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Abstract. The sources of fine particles over a 10yr period of emission controls on Sand NQ, on PM, 5 mass, the po-

at Little Rock, Arkansas, an urban area in the southern Mistential effect of events (i.e. fires) sensitive to climate change
sissippi Valley, were identified by positive matrix factoriza- phenomena on air pollution and the potential of offshore ac-
tion. The annual trends of PM and its sources, and their tivities and shipping emissions to influence air quality in ur-
associations with the pathways of air mass backward traban areas located more than 1000 km away from the sources.
jectories were examined. Seven sources were apportioned
namely, primary traffic particles, secondary nitrate and sul-
phate, biomass burning, diesel particles, aged/contaminated

sea salt and mineral/road dust, accounting for more tharl Introduction

90 % of measured Pp% (particles with aerodynamic diam-

eter less than 2.5um) mass. The declining trend obPM Atmospheric aerosol modifies Earth’s energy balance by
mass (0.4 ugm® per year) was related to lower levels of scattering sunlight back to space, absorbing solar and in-
Sofl‘ (0.2 ug n3 per year) due to S€reductions from point ~ frared radiation and changing the microphysical and ther-
and mobile sources. The slower decline for Narticles ~ modynamic properties of clouds (Ostrom and Koone, 2000;
(0.1 g nr3 per year) was attributed to the increasing N\H Lohmann and Feichter, 2001; Quinn and Bates, 2005). Over-
emissions in the Midwest. The annual variation of biomass2ll, atmospheric aerosols have a negative radiative forc-
burning particles was associated with fires in the southead'd from —0.20.2Wn1? to —0.8+0.2 W2, both di-

and northwest US. Of the four regions within 500 km from rectly and indirectly, through the cloud albedo effect (IPCC,
the receptor site, the Gulf Coast and the southeast US ac2007). Exposures to particulate matter are also associated
counted cumulatively for more than 65 % of Bimass, ni-  With acute and chronic health problems and lead to increased
trate, sulphate and biomass burning aerosol. Overall, mor&'0rtality rates from respiratory, cardiac and circulatory dis-
than 50% of PMs and its components originated from €ases, increased emergency care visits and hospital admis-
sources outside the state. Sources within the Gulf Coast angons for bronchitis and asthma (Brunekreef and Holgate,
western Gulf of Mexico include 65 % of the busiest ports in 2002; Peng et al., 2005; Brunekreef and Forsberg, 2005).
the US, intense marine traffic within 400km of the coast In the US, PMs (particles with aerodynamic diameter less
burning rich in S diesel, and a large number of offshorethan 2.5Hm) mass concentrations decreased by 27% be-
oil and natural gas platforms and many refineries. This apfween 2001 and 2010 (US EPA, 2012a). These trends were
proach allowed for the quantitative assessment of the impact8ttributed to the significant reductions of gaseous sulfur and
of transport from regions representing diverse mixtures offitrogen oxides from coal-fired power plants and mobile
sources and weather conditions for different types of parti-SOUrces. These gaseous pollutants are precursors of particu-

cles. The findings of this effort demonstrated the influenced@te sulfate and nitrate aerosol, the dominant species gfsPM
aerosol in the Midwest and eastern US. The slower decline on
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particle mass levels for “cool” months (October to April) as 2 Methods
compared to “warm” months was explained by the elevated
emissions from residential wood burning and the formation2.1 Sampling site and measurements
of temperature inversion layers that trigger the accumulation
of particles near the ground. The concentrations of PH mass and chemical species mea-
Shipping emissions are recognized as an important sourcéured at the NCore site in North Little Rock (EPA AIRS
of particulate matter and its precursors around the world!D: 051190007; Lat.: N 34.756072; Long.: W 92.281139)
(Wang et al., 2003; Deniz et al., 2008; Minguillon et al., for the 2002—-2010 period were retrieved from US Environ-
2008). The diesel engines in ships operate on fuel that cafental Protection Agency's Air Quality System (AQS). The
have extremely high sulfur content and porphyrin-contentNCore network (previously known as R Chemical Spe-
rich in V and Ni (termed as bunker oil). They are sub- ciaton Network) is comprised of 63 urban sites and 18 ru-
jected to modest emission controls in the US and around théal sites across the US. In each site, 1h and 24h $M
world, with the exceptions of passenger ships in the Balticmass, 24-h Pib_» s mass, PM s chemical speciation, NQ
Sea, North Sea and English Channel. It is predicted that ifNOy, O3, SG;, CO were measured. Filter sampling was done
the absence of emission controls, S€nmissions to the to- Once every three days, using a four channel speciation sam-
tal emissions in the US would increase from 21 % today toPler (Demokritou et al., 2001). Elements (from Na to U)
81%, NQ, emissions would increase to 28 % of total mobile Were measured by X-ray fluorescence spectroscopy, water-
NOy emissions in the US, and P emissions would almost soluble ions (sulfate, nitrate, chloride, ammonium, sodium,
triple to 170 000 tons yr! by 2030 (Corbett et al., 2003; Dal- Potassium, calcium and magnesium) by ion chromatography,
soren et al., 2009; Eyring et al., 2010). Diesel particles fromatomic absorption and colorimetry. Elemental, four fractions
ships and secondary aerosol from the oxidation opN@d  ©of organic carbon (evolved from ambient to I4Dfor OC1
SO, are shown to be related to 50-500 cancer cases, 75(volatile), from 140°C to 280°C for OC2 (semivolatile),
asthma attacks and 29 premature deaths per million peoplBom 280°C to 480°C for OC3 (nonvolatile) and from
within 15 miles of the port and influence the air quality in 480°C to 580°C for OC4 (non volatile)) and carbonate car-

