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Abstract

Chemically speciated fine particulate matter (PM2.5) and trace gases (including NH3, HNO3, CO, SO2, NOy) have

been sampled at Fort Meade (FME: 39.101N, 76.741W; elevation 46m MSL), Maryland, since July 1999. FME is

suburban, located in the middle of the Baltimore–Washington corridor, and generally downwind of the highly

industrialized Midwest. The PM2.5 at FME is expected to be of both local and regional sources. Measurements over a 2-

year period include eight seasonally representative months. The PM2.5 shows an annual mean of 13mgm
�3 and

primarily consists of sulfate, nitrate, ammonium, and carbonaceous material. Day-to-day and seasonal variations in the

PM2.5 chemical composition reflect changes of contribution from various sources. UNMIX, an innovative receptor

model, is used to retrieve potential sources of the PM2.5. A six-factor model, including regional sulfate, local sulfate,

wood smoke, copper/iron processing industry, mobile, and secondary nitrate, is constructed and compared with

reported source emission profiles. The six factors are studied further using an ensemble back trajectory method to

identify possible source locations. Sources of local sulfate, mobile, and secondary nitrate are more localized around the

receptor than those of other factors. Regional sulfate and wood smoke are more regional and associated with westerly

and southerly transport, respectively. This study suggests that the local contribution to PM2.5 mass can vary from

o30% in summer to >60% in winter.
r 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the last decade, there has been a growing concern

about the health and environmental effects of urban fine

aerosols. Epidemiological studies have demonstrated

statistical associations between short-term increase in

ambient aerosol concentration and daily mortality/

morbidity (Dockery et al., 1993). Fine aerosols are

essential to the formation of smog or haze that causes

light extinction and reduces visibility. In 1997, the

United States Environmental Protection Agency (US-

EPA) classified fine particulate matter as a criteria air

pollutant and added new annual (15 mgm�3) and 24-h

(65mgm�3) standards of ambient PM2.5 (particles with

aerodynamic mean diameters at or below 2.5 mm) mass
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concentration to the National Ambient Air Quality

Standard (NAAQS). The heavily populated US eastern

seaboard is among the regions where haze and smog are

frequently observed (Malm, 1992). Designing control

strategies to bring the PM2.5 level into compliance with

the NAAQS will require knowledge of the aerosol

chemical composition and source contribution. Field

studies conducted in this region suggest that ammonium

sulfate and carbonaceous material dominate the PM2.5
mass (Malm et al., 1994). Sulfate (SO4

2�) originates

mostly from the oxidation of sulfur dioxide (SO2), and

the major sources of SO2 in North America include coal-

burning utility plants. Carbonaceous aerosols, consist-

ing of elemental carbon (EC) and organic carbon (OC),

can result from a variety of incomplete combustion, such

as cars, trucks, residential stoves, forest fires, etc. Some

OC may be of biogenic sources or formed through gas-

to-particle conversion in the atmosphere. Other minor

constituents detected in fine PM include nitrate (NO3
�),

fly ash, and crustal material.

The Baltimore–Washington (B–W) corridor is one of

the major metropolitan areas in the US Mid-Atlantic

region. Utility plants and industries in the city of

Baltimore, MD and Washington, DC, traffic on the

highways, and residential cooking/heating can all

contribute to fine aerosols in the corridor. The local

(o100 km, roughly the B–W corridor) sources, however,
may not fully explain the fine aerosol mass observed.

For instance, it has been acknowledged that sources in

the US Midwest can contribute to sulfate over the

downwind Mid-Atlantic region (Ferman et al., 1981;

Malm, 1992). One of the goals of the Maryland Aerosol

Research and CHaracterization (MARCH-Atlantic)

study is to attribute ambient PM2.5 in the B–W corridor

to possible sources. Our approaches include sampling

24-h chemically speciated PM2.5 and aerosol precursor

gases and interpreting the data considering chemistry

and meteorology. A factor analysis model, UNMIX, is

utilized to characterize major potential sources. The

UNMIX-derived sources are studied further using an

ensemble back trajectory (EBT) analysis to locate source

regions. Special emphasis is put on partitioning local

and regional contributions to the aerosol mass.

2. Sampling techniques

For a representative air quality in the B–W corridor,

the sampling site was chosen at Fort Meade (FME)

(39.101N, 76.741W; elevation 46m MSL), a suburban

site B30 km from both downtown Baltimore, MD and
Washington, DC. There is no significant source within

1 km from the site. The field experiment took place over

2 years (June 1999–August 2001). One-hour average CO

and SO2 were measured continuously throughout the

period using commercial instruments (Thermo Environ-

ment Instruments Model 48 and 43A) modified to

improve sensitivity and selectivity (Chen et al., 2001).

The detection limit for CO and SO2 are B10 and
B0.1 ppbv, respectively, and analytical uncertainties
(AU) o10% are expected (95% confidence for a

60-min integration). Total reactive nitrogen (NOy)

primarily consists of NOx (NO+NO2) in an urban

environment but also contains a variety of other

oxidized nitrogen species such as HNO3, NO3
�, and

peroxyacetyl nitrates (PANs). At FME, NOy is mea-

sured with a commercial chemiluminescence detector

(Thermo Environmental Instruments, Model 42), con-

figured and operated by the Maryland Department of

Environment under the USEPA guidance. A B3m
glass/Teflon tube used to sample ambient air and the

stainless steel fittings remove HNO3 and NO3
� (Fehsen-

feld et al., 1987). The quantity reported as ‘NOy’ is then

most probably the sum of NO, NO2, and PAN.

PM2.5 of 24-h average was sampled daily utilizing two

sequential filter samplers (SFSs) in July, October,

January, and April (except April 2001) chosen to

represent summer, fall, winter, and spring, respectively.

