observing how the dust activities will respond to
sions are controlled by a number of important parametersthe changes in regional and global climate systems.
such as wind speed, soil moisture, surface roughness and
erodible dust supply (Marticorena et al., 1995; Gillette et
al., 1988, 2004). Among these controlling factors, surface6 Conclusions
wetness can be used as an indicator to drought condition,
which is often associated with dust activities in arid envi- Dust is a major component of atmospheric aerosols in many
ronment. Here we examine the monthly surface wetness oveparts of the world. There are, however, very few monitor-
the five dust regions using the Modern Era Retrospectiveind networks that are exclusively designed and deployed to

analysis for Research and Application (MERRA) datasetobserve sand and dust particles. General-purpose aerosols
monitoring networks, however, exist in a large number. The
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