receptor sites far away from the coast (Corbett et al., 2007bon were measured by the thermal optical reflectance (TOR)
Linder et al., 2008). method using EPA's laboratory standard operating protocols
The Little Rock/North Little Rock Metropolitan Statistical ~ (http://www.epa.gov/ttn/amtic/specsop.hfml|
Area (MSA) is a region on the western edge of the south- In Little Rock, the NCore site is located in a park adja-
ern MlSSlSSlppl Va”ey with a popu|ation of approximate|y cent to the intersection of Pike Avenue and River Road in
700,000. 24h PMs levels varied from 1 to 54 pg‘r‘r’? North Little Rock, AR by the Arkansas River. The annual
over the past 10 years, with annual PMfrom 11.4 to  average daily traffic (AADT) on these two roads is very lim-
12.6 ug nT3 in 2010. According to the 2008 Environmental ited (no estimates are provided by Arkansas State Highway
Protection Agency National Emission Inventory, the high- and Transportation Department). The streets with the highest
est contributing source to air pollution was prescribed firesAADT are W. Riverfront Dr and W. Broadway St with 5000
(1.076 tons yr1), followed by road dust (617 tonsv#); in- and 12 000 vehicles/day, respectively (ASHTD, 2011). The
dustrial and mobile sources emitted 100 and 300tonsyr Site is classified as commercial/neighborhood by EPA.
respectively (US EPA, 2012b). Winds were typically from N ] o
the northwest and south/southeast of the Gulf of Mexico, en2-2  Positive matrix factorization
abling the transport of particles and its precursors from sev-

eral regions with diverse characteristics. The objectives werell PMF (positive matrix factorization), the concentrations of

(i) to apportion the contributions of sources to fine partic- "a€rosol species for-sampling days are described by the
ulate matter in central Arkansas using positive matrix fac-Sum of the product of _the source Contr|put|®|(0xp)) and
torization; (ii) to assess the annual trends of 2ZMand its the source profile ma}trlxR(pxm)) wherep is the number of
sources: and (i) to identify and quantify the impacts of re- S0Urces and the residual componefifrixm)) (Paatero and

gions to fine particle mass and its sources using the trajectory2PPer, 1994; Paatero, 1997) (Eq. 1) through a solution that
residence time regression analysis. The latter was previousl{iNiMizes the objective functior(in Eq. 2) based on mea-

applied to assess the influences of source regions to sulfa@/r€mMents uncertainties:

concentrations in continental background sites (Gerbhart et

al., 2001; 2006; Xu et al., 2006) and black carbon in Arc- X (NXM) = G (Nxp) x F(pxm) + E(nxm) @)

tic (Huang et al., 2010). Here, we applied this approach on nxem [ Xik = D i (8ik X i) 5

physico-chemically active mixtures of fine particles from dif- 0= Zi Zk=1 [ oij } 2)

ferent types of sources (local and regional) in an urban area. '
wherex;; ando;; are the concentration and associated un-
certainty of j-species in-sample,g;; is the contribution of
thek-factor to particle mass iirsample, andf; is the mass
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The error model determined thg values as follows:
sij = tij + vijlxijl, (6)

wherer;; andv;; are the uncertainties and relative errors of
x;j. In our case, a seven-factor model with a rotation with

Norﬂrl Unf)jlg;;;'ére.at" e Tt i
mmﬁgst_LragEf S HE Fpeak= +0.2 was selected. It was done on trial and error
i e ;}Esg%}ﬁ— analysis of the solutions and by comparison of the source

California ™ 3 jt:;:' S o Bt U profiles with previous studies. The agreement between the
amd Pacific « [ | Poorr f%éfﬁ Y calculated and estimated mass concentrations was examined

roxag g Culf  (Florigap by the percent root mean square error (% RMSE).

S \‘K/fe&)?i‘z i| Coast
s“‘f?m@ 2.3 Residence time regression analysis
S %’