Twenty-four-hour average CO and SO2 are also

calculated to compare with the PM2.5 data. The SFSs

have been deployed in many field studies (e.g. Chow

et al., 1996). The first SFS (SFS-1), equipped with a

PM2.5 size-selective inlet (Bendix/Sensidyne Model 240

cyclone) and an anodized-aluminum-coated HNO3
denuder, uses a Teflon filter on one channel for

determining dry PM2.5 mass and concentrations of

B30 elements (by X-ray fluorescence). The second
channel of the SFS-1 contains a quartz filter followed

by an NaCl-impregnated cellulose backup filter. The

quartz filter is used to determine the concentration of

water-soluble ions, while the cellulose filter is for

capturing NO3
� volatilized from the front quartz filter.

Particulate nitrate (NO3
�) reported is the sum of nitrate

on front and backup filters. The second SFS (SFS-2) is

designed to determine the PM2.5 carbonaceous material,

using two quartz filters (FQ and BQ) in series on one

channel and a Teflon filter (FT) followed by a quartz

backup filter (TBQ) on the second channel (Fig. 3). The

thermal optical reflectance method (Chow et al., 1993) is

applied to both front and backup quartz filters for

determining EC and OC. EC detected on backup filters

is usually below the detection limit but OC can be

significant. OC on backup filters could result from two

possibilities: (1) semi-volatile OC that evaporates off the

front filter captured by the backup filter (Zhang and

McMurray, 1987) and (2) gaseous volatile organic

compounds (VOCs) absorbed by front and backup

quartz filters (Turpin et al., 1994). The first possibility

causes a negative bias while the second a positive bias if

OC is determined solely using front quartz filters.

HNO3(g) is measured using a sequential gas sampler

(SGS-1). Both channels of SGS-1 contain a quartz filter
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followed by an NaCl-impregnated cellulose filter, and

one of them contains a HNO3 denuder upstream of the

filters. Total nitrate (T-NO3
�: HNO3(g)+NO3

�) is

sampled by one channel but only NO3
� by the other

channel. The HNO3 concentration can be determined

from the difference between T-NO3
� collected by the two

channels. Another SGS (SGS-2) is used to measure

NH3(g). In this case both channels contain a quartz filter

followed by a citric-acid-impregnated cellulose filter,

and one of them has a NH3 denuder made up of critic-

acid-coated parallel tubes upstream of the filters. The

analytical uncertainty in a single measurement is

typically within 710% for a measured value which

exceeds 10 times lower detection limits (Watson et al.,

1995; Chow et al., 1996).

3. Field observations

As summarized in Table 1, the major mass contribut-

ing species include SO4
2�, NO3

�, NH4
+, OC, and EC.

Seasonal variation of SO4
2� and SO2 are shown in

Fig. 1(a). The two highest monthly mean SO4
2� concen-

trations appear in July 1999 and 2000; SO2 in winter is

twice as high as that in summer. Long-term monitoring

at Washington, DC, within 30 km from FME, also

indicates higher sulfate concentration in summer (Malm

et al., 1994; IMPROVE, 2000). July 1999, which is

extremely warm and dry compared to July 2000 and

2001, has the highest SO4
2� concentration among the

three summers. This could result from a stronger SO2-

to-SO4
2� conversion due to the stronger insolation or a

longer atmospheric lifetime of SO4
2� due to the lack of

precipitation. Fig. 2 shows the SO2 diurnal profile in

which a distinct mid-day maximum appears, especially

in summer. Stehr et al. (2000) observed a similar pattern

at Wye River, MD and suggested that SO2 originates

from distant sources; more intensive turbulence around

noon mixes SO2 downward from aloft, increasing the

surface SO2 concentration. The lifetime of SO2 against

oxidation can have a significant seasonal variation

(Lusis et al., 1978). A shorter atmospheric lifetime in

summer may explain the stronger diurnal contrast in

SO2 concentration. Long-range transport from the US

Midwest is believed to be a major source of SO2 and

SO4
2� in the Mid-Atlantic region. However, the correla-

tion between SO4
2� and SO2 is weak in any season

(r2o0:2), and the variation of SO42� only explains
B20% of the SO2 variation. The high SO2 concentra-
tion in winter can imply increased contributions from

sources other than the US Midwest.

As shown in Fig. 1(b), HNO3 and NO3
� account, on

average, for o15% of the measured NOy. Therefore,

uncertainty due to line losses of nitrate should be minor.

Despite the uncertainty, two peaks and a mid-day low

can be easily distinguished in the NOy diurnal profile

(Fig. 2). This diurnal profile is somewhat opposite to

SO2, suggesting different source regions for the two

pollutants. The two peaks approximately agree with the

morning and evening rush hours in time. NOy concen-

tration could be strongly influenced by on-road vehicle

emissions. The correlation r2 between 24-h average NOy

and CO, a good tracer for mobile emissions, is B0.65.
Considering the complex nature of NOy and the AU, the

significant positive correlation indicates proximate

sources, likely traffic emissions. If so, the mid-day low

Table 1

Statistics of measurements at FME over eight sampling months

between July 1999 and 2000. AU, FQ, BQ, and TBQ are defined

in the text.