Five- (5) day back trajectories were generated every 1 h us-
ing the NOAA Hybrid Single Particle Lagrangian Trajec-
tory (HYSPLIT) model (Draxler, 2007) with the hemispheric
Global Data Assimilation System (GDAS) meteorological
data as inputs beginning at 00:00 UTC (a total of 2880 trajec-
tory points per day — 24 trajectories per dap days back-
fraction of j-species ork-factor. The PMF2 algorithm ap- ward per trajectork 24 h per trajectory day. The trajectory
plies a least-squares approach by considering that sourcearting height was defined at 500 meters based on clima-
profiles and contributions are not negative during the opti-tological mean boundary layer heights in the United States,
mization analysis. Thépeak value, a user-defined non-zero showing that a 500 m starting height would usually be in the
rotational parameter, controls the subtraction of the profileooundary layer (Seidel et al., 2012). Trajectories calculated
from each factor to eliminate the remaining rotational am- at lower altitude are subject to interference from topography,
biguity by forcing the addition of on€& vector to another, While trajectories at higher altitude would have been above
and subtracting the corresponding F factors from each othethe mixed layer at times and not representative of the air mass
and thereby yielding realistic solutions. The optimum num-in the mixed layer (Kavouras et al., 2013). The residence time
ber of factors (sources) and the rotation (controlled by thefor each 0.5 x 0.5° cells was equal to the sum of the num-
Fpeak value) lies with the mathematical solution in which ber of trajectories points (Ashbaugh et al., 1985; Poirot and
Q remains relatively constant, the highest individual column Wishinski, 1986). The geographical domain for the trajectory
mean (IM) and standard deviation (IS) from the scaled resid+egression analysis covered all cells with estimated residence
ual matrix drop significantly and the highest element in rot- time at least 72 h over the entire monitoring peried. (o).
mat increases (Paatero et al., 2002; 2005): The source regions included four region$ £55°) around
the monitoring site to describe local/state contributions and

IM = maxj—1._» <}Z" rij) A3) 16 source regions considering that the geographic size of the

n—i=1 source regions should increase with distance from the urban
IS = maxj—1..m (n—ilzlf’zl(r,-j - rj)Z) , (4)
wherer;; andr; are the individual and mean residuals, re-

area of each source region (Fig. 1). The four local source
regions were:

spectively. The rotmat matrix evaluates the rotational free-

dom of the solution, with the maximum value of the matrix

being indicative of the case with the largest rotational free-

dom.

In this effort, we run the PMF2 model in the robust method
with ana =4.0 using the error modeH12" (that uses ob-
served values). Missing concentration data are replaced by
the geometric mean of the measured concentrations while
missing uncertainties are substituted by four times the geo- The remaining sixteen source regions included:
metric mean of measured uncertainties. &halue, a user-
specified variable, defines the distance of outliets () from
the fitted value in order to include them into the analysis.

(xijzgik'fkj)/sij >a
k

N
2,000 Kilometers

l 6 500 1000
b

Fig. 1. The predefined source regions for Little Rock, Arkansas.

— Northwest (northwest Arkansas, eastern Oklahoma and
southeast Missouri),

— Northeast (northeast Arkansas, western Tennessee in-
cluding Memphis and northeast Mississippi),

— Southeast (southeast Arkansas, eastern Louisiana in-
cluding Baton Rouge and New Orleans) and,

— Southwest (southwest Arkansas and northeast Texas).

— Three regions in Canada (west, central and east),

— Pacific Northwest (Washington, Oregon, Idaho, Mon-
(5) tana, northern California, northern Nevada, northern
Utah and northwest Colorado),

www.atmos-chem-phys.net/13/3721/2013/ Atmos. Chem. Phys., 13, 3&/R2 2013
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— California and Pacific (Southern California and south- the region. The intercept, accounts for contributions from
ern Nevada), source regions outside the study domain. We estimated the
) source contributions by running the TrMB model with and
— Southwest US (Arizona, southern Utah, western New,yihout the intercept. In our study, we included all cells in
Mexico and northwest Mexico), which the air masses spent at least 72 hours over the study
— North Plains (North Dakota, South Dakota, NebraskaPeriod; thus contributions from sources outside the regions
and northeast Colorado), described above may be negligible. Xu et al. (2006) showed
that the computed contributions using the TrMB approach
— Central Texas (eastern New Mexico and central Texagwith and without the intercept are statistically insignificant
including all the urban areas except Houston, Oklahomaand they represent the upper and lower estimates of the con-
and Kansas), tributions, respectively.

— Southern Texas and northeast Mexico,

_ . . . o 3 Results and discussion
— Upper Midwest (Minnesota, Wisconsin, lllinois and

northern Missouri), 3.1 Types of fine aerosol

— Gulf Coast (eastern Texas including Houston, southemTaple 1 shows the values of concentration diagnostic ratios
Louisiana), Great Lakes (Indiana, Ohio and Michigan), and the types of Pl aerosol in Little Rock for the 2002—

— Southeast US (Kentucky, Tenneessee, Alabama, Geor%010 period. Sulfur (S) was present as sulfatei( Xwith

gia, South Carolina, western Virginia and western North sulfatg-to-sulfur ratio of 3.59 £0.35. The '\II’LBOA%_ mo-
Carolina), lar ratio (2.06+ 0.04) suggested that sulfate aerosols were in

ammonium sulfate ((Ni2SOy) form (Malm et al., 2002).
— Florida and Cuba, Eastern US (New England, Pennsyl-The OC/EC ratios (6.12 2.11) indicated a mixture of pri-
vania, eastern Virginia and eastern North Carolina) andmary and secondary organic aerosol from various sources.
) ) OC/EC values lower than 1.1 were indicative of primary traf-
— Caribbean Sea (Puerto Rico and Bahamas). fic emissions, while OC/EC values higher than 2.0 have been
observed for coal and biomass combustion as well as sec-
ondary organic aerosol (Cachier et al., 1989; Chow et al.,
1996; Watson et al., 2001; Turpin and Lim, 2001). Soluble
5otassium (K) accounted for 72% of total K suggesting

Because of the definition of the local regions, the impact of
sources within the Little Rock/North Little Rock metropoli-
tan area cannot be separated from the sources within th

state. The definition of a region encompassing Little RO.thhe significant impact of biomass burning emissions. Salts
(e.9. 100x 100 km centered at the site) would only add a sig- in soil also contributed about 20 % of4K Ratios of Al/Si

nificant amount of ambiguity to the model because everysin-0.48io'03) K/Fe (1.06:0.06) and Al/Ca (1.760.07)

gle trajectory ends at the site, thus the residence time woul ere comparable to those determined for samples collected
be the same. . at the Interagency Monitoring of Protected Visibility En-

. . ) Nronments (IMPROVE) sites in the Midwest and eastern
was computed by summing the residence times of cells tha‘EJnited States (Hand et al., 2012).

fell within each region. The relationship between particle The IMPROVE mass réconstruction scheme was applied

. X . 3 . .
mass dconcentratrl]on@,_( n _pghm‘ ) and tge tlm(_e ﬂ:jat Al 1o reconstruct aerosol mass into four major species, namely
spends over each regior) (in hours) was determine ' using secondary inorganic, organic, light-absorbing carbon, and
the Tracer Mass Balance (TrMB) model (Eq. 7) (Pitchford soil (Egs. 8-11) (Sisler 2000):

and Pitchford, 1985; Green et al., 2003; Xu et al., 2006):

20 20 20 Reconstructed PM: [EC] 4 [OM] + [Secondary Inorganjer- [Soil] (8)
vimat) L Ci=at)y T pi=at) . (Q-T-E);-1)(7)
) . o ) where[OM] = 1.6- [OC] 9)
whereC; (in pg m3) is the contribution ofj-source region
on i-sample,$; (in (Mg(n3h)) are the regression coeffi-
cients of the regions describing the combined outcome o
emissions from the areg)(;); aging and pollutants removed
due to gravitational settling, turbulent mix-out, and wet de-
position during transport to the receptor si®); and the
entrainment of particles from thg-sources to describe the where [EC], [OC], [NG], [NHI], [80‘21_], [Al], [Si], [Cal,
dissociation between the trajectory and the transpB).(  [Fe] and [Ti] are the elemental carbon, organic carbon, ni-
The units of theD, T andE factors were in pg(m® h) within trate, ammonium, sulfate, aluminum, silica, calcium, iron

t[Secondary Inorganie= 1.29- [NO3 | 4 0.944- [NH; ]+ 1.02. [SC; "] (10)

[Soil] = 2.2- [Al] 4+ 2.49- [Si] + 1.63- [Ca] + 2.42- [Fe] + 1.94- [Ti] (11)

Atmos. Chem. Phys., 13, 3728732 2013 www.atmos-chem-phys.net/13/3721/2013/
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and titanium concentrations (in pugm, respectively. Ni- 60 , , , , ,
trate may also be associated with coarse particles from neu- | slope 0.84 +0.02

tralization of gas phase nitric acid with sea salt or calcium 5o intercept0.8+0.3 o
carbonate. This was typically observed in the western US | 50 ;&2?523‘3%

(Malm et al., 2007). Organic carbon to organic mass (OC-to-
OM) conversion factors varied from 1470.2 in IMPROVE
background sites to 24 0.2 for rural PM s aerosol to re-
flect the presence of oxygenated functional organic com-
pounds formed during transport (Turpin and Lim, 2001;
Malm and Hand, 2007). We assumed an OC-to-OM conver-
sion factor of 1.6 which is typically used for urban BM ] ]
atmospheric aerosol (Turpin and Lim, 2001). Soil mass con- T o
centration [SOIL] was estimated as the sum of the elements A S
present in the soil as oxides. Carbonaceous aerosol (OM ] L
and EC) accounted for 56 % of P mass with OM be- 0 0 i 10 -0 2 20 A 0
ing the abundant component. Sulfate represented 29 % of

PM, 5 mass, while nitrate and mineral dust contributed ap-
proximately 8 % and 7 %, respectively.

N

o

1 "
o

B
0

1

Predicted PM, , mass (ug/m°)
w
o
1
1

=

o
1
o
1

Measured PM, ; mass (ng/m’)

Fig. 2. Comparison of measured and predicted mass concentrations

. of PMs 5 in Little Rock, Arkansas.
3.2 Sources of fine aerosol 251N reansas

The good agreement between measured £&hd predicted B :
(using the seven-factor PMF model) B¥mass concentra- nf? i M TT
tions (slope of 0.84-0.02, an intercept of 08 0.3 ug n3 boty ﬂ Hﬂm l m

and R = 0.90; Fig. 2) was indicative of a physically mean- ... | il rhm H—h s Hm m m il
ingful solution explaining most of the variability of fine par- Di:b - *T .
ticles mass (%RMSE of 3.3 % for P\ mass and less than - N + §
15% for individual chemical species). The difference was e Mol .ﬂﬂm‘ el
attributable to secondary organic aerosol formed from the e

condensation of biogenic (e.g. isoprene and terpenes) hy s LI S -
drocarbons which cannot be resolved using elemental trac IDED_;:H HH H H mf T H
ers, ionic composition and total EC/OC concentrations (Hu g 1=4; Ll L LI L TR, m o LITLL L
et al., 2010). The profiles of the seven retained factors anc¢ u1.d
their contributions to 24 h Plk mass concentrations are 0oif H HH“ H
shown in Figs. 3 and 4, respectively. The mean contribution & * ﬂ mmﬂ* mfhﬂm JLLEL
of each source on PM mass concentration is presented in Diie