Species Mean71s
(mgm�3)

# of

samples

# of samples

>2�AU

Mass 13.0377.74 266 266

SO4
2� 4.5973.28 266 266

NO3
� 1.0471.51 266 257

NH4
+ 1.7571.16 266 266

EC 1.0670.57 266 266

OC (FQ) 3.1171.41 266 265

OC (BQ) 0.7270.45 263 179

OC

(TBQ)

1.4370.75 264 238

Cl 0.01370.072 266 16

Cl� 0.03570.1 266 36

Na 0.07270.11 266 69

Na+ 0.0470.035 266 214

K 0.06970.13 266 266

K+ 0.05670.11 266 265

Mg 0.01670.018 266 28

Al 0.03270.037 266 219

Si 0.08470.098 266 227

P 0.002270.0031 266 18

S 1.6971.22 266 266

Ca 0.02670.017 266 257

Ti 0.00370.0036 266 0

V 0.02170.024 266 0

Fe 0.06470.055 266 266

Mn 0.001770.0016 266 63

Ni 0.001270.0013 266 78

Cu 0.00270.0023 266 144

Zn 0.01470.013 266 265

As 0.000670.0006 266 1

Se 0.00270.0017 266 148

Sr 0.000770.0014 266 20

Br 0.004570.0031 266 251

Ba 0.008370.012 266 0

La 0.008570.012 266 0

Pb 0.004770.0034 266 118

HNO3(g) 2.7871.94 231 209

NH3(g) 0.5870.49 264 189

NOy

(ppb)

14.376.3 194 —

CO (ppb) 3147146 256 —

SO2 (ppb) 3.872.8 216 —
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could reflect the stronger turbulent dilution into deeper

PBL in the early afternoon. Nitrate is formed in the

atmosphere predominantly through oxidation of NOx.

The summer–winter contrast of T-NO3
� concentration is

not significant though NOy is B100% higher in winter
than in summer (Fig. 1(b)). In summer, >90% of T-

NO3
� is HNO3, but this fraction drops to o50% in

winter. The gas/particle partitioning of T-NO3
� depends

on ambient temperature and relative humidity (Seinfeld

and Pandis, 1998). At FME, temperature is lower in

winter than in summer typically by 20–301C; cooler

weather favors the formation of particulate nitrate that

becomes a significant fraction of PM2.5 in winter. NH3
concentration is particularly low in winter. NH3 coexists

with HNO3 in summer, fall, and spring but seems to be

depleted, forming particulate NH4NO3 as temperature

decreases in winter (Fig. 1(b)).

Monthly mean EC and OC (FQ) concentrations

do not show a clear seasonal cycle (Fig. 1(c)), but their

24-h values have much broader distributions in winter

than in summer (Fig. 1(c)). In other words, EC and OC

(FQ) levels in winter are driven by fewer but stronger

events. The ratio of OC (BQ) or OC (TBQ) to OC (FQ)

is lower in winter, and this could result from either a

lower vapor pressure of semi-volatile OC or less VOC

adsorption in winter. Chen et al. (2001) observed

positive correlations (r2B0:5020:84) of EC with CO at
FME and suggested that EC and CO have a co-located

source. OC (FQ) is well correlated to EC only in

winter with r2B0:820:9: Mobile emission, known to
contribute to OC, EC, and CO (Gertler et al., 2001), is

believed to be a major source of carbonaceous particles

at FME. The weak correlation between OC and EC in

summer may suggest significant OC from non-combus-

tion sources (e.g. biogenic and secondary OC) in

summer.

Fig. 1. Seasonal variation of 24-h average concentration of: (a)

SO2, SO4
2�; (b) NOy, NO3

�, NH4
+; and (c) EC, and OC at FME.

Monthly means are indicated by circles and median values by

short dashes. Boxes indicate the quartiles and vertical bars

indicate the maximum and minimum. FQ, BQ, and TBQ are

defined in the text.

Fig. 2. Diurnal variation of SO2 and NOy at FME by season.

Values are based on monthly means for each hour. Using

monthly medians instead does not change the pattern

significantly.
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4. Reconstructed and gravimetric PM2.5 mass

Aerosol reconstructed mass is calculated to determine

the extent of aerosol mass closure for the chemical

species detected. A possible deviation between recon-

structed mass and gravimetric mass results from OC

since mass is sampled by Teflon filter but OC by quartz

filter. On average, OC (BQ) and OC (TBQ) reaches

23712% and 49719% of OC (FQ), respectively.

Quartz and Teflon filters behave differently relative to

adsorbing VOC or evaporating semi-volatile OC, and

this artifact cannot be ignored in estimating OC on

Teflon filter. OC captured by a sequential quartz–quartz

filter includes particulate OC (POC, low vapor pressure),

semi-volatile OC (SVOC), and quartz-philic VOC

(QVOC) (Turpin et al., 1994; Warner et al., 2001). Since

Teflon generally absorbs much less VOC than quartz

(Mader and Pankow, 2001), a Teflon–quartz filter likely

obtains the same POC but less QVOC. Fig. 3 illustrates

the plausible distribution of OC on the two sets of

sequential filters. In case 1, QVOCbSVOC, OC on

Teflon filter, OC (FT), can be estimated by subtracting

OC (TBQ) from OC (FQ), assuming QVOC

(FQ)BQVOC (TBQ). In case 2, SVOCbQVOC,

Teflon–quartz and quartz–quartz filters would contain

more equal OC, and thereby OC (FT) is better estimated

by subtracting OC (TBQ) from OC (FQ)+OC (BQ).

The difference between OC (FT) determined in cases 1

and 2 is exactly OC (BQ). The actual OC (FT) could be

between the two extremes. Though there is no unargu-

able choice of OC, the OC (FT) defined in case 2 (the

upper limit) is used hereafter with the understanding

that B20% uncertainty may apply. The OC (FT) is

multiplied by 1.4, average molecular weight per carbon

weight (White and Roberts, 1977), to obtain the mass of

organic matter (OM) before entering the PM2.5 recon-

structed mass. Nitrate that evaporates from single-layer

Teflon filter could cause another deficit in PM2.5
gravimetric mass. Volatile nitrate detected on backup

filter (behind quartz) reaches the maximum in summer

when nitrate is low at 1–2% of the PM2.5 mass, and it

becomes nearly zero in winter. Therefore the loss is

expected to be minor.

Crustal material is another constituent of the PM2.5.