Table 2. The seven factors were attributed to specific source | i

[l

Fine partiele (

of fine particles based on the loadings of individual chemical =3} N 0 rhm m i
species. The profiles were comparable to those computed i ™1™ B
other midwestern areas (Kim et al., 2005; Lee et al., 2006). ol . & . -

The first factor was assigned to primary particulate matter IDE”;:H H i H rf 1 m H H
from gasoline and diesel vehicles with high contributions of 14 LI Vﬂﬂm 0 N L O 1 U S S A
OC (total and Og, OG,, OG; and OG), EC, S, scﬁ—, K, o8 " ey
K* and heavy metals (Zn, Cr, Co) typically found in tailpipe oot} N = §
emissions (Lough et al., 2005). Soil elements (Al, Si, Fe, **¢ g =] Hﬂ N ﬂ i ﬂwmﬂ. 1
Ca) were also associated, indicating the possible influenci SELEERE L b EEEE T IS EII A S
of contaminated road dust released into the air by the fric- 2 Eg * -

tion between the tires and pavement as a vehicle travels. Pr.-

mary traffic emissions were responsible for &8.2pgnm® g 3 profiles of primary traffic particle), secondary nitratb),
of PMz 5 mass (Table 2) with no seasonal variation (Fig. 4a). diesel emissionéc), aged sea saftl), secondary sulphate), min-
The contributions to Pis mass were higher than 4ugth  eral dusi(f) and biomass burningg) in Little Rock, Arkansas.
for a limited number of episodes in early summer of 2005

to 2009.
The second factor was attributed to secondary; N@th nor contributions to EC and heavy metals found in pri-
high contributions to NQ, NH;, OC and S@‘. The mi- mary particles indicated a mixture of local and regional

www.atmos-chem-phys.net/13/3721/2013/ Atmos. Chem. Phys., 13, 3&/R2 2013
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Table 1. Diagnostic ratio of PM 5 chemical species and major aerosol types in Little Rock, Arkansas.

Value Concentration
Ratio (Meanterror)  Aerosol Type (Meatt error; pug nr3)
SOfl_/S 3.59+0.35 Elemental carbon 060.1
Molar NHj{/SOﬁ’ 2.06+0.04 Organic mass 740.9
OC/EC 5.88+0.35 Ammonium sulfate 3202
K*/K 0.72+0.06 Ammonium nitrate 14201
Al/Si 0.48+0.03 Soil dust 1.a0.1
K/Fe 1.06+0.06 Reconstructed PM mass 13211
Al/Ca 1.76+0.07 Measured Pl mass 13.£0.8

Table 2. Source contributions to Py in Little Rock, Arkansas.

Source Contribution
(Mean:t error; pg nr3)

Primary traffic emissions 0:80.2

Secondary nitrate 1403

Diesel emissions 120.2

Aged sea salt 1404 _

Secondary sulfate 4:80.4 ""gb

Mineral dust 1.6£0.1 =4

Biomass burning 3.805 g

Predicted PM 5 mass 12.8:0.9 5

Measured PM s mass 13.20.8 8
ém
En\i

influences. The contribution of particulate NQo PM; s
mass was 1.% 0.3 ug nT3, which was comparable to the re-
constructed concentration of nitrate particles using the IM-
PROVE scheme (Table 1). A clear seasonal profile with the
highest contribution being measured in the winter was ob-
served due to lower ambient temperatures promoting the gas-
to-particles conversion of HN§XFig. 4b).
The third factor showed strong contributions to OC%SD
Ni, V, Fe, Mn and other heavy metals and was assigned to
diesel emissions other than vehicles. This factor also demonFig. 4. Contributions of primary traffic particle@), secondary ni-
strated high contributions to OC, EC, S,50NO;, Niand  trate(b), diesel emissioné), aged sea saft), secondary sulphate
V indicating the possible influence of transport. The impact(€). mineral dus(f) and biomass burninfg) on PM, 5 mass in Lit-
of harbor and shipping emissions on fine particle levels in in-tle Rock, Arkansas.
land locations is previously observed. In our case, the Gulf
Coast in Louisiana and eastern Texas (i.e. Houston) is char-
acterized by increased marine traffic and many industrial op-
erations (i.e. oil refineries). This may include diesel particlesThis factor also correlated with OC, EC, S, $§hd NG,
from rail engines and coal-fired power plants. It accountedindicating contamination during transport. This factor con-
for 1.2+ 0.2 pgnT3 of PM25 mass (Table 2) with no sea- tributed, on average, 140.4 ugnT3 on PMb5 mass con-
sonal variability (Fig.4c). Episodes of high contributions to centration. Slightly higher contributions were computed in
PM, 5 were mostly observed before 2007. spring than those measured in winter and summer (Fig. 4d).
The high concentrations of Na, Nand Cl on the fourth The fifth factor showed strong contribution to elemental
factor suggested the contribution of aerosol with marine ori-S, Sq*, NHjlr and to a lesser extent to EC and OC. It was
gin (i.e. sea salt) possible from the Gulf Coast. While sea saltttributed to secondary sulfate, the primary type of fine parti-
particles are typically found in the coarse mode, a fraction ofcles in Midwest. This source accounted for 37.5 % (4 @4
them is associated with fine particles (Teinila et al., 2000).ug n3) of PMy 5. A weak seasonal variability was identified

Sampling date

Atmos. Chem. Phys., 13, 3728732 2013 www.atmos-chem-phys.net/13/3721/2013/
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Table 3. Absolute and relative (to 2002) annual trends forJ2Mand source contributions in Little Rock, Arkansas.

Component/Source Trend % Trendp-value
(Mgm3 peryr)  peryear
PM> 5 mass -0.4 —2.9% 0.000
Primary traffic emissions —-0.01 -34% 0.254
Secondary nitrate -0.09 -7.0% 0.000
Diesel emissions -0.11 -71% 0.001
Aged sea salt 0.03 3.9% 0.123
Secondary sulfate -0.20 -3.4% 0.001
Mineral dust —-0.01 -0.8% 0.610
Biomass burning -0.02 -12% 0.529

5o —— T o000 NO3, S and S@_. This source contributed 3200.5 pg nr3

’ 1 i to PMxs mass with very little variability (from 1 to 9
L 9000 ug n-3) throughout the year. The absence of a seasonal pro-
file was corroborated by residential wood burning in the win-
ter and the impacts of recreational, prescribed and wildland

fires in spring, summer and fall.

o - 8000

- 7000

3.3 Annual trends of fine particles and its sources

Burned area by fires (10° acres)

Ordinary least squares regression analysis of deseason-
alized monthly average PM mass and source contri-
- butions was used to determine the annual trends with-
2002 2003 2004 2005 2006 2007 2008 2009 2010 out the seasonal component (Jaffe and Ray, 2007). Ta-
Date ble 3 presents the annual trends (absolute and relative
Fig. 5. Annual variation of PM 5 from b!omass.burning in Lit- compared to 20012,% of P.%ﬁ mﬁss cogc;ent:jatlons ar:dt.tht?_
tle Rock, Arkansas and burnt area by wildfires in the USA for the Seven 'Sogr'ce (Hg(myn)). The observe reg S were statist
2002-2010 period. cally 5|gn|f|ca_1nt for PM s mass £0.4ug(m °yr); —2.9 %),
secondary nitrate (0.09 pg(riyr); —7 %), secondary sul-
fate (0.2 pg(m3yr); —3.4%) and diesel particles (0.11
pg(n3yr); —7.1%). The mean annual concentrations of
PMy.s mass. NO; and SG~ dropped from 1.3pgm? in 2002 to

Mineral dust was identified as a source of £4vin Lit- 1.0ugnt?in .2010 for NGy and, from 6.0pg m? in 2002
tle Rock with high contributions to Al, Si, Ca, Fe, and Ti. 10 3:3MgnT?in 2010. The observed decrease for;S@vas
In addition, fractions of OC, EC and other elements, such agomparable to the reductions of @missions nationally
Mg and Mn were also associated with this factor indicating (from 14,774 tonsyr* in 2002 to 7478 tonsyr* in 2010;
a mixture of road and mineral dust. The contribution of road 49 %) (EPA, 2012b). NQemissions were reduced by 30 %
dust to PM.s mass was 1.8:0.1pgnt3 with the highest (from 21135tonsyr? in 2002 to 14717 tons yr* in 2010).
contributions being observed in the summer. Prospero (1999fitchford et al. (2012) attributed the discrepancy between re-
showed that the transatlantic transport of Saharan dust waductions in NQ emissions and particulate NQevels to the
manifested by synoptic scale systems affecting large areadvailability of gaseous Nito react with HNQ and form
in the southeastern US. The maximum dust concentration§!H4NOs particles and the thermodynamic coupling of the
(8.4-16.3 pg m3) in southern Florida were observed in sum- SO, and NG; formation mechanisms. They concluded that
mer months (June—August). The examination of individual reductions of particulate SO (due to reduced SOemis-
8-day trajectories showed transport from the Atlantic Oceansions) would cause an increase to particulate;NBut the
while GOES imagery illustrated dust episodes in 2005 andoverall PMps would be reduced. The significance of this
2008 over the Canary Islands. As a result, the seasonal trengon-linear relationship may be crucial for southern Midwest
of mineral dust in Little Rock suggested the possible influ- because of the high Ngmissions in southern states.
ence of long-range transport (Fig. 4a and f). For mineral dust £0.8%), biomass burning—1.2 %)
Lastly, biomass burning was identified because of the highand aged/contaminated sea sa#t3(9 %), statistically in-
contributions to OC, EC and moderate amounts of K, K significant trends were computed (from0.02 to +0.03

Burnt area

—O— Biomass burning

— Fitting of biomass burning
+ + + 50% Prediction bands

Biomass burning contribution (ug/m®)

0.5

in 2002—-2005 with contributions of up to 30 pgron
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Fig. 6. Percentage of time the air mass parcel is in a horizontal grid ceft ¢0(b5°) using backward trajectories at 500 m in winfay,
spring(b), summei(c) and fall(d).