At FME, the five top aerosol elements primarily of

crustal origin include, in decreasing order of overall

PM2.5 mass fraction, Si (0.64%), Fe (0.49%), Al

(0.25%), Ca (0.2%), and Mg (0.12%). K (0.53%)

contains 81% soluble K+ that could originate from

vegetative burning. Twenty-four-hour concentration of

these elements remains much lower than the overall

means except in a few events when the elemental

concentration increases by 1–2 orders of magnitude

(e.g., fireworks on 4 July lift K and K+ levels). The

mass of crustal material has to include oxygen asso-

ciated with minerals and is estimated empirically (e.g.

1.89�Al+2.14� Si+1.4�Ca+1.43�Fe) (Chow et al.,
1996). Generally, crustal material contributes to o3%
of the PM2.5 mass. Na

+ is a good marker of marine

aerosols. The mass fraction of Na+ and Cl� in PM2.5
are 0.31% and 0.27%, respectively. Sea salt probably

contributes to o1% of the PM2.5 mass despite the

proximity of FME to the US east coast.

Reconstructed mass calculated by summing sulfate,

nitrate, ammonium, OM, EC and crustal material

closely agrees with the gravimetric mass (Fig. 4:

r2B0:94; slope B0.91). A deviation generally within
15% on low PM2.5 days reflects analytical errors and the

uncertainties in determining OC and nitrate. A more

significant negative bias appears on high PM2.5 days.

Fig. 3. Illustration of the idealized distribution of OC sampled

by sequential Teflon–quartz and quartz–quartz filters. The

arrow indicates the direction of sampling flow. All abbrevia-

tions are defined in the text. In this study, OC (BQ) and OC

(TBQ) are 23712% and 49719% of OC (FQ), respectively.

Fig. 4. Scatter plot of 24-h PM2.5 gravimetric and recon-

structed mass at FME. The solid and dashed lines indicate

1:1 and 715% lines, respectively.
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Malm et al. (1994) and Rees et al. (2002) presented

similar results and suggested that water could be part of

the unidentified mass. The Teflon filters are weighed at

30–40% relative humidity but water associated with

inorganic salts may not be removed completely. Turpin

and Lim (2001) point out that OM/OC ratio in an urban

environment can be higher than 1.4, and this provides

another explanation for the ‘missing’ mass. Despite

uncertainties, sulfate, nitrate, ammonium, and carbo-

naceous material combined explain a majority of the

PM2.5 gravimetric mass.

5. UNMIX factor analysis

Aerosol mass concentration measured at a receptor

site is the sum of contribution from various sources.

Ambient aerosol chemical composition usually bears

information about the composition and relative con-

tribution of each source. Chemical mass balance (CMB)

techniques (e.g. Kowalczyk et al., 1982; Chow et al.,

1992) assume a known number of sources and source

compositions in a receptor region and uses a least-

square approach to retrieve the source contributions

from observations at the receptor site. Factor analysis

methods (e.g. Koutrakis and Spengler, 1987; Chueinta

et al., 2000; Song et al., 2001) do not utilize knowledge

of sources but rely on a larger number of measurements.

A factor analysis model, UNMIX, is utilized here in the

attempt of apportioning PM2.5 mass to possible sources.

UNMIX depends on the ‘edge’ points (Henry, 1997).

Using the data alone, UNMIX estimates the number of

factors and the composition and contributions of these

factors to the particulate loadings (Henry et al., 1999;

Henry, 2000). One of the natural constraints imposed to

the model is the non-negativity condition since both

source compositions and contributions must be zero or

positive. However, the effects of analytical errors require

that UNMIX allows small negative values (Henry, 1997,

2000). UNMIX basically assumes linear combinations

of all source contributions. Since complex atmospheric

processes (e.g. deposition and gas-to-particle transfor-

mation) could weaken the source signatures, precautions

have to be exercised in linking resolved factors to real

source emissions. For example, Poirot et al. (2001)

suggest that a coal-burning source could produce

plumes of distinct compositions in summer and winter

and split into two factors in the factor analysis.

Unlike remote sites, local (o100 km) and regional
(100–1000 km) sources probably dominate the PM2.5
mass at FME. The relatively short source–receptor

distance is favorable for factor analysis since signals of

source composition could gradually decay during atmo-

spheric transport. Trace elements with concentration

usually below the AU are not considered as UNMIX

inputs. Only Na+, K+, K, Al, Si, S, Ca, Fe, Cu, Zn, Se,

and Br have more than half of their values greater than

twice the AU (Table 1). As suggested by their correla-

tions in Table 2, Al, Si, and Ca are one group primarily

of crustal origin while Se, Br, Zn, and Pb are another

group likely linked to combustion sources. Almost no

correlations are found between the two groups. Fe was

assumed to be crustal material but its correlations with

Cu, Pb, and Zn suggest other contributors. K and K+

are also correlated to Br and Pb better than Si or Ca if

three outlier points (4 July) are removed. To simplify the

problem, we exclude Si, Al, Ca, and Na+ from the

model inputs since (1) crustal and marine sources are

minor and contain little sulfate, nitrate and EC which

result mostly from combustion and (2) crustal sources

are diverse with their contributions likely dominated by

special and rare events.

Using nine input variables, including gravimetric

mass, SO4
+, NO3

�, NH4
+, OC (FT), EC, Se, Br, and

Cu, a unique six-factor model is resolved by UNMIX,

and their compositions and contributions are calculated.

The model explains at least 91% of the variance of each

of the fitting species. To test the model stability, an

Table 2

Correlation coefficients of species in PM2.5 at FME. Numbers in bold indicate higher correlations (r > 0:64 or r2 > 0:41)

(r) Se Br Zn Pb K K+ Fe Cu Al Si Ca Na+

Se 1.00

Br 0.67 1.00

Zn 0.64 0.79 1.00

Pb 0.58 0.73 0.73 1.00

K 0.43 0.62 0.57 0.75 1.00

K+ 0.47 0.66 0.61 0.75 0.97 1.00

Fe 0.48 0.47 0.60 0.61 0.57 0.53 1.00

Cu 0.22 0.28 0.34 0.44 0.31 0.32 0.72 1.00

Al 0.10 0.04 0.01 0.17 0.38 0.24 0.47 0.11 1.00

Si 0.09 0.02 0.04 0.11 0.30 0.16 0.46 0.05 0.89 1.00

Ca 0.15 0.16 0.20 0.22 0.30 0.19 0.48 0.10 0.65 0.66 1.00

Na+ 0.11 0.24 0.20 0.21 0.25 0.24 0.27 0.07 0.29 0.27 0.19 1.00
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arbitrary 1 month of data is removed from the UNMIX

input, and this causes little difference in the output

results. Table 3 shows the annual mean contribution of

each factor (F1–F6) to mass and each species, from

which one also obtains the factor composition. (Note

that Table 3 shows the factor contributions averaged

over the four sampling months in 2000, while Table 1

lists the overall mean concentrations of each species in

the eight sampling months.) The monthly median as well

as the 25th and 75th percentile contributions of each

factor, relative to the 2000 annual mean, is shown in

Fig. 5. UNMIX also estimates uncertainties in factor

composition (Henry, 2000); values in bold in Table 3 are

greater than twice the calculated uncertainty. The

difference between the reconstructed mass

(SO4
2�+NO3

�+NH4
++EC+OM) and gravimetric mass

in each factor is within 715%. A five-factor model
using the same inputs is available but can explain only

B80% of the data variance. Adding K, Fe or Zn to
build a six- or seven-factor model was unsuccessful,

generating no solutions. K, Fe and Zn could partly

originate from one or more sources that are unexpected

in the model (e.g. crustal sources). We estimate the

contributions of F1–F6 to species not included in the

model by multiple linear regression (Table 3). The model

explains the observations of Zn, Fe, and Pb (r2 > 0:6)

better than Al, Ca, and Si (r2o0:2). Relatively large
residues left from regressing Al, Ca, and Si suggest

significant contributions from other sources. The model

explains the CO variation (r2 ¼ 0:76) better than SO2
(r2B0:6 with negative loadings). The residue CO is
154.2 mgm�3 (B130 ppbv), typical for BG CO level over
Eastern North America (Poulida et al., 1991).

6. Source model discussion

Factors F1 and F2 together apportion B80% of the
sulfate. F2 differs from F1 by a higher Se/SO4

2� ratio. Se

is widely used as a tracer for coal burning and smelter

operations (Rabano et al., 1989; Malm and Gebhart,

1997) that usually generate SO2 and sulfate. SO2 should

dominate in a freshly emitted plume, but it is gradually

converted to sulfate as the plume ages. The Se/SO4
2�

ratio is expected to be higher in fresh plumes than aged

plumes. SO2 is associated more closely with F2 than

with any other factor (Table 3). Therefore, F1 and F2

suggest a thoroughly oxidized sulfate source and a

partially oxidized sulfate source, respectively. The

partially oxidized sulfate source should be geographi-

cally closer to FME to prevent a thorough oxidation

before its plumes arrive at FME; this will be shown later

Table 3

Compositions of six factors contributing to PM2.5 at FME

F1 F2 F3 F4 F5 F6 Residue r2

Mass 5.28 0.93 2.03 1.77 1.58 0.19 — 0.98

NO3
� 0.01 (0) 0.02 (2) 0.99 (49) 0.02 (1) 0.05 (3) �0.01 (�5) — 0.99

SO4
2�

2.64 (50) 0.70 (75) 0.10 (5) 0.16 (9) 0.47 (30) 0.11 (58) — 0.99

NH4
+ 0.83 (16) 0.25 (26) 0.33 (16) 0.08 (3) 0.13 (8) 0.00 (0) — 0.99

EC 0.19 (4) 0.08 (9) 0.17 (8) 0.40 (23) 0.09 (6) 0.05 (26) — 0.94

OC (FT) 0.57 �0.04 0.31 0.75 0.55 0.04 — 0.91

Cu� 103 0.07 0.14 0.2 0 �0.03 1.92 — 0.99

Se� 103 0.3 1.69 0.21 0.07 �0.24 0.02 — 0.99

Br� 103 0.61 0.6 0.48 0.32 2.68 0.06 — 0.99

OM 0.80 (15) �0.06 (�6) 0.43 (21) 1.05 (59) 0.77 (49) 0.06 (32) — —

Pb� 103 0.39 0.93 0.48 0.45 1.45 0.76 0.47 0.61

Zn� 103 0.49 4.22 2.88 1.14 4.72 1.35 0.51 0.70

Fe� 103 8.44 16.18 5.47 3.56 3.74 29.59 1.46 0.64

K� 103 7.86 4.28 9 10.44 18.25 5.47 1.09 0.45

K+� 103 6.65 3.78 11.07 8.98 13.45 4.51 �3.08 0.53

Ni� 103 0.14 0.39 0.28 0.24 0.07 0.23 �0.11 0.40

Mn� 103 0.17 0.67 0.4 0.15 0 0.3 0.1 0.50

Al� 103 12.89 �0.58 �0.4 �1.77 �0.18 3.52 15.5 0.19

Si� 103 28.56 1.76 �3.81 2.57 1.69 4.63 42.66 0.14

Ca� 103 3.66 0.84 �0.32 2.6 1.89 0.94 15.83 0.10

Na+� 103 1.97 �2.27 2.26 �4.33 10.43 0.41 33.27 0.09

CO 2.6 18.2 66.6 68.1 49.8 15.2 154.2 0.76

SO2 �0.78 5.69 1.62 0.25 �2.19 �0.3 6.24 0.63

Values (in unit mgm�3) shown are 2000 annual mean contributions of each factor. Values greater than twice the uncertainty calculated

by UNMIX are noted in bold. Numbers in brackets indicate percentage of species relative to mass. The r2 indicates correlation between

measured and calculated concentrations.
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in the EBT analysis. F1 should be relatively far away,

and its stronger contribution in summer is possibly due

to more efficient long-range transport besides a higher

SO2-to-SO4
2� conversion rate. It is noticed that F1

contains most unidentified mass. A large fraction of

secondary sulfate is formed in aqueous phase (Pandis

et al., 1992), and water associated with the sulfate may

explain part of the ‘missing’ mass. The OC and EC

apportioned to F1 probably have a proximate source

region and share similar seasonal variations.