pg(n3yr)), because these sources may be influenced byand moderate El Nio events were identified in 2002 and
weather patterns and climatology. Figure 5 illustrates the2009. In these climate events, the equatorial Pacific Ocean
monthly contributions of biomass burning to B¥(and fit-  is warmer than usual, altering the weather conditions around
ting) and the area burnt (in acres) by wildland fires in thethe world. These conditions favored larger and destructive
US (data obtained from the National Interagency Fire Centerwildfires around the country. On the contrary, the colder
during the 2002-2010 period. While episodic high contribu- Equatorial Pacific in La Nia events facilitates colder than
tions from biomass burning were also computed for yearsnormal conditions in northwest US and warmer than normal
with reduced burned areas by wildfires (2003 and 2009 inin southeast US, reducing the fire risks years (Crimmins and
Fig. 5), on average, the trend of biomass contributions wasComrie, 2004; Littell et al., 2009).

comparable to that of the burned areas by fires in the US.

During the 2004-2007 period, wildfires burned more than 83.4 Regional contributions

million acres per year in the US as compared to less than

5 million acres in 2003 and 2008. This increase was par-Figure 6 shows the spatial variation of residence times in
tially attributed to sequencing of El Nid events (wet) and winter, spring, summer and fall. These maps show clear
La Nifa events (dry) by promoting the growth of fuels and seasonal differences between air masses near the ground.
the subsequently dry them out over a period of years (Crim-More specifically, winter trajectories originated often from
mins and Comrie, 2004; Littell et al., 2009). During the study north/northwest over the upper Midwest, North Plains, and
period, four ElI Nfio and two La Nia events were identi- traveled through the Mississippi Valley prior to their ar-
fied. Weak EIl Niio events were observed in 2004 and 2006rival in central Arkansas. In spring and fall, trajectories
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" ‘ - . ] main. The four regions around the site (NW, NE, SW and

SE in Fig. 1), the Gulf Coast and southeast US contributed
42% (5.6+0.9 pgn13), 16 % (2.1+ 0.3 ugnr3) and 10 %
(1.440.2 pgnr3) of PMo s mass, with sources within the
southwest sector being responsible for 2.0.3 pg m2 of
PM, 5. These sectors include the urban areas of Dallas in
Fig. 7. Contributions of predefined source regions onJ3Mnass Texas, Oklahoma City in Oklahoma, Memphis in Tennessee
(a), primary traffic particleb), secondary nitratéc), diesel parti- - 54 Baton Rouge in Louisiana and, point sources emitted cu-
cles(d), aged sea salt particl¢s), secondary sulphat), mineral mulatively 731,262 tons of Pi% in 2008 (48 % of national
dust particlegg) and biomass burning particléls) in Little Rock, . .

Arkansas. annual PM s emissions from point sources) (EPA, 2012b).
Moderate contributions from the upper Midwest (&.8.2
pgm3) and central Texas (0#40.2 ugnt3) were also
computed. The same areas were responsible for 60 % of pri-

demonstrated more local influences by spending most of theimary traffic particles followed by Pacific Northwest (16 %

time in surrounding states. On the other hand, air masses irach).

the summer extended from northeast to south/southeast cov- A slightly modified spatial pattern was observed for sec-

ering a larger geographical area from the central midwest tmndary nitrate particles with 35% of that being from the

the Gulf of Mexico and Cuba and were not as influenced bysouthern sectors (SW and SE), 19 % from Pacific Northwest

topographic restrictions. Thus, these distinctions indicatedand 11 % from the upper Midwest. Minor contributions (3—

that air masses in winter may have substantially different6 %) were also computed for central Texas and the NW sec-

compositional characteristics as compared to air masses fdpor. For the two sectors south of Little Rock, the increased
the other seasons, and particularly in the summer. nitrate contribution was due to the interaction of Nktch
Figure 7 shows the measr:érror) of the contributions of  conditions in southern Arkansas and Louisiana with air mass
each region on Pl mass and source contributions for the loaded in NQ/gaseous HN@ from metropolitan areas in
models with (lower line), and without (upper line) intercept. Texas to form NHNOs (Pitchford et al., 2012). Furthermore,

The differences of the contributions calculated for the twoemissions of other agents such as soil mineral (Ca, K) and

models were negligible (and statistically insignificant within sea salt (Na, Mg) off the Gulf Coast and semi-arid areas in

1 standard error) for ND, diesel particles, S§3 , mineral northeastern Texas may also neutralize Hid@d form sta-

dust and biomass burning. Some differences were observeble salts in the aerosol phase. The significant contributions of