Factor F3 is the dominant source of secondary

NH4NO3, and its contribution reaches a distinct

maximum in winter. The suspected origin of NOy,

HNO3, and NO3
� is mobile emission. The EC/OC ratio

in F3 isB0.55. Recent dynamometer and tunnel studies
suggest EC/OC ratios of 0.75–3 for heavy-duty (diesel)

vehicle emissions and lower values (B0.25–1) for light-
duty (gasoline) vehicles (Gillies and Gertler, 2000;

Gillies et al., 2001; Gertler et al., 2001). Since both

types of vehicular traffic are closely located, our data

based on 24-h sampling probably capture an average

emission profile. Disregarding that EC/OC-separation

can vary when different analytical methods are adopted

(e.g. Chow et al., 2001), a 0.55 EC/OC ratio supports the

association of F3 with a mobile source favoring gasoline

vehicles. F4 features the same EC/OC ratio as F3 but

shows a seasonal variation somewhat complementary to

F3. Carbonaceous material is the single dominant

species in F4. It is suggested that F4 represents the

‘summer profile’ of the mobile source, and it is separated

from F3 (winter profile) because it contains no nitrate.

The combination of F3 and F4 may better reproduce the

real profile of the mobile source. This is confirmed as

both the two factors apportion significant CO emission.

A recent (1999) tunnel study carried out in the Mid-

Atlantic region (Gertler et al., 2001) suggests an EC/CO

ratio of 1.8� 10�3 for light-duty vehicles and an
unquantified high value (>10�2) for diesels. The EC/

CO ratio in F3 is close to 2.6� 10�3. In F4, a larger
value of 5.9� 10�3 may result from greater contribu-
tions from diesel emissions in summer. Ambient

temperature is suggested to influence particulate emis-

sion of diesel engines through changing intake air

density and air–fuel ratio (e.g. Chen et al., 2001). The

F4 contribution reaches a maximum in fall rather than

in summer. Factor contributions depend on both source

strength and transport efficiency. Though the source

strength of F4 should peak in summer, stronger

summertime dispersion keeps its contribution low. The

role of meteorology in the source-to-receptor transport

will be discussed later.

Br and K are two important tracers in F5. Tradition-

ally, Br is mostly attributed to mobile sources (Kowalc-

zyk et al., 1982; Chow et al., 1992). Cadle et al. (1999),

however, suggest that vehicles manufactured after 1990

have substantially reduced the Br and Pb emissions.

Tunnel studies (Gillies et al., 2001; Gertler et al., 2001)

suggest that diesel vehicles dominate Br emission with a

Br/EC ratio B10�4. The Br/EC ratio in F5 is higher
than that by 2–3 orders of magnitude. Malm and

Gebhart (1997) note a strong correlation of Br with

atmospheric absorption at rural sites of low transporta-

tion and suggest that the Br is related to residential

wood burning. Turn et al. (1997) report an EC/OC

ratio ranging from 0.1 to 0.3 and a mean Br/EC (also

Pb/EC) ratioB10�3 for various types of wood burning.
These values are close to what we find in F5. The F5

peak in winter and contribution to K and K+ further

support its association with vegetative burning. F5 is

expected to contain CO but not high sulfate. However, a

positive correlation between sulfate and Br is observed

here and in Malm and Gebhart (1997). Sources of

sulfate and wood smoke may have some overlap

spatially.

F6 is relatively minor, contributingB2% of the PM2.5
mass. This factor suggests another sulfate source rich in

Fig. 5. Seasonal variation of contributions of six factors

derived from UNMIX. Monthly medians are indicated by

circles and quartiles by vertical bars. The dashed lines are added

to reproduce the likely seasonal variation.
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Cu and Fe. Given that the US Northeast is a highly

industrialized region, F6 could be caused by industrial

emissions, such as iron/copper smelters. Compared to

F2, F6 contribution is higher in fall and summer when

long-range transport is generally more efficient.

Justifying the choice of the number of factors is

difficult in factor analysis. Using too few factors may

combine sources of different nature together while using

too many factors make a real factor dissociate into two

or more non-physical sources. Kowalczyk et al. (1982)

employed a CMB model of seven sources, including soil,

limestone, motor vehicle, coal, oil, refuse, and marine

sources, to explain ‘primary’ total suspended particle

(TSP) mass in Washington, DC. Each of the last three

sources contributes to only B1% of the TSP. Soil is
quite dominant but appears mostly in coarse particles.

For fine particles, it is essentially a six-source approach

if one excludes soil, limestone, and marine sources but

adds secondary sulfate and nitrate. Though the sources

selected are not identical to the UNMIX solution here,

six factors seem to be sufficient for including major

PM2.5 contributors (except sea salt and crustal) in the B–

W corridor (e.g. Song et al., 2001). The factors found

here have such distinct characteristics that six factors are

thought to be necessary as well.

7. EBT analysis

Analyzing meteorology associated with episodes of

high or low factor contribution can provide insights into

source locations. For example, the wind rose analysis is

used to identify directions from which pollutants arrive

at a receptor site (Chow et al., 1996; Chueinta et al.,

2000). However, on the meteorological microscale sur-

face wind can be misleading since natural terrain,

vegetation and man-made structures can influence

surface flow significantly. Mean streamlines of synoptic

and meso-scale circulation, important for long-range

transport, are usually better described by air parcel

trajectories. A back trajectory traces an air parcel

backward in time from a receptor; source contributions

usually depend on the air parcel’s residence time over the

source regions (Moy et al., 1994; Poirot et al., 2001;

Polissar et al., 2001).

The Hybrid Single-Particle Lagrangian Integrated

Trajectories (HY-SPLIT) model (Draxler, 1991) was

used in this study to generate air parcel back trajectories.

The model input includes observational (actual) wind

field data, Eta Data Assimilation System (EDAS, model

range: 20–551N, 60–1301W, 0–B6 km; see http://
www.arl.noaa.gov/ready/hysplit4.html). Comparing

HY-SPLIT calculated back trajectory with the path of

actual tracer plumes suggests a potential error of 20–

30% of total travel distance (Draxler, 1991). An EBT

approach is developed to cooperate with the 24-h PM2.5

data. In this approach, the eastern US (30–551N, 65–

1051W) is gridded into 1� 11 areas (B40 km� 40 km).
The vertical dimension from surface to 4 km is divided

into eight 500m layers, and therefore 8000 cells are used

in total. Considering that transport over a regional scale

(B1000 km) generally takes 2–3 days and the lifetime of
fine particles against wet deposition is B1 week, 72-h
back trajectories (endpoints separated by B6min) are
calculated in this study. Trajectories were calculated

every 2 h to capture diurnal-scale meteorology. To better

consider dispersion and mixing across PBL, the initial

height of back trajectories is chosen at 500m above

FME (B950mbar). The history of incoming air on a
particular day (i.e. the daily average back trajectory) is

determined by counting endpoints of the 12 back

trajectories in that day to calculate ‘probability field’.

A probability field is a matrix of ratios of air parcel

residence time in each cell over ensemble time:

Ensemble time ¼ 72
hour

trajectory
� 12

trajectory

day

� N sampling days

Using this concept we can calculate daily (N ¼ 1),
monthly (N ¼ 30), or annual probability fields for the
receptor site. This ‘averaging’ approach reduces random

errors created in each trajectory calculation. Two kinds

of probability fields, ‘background’ (BG) and ‘high-day’

(HD), are especially useful in this study. The BG

probability field is an overall average, containing

trajectories of all 266 sampling days. In constructing a

HD probability field, only days of a relatively strong

factor or source contribution are selected. The difference

between HD and BG probability field, referred to as

‘incremental’ probability field, contains information

about the source location.

The chance of contributing distinguishably is different

for each factor. The criterion for selecting HD is a

compromise; including too many days will weaken the

signal of a factor while including too few days may

produce unrepresentative results. The similarity between

HD and BG probability fields can be estimated from

8HD–BG8, sum of the absolute values of the incre-
mental matrix elements. (Notice that the sum of

incremental matrix elements always vanishes.) Starting

with a HD using any daily probability field, 8HD–BG8
is usually B2; it is gradually reduced to zero as the HD
includes more and more days until finally HD becomes

BG. We calculate a series of HD probability fields for

F1–F6, starting from the day of the strongest factor

contribution, then adding the second, and so on. Fig. 6

shows the 8HD–BG8 of F1–F6 as a function of number
of HD included, in comparison with that obtained by

adding days selected randomly (RD). The curves

representing factors are above the ‘random’ curve, and

this indicates that daily ensemble back trajectories do

contain certain degrees of source signal. The F1 curve
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shows the weakest slope, suggesting that the back

trajectory leading to a strong contribution of F1 is most

favored. In this study, we adopt the HD probability field

in which 8HD–BG8 equals 0.75 since (1) 8HD–BG8
between 0.5 and 1 is where the factor curves differ from

the random curve most, (2) 8HD–BG8/8BG8 ratio of
0.75 means a HD B75% different from BG, which

provides an adequate contrast between the HD and BG

field, and (3) making 8HD–BG8 constant for all six
factors facilitate analyzing the extent of source region

from the incremental probability field. Therefore, the

number of days (and the fraction out of 266 days) used

to construct HD for F1–F6 is 56 (21%), 37 (14%), 34

(13%), 29 (11%), 42 (16%), and 38 (14%), respectively.

Due to inherent uncertainties, the calculated incremental

probability field may not indicate the exact contribution

of each area within the modeled domain. It is, however,

useful for comparing direction of transport and extent of

source region of the six factors.

Since the size of each cell in the EBT analysis is

different and depends on its latitude, it is not the

probability but the probability density (probability

divided by the cell’s size) that better represents the

history of air parcels. To compensate for this, the

probability reported hereafter has been divided by the

cosine of its latitude. (This causes limited differences in

the mid-latitude region, and hereafter we use the term

probability with the understanding that it is relative

probability density.) Fig. 7 shows the BG probability

field. The original three-dimensional matrix is squeezed

into two two-dimensional charts in order to present its

horizontal and vertical components separately. The

highest probability of 5–6% is at FME where all back

trajectories initiate, and higher value extends to its

northwest. Throughout the sampling period, north-

westerly transport is so dominant that emissions from

upwind west Pennsylvania, Ohio, and Michigan may

have the greatest impact on our sampling site. In the

vertical dimension, the trajectory ensemble generally

spends equal time between 0 and 1.5 km (AGL).

Usually, an air parcel entrains more pollutants if it

stays longer near the surface in source regions. However,

a high probability of back trajectory at the lowest level

(0–499m) around the receptor site, especially in summer,

could indicate low-level convection that dilutes pollu-

tants released locally.

The incremental probability fields of F1–F6 are

shown in Figs. 8(a)–(f), respectively (only positive values

shown). In Fig. 8(a), high probabilities appear in a

broad area west of FME but excluding FME. Longer

residence time of air parcels over FME is coupled with

lower factor contribution. This confirms that F1 is non-

local. Regions of higher probability include the Ohio

River Valley and Pittsburgh area; trajectories stay near

the surface when passing through these suspected source

regions. F1 represents regional sulfate that likely

originates from the Midwest and moves into the Mid-

Atlantic region along the northern border of Maryland.