for primary traffic particle and aged/contaminated sea saltthe Pacific Northwest and North Plains domains or;Név-
however, in these cases, the overall estimated contributionsls in central Arkansas were also attributed to neutralization
for specific sectors were negligible (320.4 ugnt3). These  of HNOs as the air masses travel over areas (North Plains,
similarities suggested that P mass and its components Nebraska, Kansas, Missouri, Minnesota, lowa) with the high-
originated from sources within the selected geographical doest NH; emissions in the US and the induced formation of
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nitrate particles due to typically lower ambient temperatures The spatial distribution of regional contributions to P
measured in northern US, as compared to those measured and its sources was comparable to those modeled for the
the southern Mississippi valley. Caney Creek IMPROVE site located in southwest Arkansas.
About 80% of secondary sulfates (30.3 pgnr?d) It is found that sulfate from east Texas, southeast US, and
(SOfl_) and 62% (0.20.2 ugnt3) of diesel particles upper Midwest; nitrate from central Midwest, and east Texas
(other than diesel vehicles) were allocated to the four secas well as organic aerosol from Houston and Arkansas were
tors around the receptor site, the Gulf Coast and the southresponsible for the observed reduction of visibility (ENVI-
east US. These areas include a large number of |gfint RON, 2007).
sources including coal-fired power plants, oil refineries, off-
shore oil and natural gas platforms and ports. In 2008, these
sources accounted for 55 % of annualsSgnissions inthe 4 Conclusions
US (33% southeast US, 8% NW, 5% southeast, 4% NW
and 4 % SW). Two electrical power plants are located withinThe sources of fine particles in central Arkansas for the
Arkansas, emitting approximately 68,000 tons of;8@ar  2002-2010 period were secondary sulfate (36 %), biomass
(less than 1% of all S@in the six regions) (one less than burning (20 %), aged sea salt (10 %), diesel emissions (9 %),
100 km southwest of Little Rock) (EPA, 2012b). The Gulf secondary nitrate (8 %), mineral dust (6 %), and primary par-
Coast also appeared to be the primary regional contributoticulate emissions from vehicles (2 %). The remaining unex-
for sea salt (25 %; 0.3 0.2 pg nm3) and mineral dust (55%, plained fine particle mass was attributed to secondary organic
0.4+ 0.1 pg nT3). The area of the Gulf Coast includes thir- aerosol. Strong seasonal variabilities were observed for ni-
teen of the twenty busiest ports in the US, with Houston andtrate (high in the winter) and mineral dust (high in early sum-
New Orleans being among the top five (US Army of Engi- mer) and a weak seasonal profile (high in the summer) for
neers, 2010). Marine traffic within 400 km from the land sulfate for the 2002—2005 period. These trends were consis-
in the western Gulf Coast ranks among the top five busiestent with those observed in other urban environments and the
areas in the world (more than 1/3 of vessel calls in the USdependence on meteorology and precursors emissions. The
mostly (~60 %) from tanker and container ships) (Ward and absence of seasonality of biomass burning emissions were
Gallagher, 2010). These ships used oil with high sulfur con-due to contributions from residential wood burning in winter
tent from 5 to 4500 ppm. The Gulf Coast region also includesand wildland fires for the other seasons.
approximately 3000 oil and natural gas platforms producing Fine particle mass concentrations and the contributions of
more than half of crude oil and natural gas production in thesecondary sulfate declined by 0.4 pg#and 0.2 pg m3 per
US. These platforms emit minor quantities of S@ss than  year, which is consistent with the reductions on,S#nis-

0.1 % of national S@emissions) but up to 1.5% and 5.3 % sion from point and mobile sources. A slower declining trend
of national NQ and VOCs emissions. was also observed for secondary nitrate despite the signif-
Approximately 45 % (1.3 0.2 pg n3) of biomass burn- icant reductions of NQ emissions. This was explained by

ing originated from the eastern (NE and SE) and SW secthe abundance of Nilin the Midwest that favors the for-
tors followed by Gulf Coast (9%, 0:80.1 ugnt3) and  mation of stable forms of ammonium nitrate particles. The
southeast US (8 %, 0.2 +0.1 pgm®). In these regions, most annual variability of biomass burning contributions to fine
of the emissions are from residential wood-burning, recre-particle mass correlated very well with the burnt area by fires
ational, agricultural and prescribed burns. Large fires are inin the US. The impact of transport of fine particles in cen-
frequently observed mostly in years with prolonged droughttral Arkansas was assessed by regression against the resi-
conditions. The combined contribution of the Pacific North- dence time of air mass in pre-defined regions. The four re-
west, North Plains and upper Midwest accounted for 20 % ofgions around the receptor site accounted for large fractions
biomass burning emissions (Qt80.2 pg nm3), mostly from of fine particle mass, primary traffic emission, secondary sul-
large wildfires in Colorado Rockies forests and agricultural fate and biomass burning. The contributions of sources in the
fires. Figure 8 shows the cumulative data of thermal anomasoutheast US and western Gulf Coast were also significant,
lies caused by fire incidents as they were detected by Terraccounting for 30 % of secondary sulfate and contaminated
and Agua MODIS satellites during the 2002—-2010 period.sea salt particles.

The size of the aggregating cells is 0.25 degrees per side. In this study, we demonstrated that residence time regres-
These results indicated many temperature anomalies east asibn analysis may be successfully used to identify the im-
south of the receptor site and in southern Alabama and Geompacts of emissions from specific regions on particle mass
gia with weak/moderate thermal signatures which are typ-and source contributions in urban receptor sites. Through this
ical of small-scale prescribed, agricultural and recreationalanalysis, the effect of wildfires on PM was identified and
burns. In addition, a smaller number of temperature anomathe role of meteorology and NHemissions was observed.
lies associated with higher temperatures were observed itn addition, the impact of shipping activities in the western
Kansas, Idaho, Oregon and Washington, indicating largerGulf of Mexico and coastal cities on fine particles was as-
long-lasting and more intense fire events. sessed; a region of potential interest as emissions from point
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