Significant OC and EC in F1 explain most of the non-

local carbonaceous aerosols that could originate from

the Midwest. In contrast, the incremental probability

field of F2, another sulfate contributor, indicates a

strong local maximum (Fig. 8(b)). F2 generally con-

tributes more strongly under stagnant or stable condi-

tions when winds are weak and trajectories move slowly

in the PBL. This supports the assumption that F2

represents a nearby sulfate source. The incremental

probability is higher at north of FME, and this fine

feature links F2 to the cities of Baltimore and

Philadelphia, both of which have several coal-burning

Fig. 7. The BG probability field for FME using back trajec-

tories of 266 sampling days between July 1999 and 2001.

Fig. 6. Deviation of HD from RD probability field as a

function of number of days included in HD. F1-F6 indicate

the six factors derived by UNMIX. RD indicates the ‘random’

curve.
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Fig. 8. (a)–(f) The incremental probability fields (HD–BG) calculated for six PM2.5 contributing factors at FME.
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power plants. The F2 contribution is weaker in summer

when turbulence in the PBL is strong. An incremental

probability field using only summer trajectories suggests

that stronger F2 contribution in summer is usually

related to atmospheric subsidence associated with

synoptic scale high-pressure systems.

F5 represents a proximate source as well (Fig. 8(e)).

Compared to F2, the incremental probability of F5 is

less concentrated around FME, and therefore F5 may

have a broader source region. Higher probability

remains at low levels, extending from Washington, DC

to rural areas in central and western Virginia, where

residential wood stoves and fireplaces are often utilized

in winter. According to the National Emission Trend

1996 (USEPA, 2000), the fraction of CO emission from

residential wood burning is higher in Virginia (13%) and

West Virginia (10%) than in Maryland (3%), Pennsyl-

vania (4%), Delaware (2%) and New Jersey (1%). F5

contributes more strongly in winter probably due to the

stronger emissions and more stable PBL. The origin of

F6 seems to come from northeast of FME (Fig. 8(f)).

Between New York and Philadelphia is a heavily

industrialized corridor. Factories such as blast furnaces

and iron smelters can release trace metals (Cu and Fe)

appearing in F6. A dispersion model with finer spatial

resolution is required to investigate contributions of

these point sources.

In Fig. 6, the incremental probability fields of F3 and

F4 contain the lowest degree of source signature (e.g.

their curves are closest to the ‘random’ curve). These

two factors’ contributions depend least on the air parcel

back trajectory, implying that the mobile emissions are

too close to FME to be resolved by the EBT analysis.

(Note that major highways within a few miles from

FME include I-95, MD-295, US-1 (west), MD-175

(northeast), and MD-32 (south)). F3, similar to F2,

has a local maximum probability at the ground level but

shows little preferred direction of transport (Fig. 8(c)).

The F4 probability field shows no specific region of

dominance (Fig. 8(d)). F3 and F4 are thought to

represent the same mobile source, but they dominate

in different seasons. F3 is stronger in winter when the

high contribution of a local source is generally caused by

stable near-surface conditions. F4 contributes more in

summer and fall when air parcels spend less time within

the PBL, and atmospheric subsidence under the

influence of high-pressure systems is often responsible

for strong local contributions. The EBT analysis shown

in Figs. 8(c) and (d) clearly corroborates these concepts.

8. Conclusions

Twenty-four-hour average, chemically speciated

PM2.5 data acquired at Fort Meade, Maryland, over a

2-year period, including eight seasonally representative

months, are presented and analyzed here. Sulfate,

nitrate, ammonium, and carbonaceous material com-

bined explain >90% of the PM2.5 mass. Ammonium

sulfate dominates in summer (>50%) but its mass

fraction decreases to B30% in winter when more

ammonium nitrate is formed due to lower ambient

temperature. Carbonaceous material accounts for 30–

45% of the PM2.5 mass. Good correlations between EC,

CO, and NOy are observed; EC and a large fraction of

OC likely result from mobile emissions. Crustal material

and sea salt aerosols are minor, contributing o5% of
the PM2.5 mass. Reconstructed aerosol mass closely

agrees with the gravimetric mass despite a deficit partly

due to unaccounted species such as water.

A model of six factors that contribute to the PM2.5
mass is constructed along with source compositions and

associated contributions by a factor analysis technique,

UNMIX, using mass, SO4
2�, NO3

�, NH4
+, EC, OC, Br,

Se, and Cu as the model inputs. Two factors appear to

represent contribution of an aged sulfate source and a

fresh SO2/sulfate source. The model also suggests

contributions from wood burning and Cu/Fe processing

plants. Mobile emission is represented by two factors

distinguished by their nitrate content, and this implies

that a source with its composition varying temporally

may dissociate into two or more factors in the factor

analysis. We study source locations for the six factors

identified using an EBT analysis that calculates the

difference between probability fields of air parcel back

trajectories on BG and HD. The aged sulfate source is

more regional in character, resulting from emissions in

the Midwest, while the fresh SO2/sulfate mixture likely

originates from proximate urban areas north of FME.

Wintertime wood burning occurs more in rural areas of

Virginia and West Virginia, and the mobile-related

factors are dominated by traffic emissions on the nearby

highways. Fig. 9 shows the PM2.5 mass contributions, by

Fig. 9. Monthly contribution of six factors calculated by

UNMIX to the PM2.5 mass at FME.
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season, from the six factors calculated by the UNMIX.

Summertime fine PM is dominated by the regional

sulfate source, and the fraction of local contribution,

mobile sources plus local sulfate, increases from o30%
in summer to >60% in winter. Though high PM2.5
episodes were observed in both summer and winter, the

relative importance of local and regional sources could

be very different. This finding may affect the strategies

for controlling fine PM and haze pollution in the Mid-

Atlantic region.
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