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ABSTRACT
Observations of the mass and chemical composition of
particles less than 2.5 �m in aerodynamic diameter
(PM2.5), light extinction, and meteorology in the urban
Baltimore-Washington corridor during July 1999 and July
2000 are presented and analyzed to study summertime
haze formation in the mid-Atlantic region. The mass frac-
tion of ammoniated sulfate (SO4

2�) and carbonaceous
material in PM2.5 were each �50% for cleaner air (PM2.5 �

10 �g/m3) but changed to �60% and �20%, respectively,
for more polluted air (PM2.5 � 30 �g/m3). This signifies
the role of SO4

2� in haze formation. Comparisons of data
from this study with the Interagency Monitoring of Pro-
tected Visual Environments network suggest that SO4

2� is
more regional than carbonaceous material and originates
in part from upwind source regions. The light extinction
coefficient is well correlated to PM2.5 mass plus water
associated with inorganic salt, leading to a mass extinc-
tion efficiency of 7.6 � 1.7 m2/g for hydrated aerosol. The
most serious haze episode occurring between July 15 and

19, 1999, was characterized by westerly transport and

recirculation slowing removal of pollutants. At the peak

of this episode, 1-hr PM2.5 concentration reached �45

�g/m3, visual range dropped to �5 km, and aerosol water

likely contributed to �40% of the light extinction coeffi-

cient.

INTRODUCTION
Haze pollution has been studied intensively during the

last decade for its impact on our visual environment,

climate, and public health. Haze is caused by small parti-

cles scattering/absorbing visible radiation in the atmo-

sphere.1 In the United States, the atmospheric extinction

(scattering plus absorbing) coefficient is monitored at all

major airports through the Automated Surface Observing

System (ASOS; see www.nws.noaa.gov/asos) and is used to

calculate effective visual range,2 a crucial parameter for

flight safety. Since 1987, the Interagency Monitoring of

Protected Visual Environments (IMPROVE) network has

been measuring the temporal and spatial trends of visibil-

ity in the U.S. National Parks.3,4 IMPROVE results suggest

that haze is often regional in nature and is not restricted

to urban or industrialized areas. Regional haze events can

occur in all seasons. Understanding the link between local

and regional emissions and the formation of haze is crit-

ical to effective air quality regulation.

A hazy condition is distinguished by low visibility.

Visibility is a measure of the human eye’s ability to dis-

tinguish an object from the surrounding background.

This ability is restricted by suspended materials that

attenuate the light emitted or reflected by the object.

IMPLICATIONS
This article studies summertime PM2.5 and haze in the
mid-Atlantic region. Temporal and spatial variations in the
chemical composition of PM2.5 and its relation to changes
in the light extinction coefficient are investigated. Visibility
reduction is an outcome of rapid SO4

2� accumulation in a
humid atmosphere. Sulfate and haze accumulate on the
regional scale. Data from continuous monitoring and a ther-
modynamic model suggest that both local and regional
emissions and meteorology contribute to the occurrence of
a severe haze episode.
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According the Koschmeider equation,5 visibility can be
estimated from the atmospheric extinction coefficient:

Visibility �
3.912

bext
(1)

The scattering by air molecules (Rayleigh scattering) is
�13 Mm�1 at 520 nm at sea level. Rayleigh scattering
limits the visibility in the cleanest atmosphere to �300
km. Over the Earth’s continents, scattering and absorp-
tion by fine-mode particles, with size of the same order as
the wavelength of visible radiation, contribute to most of
the observed light extinction. The IMPROVE network uses
data on chemically speciated particles less than 2.5 �m in
aerodynamic diameter (PM2.5) to reconstruct the extinc-
tion coefficient and achieves a reasonable agreement with
the measured values.6 However, PM2.5 mass and chemical
composition can vary significantly from day to day. The
IMPROVE data, based on every-third-day sampling, are
not sufficient for resolving the evolution of PM2.5/haze
episodes.

In the U.S. mid-Atlantic region, haze is frequently
reported during the summer months.7,8 This region is one
of the most populated in the country. Industries and
utility generation in the cities, motor vehicle emissions,
and residential cooking/heating all contribute to the am-
bient fine aerosol mass. In addition, previous research has
shown that emissions from the industrialized U.S. Mid-
west can be transported downwind to the mid-Atlantic
region.9,10 The Maryland Aerosol Research and Character-
ization (MARCH)-Atlantic study set up a sampling site at
Fort Meade (FME), MD (39.10 °N, 76.74 °W; elevation
46 m mean sea level), almost in the middle of the Balti-
more-Washington (B-W) corridor. The FME site is one of
the U.S. Environmental Protection Agency (EPA) Photo-
chemical Assessment and Monitoring Stations (PAMS)
with continuous monitoring of ozone (O3), reactive ni-
trogen species (NOy), and volatile organic compounds
(VOCs) in place. For this study, additional instruments
were installed to determine the PM2.5 mass and chemical
composition, and concentrations of precursor gases such
as nitric acid (HNO3) and ammonia (NH3). Measurements
of the key pollution tracers carbon monoxide (CO), which
is nearly conserved on synoptic time scales, and sulfur
dioxide (SO2), a precursor gas of sulfate (SO4

2�), began in
June 1999 and October 1999, respectively. The FME site is
equipped with a radar profiler (Radian 915 mHz, Radian
Corp.) that continuously acquires wind speed and direc-
tion up to 4 km above ground level (AGL). Atmospheric
extinction coefficients were obtained through an ASOS
station at the Baltimore Washington International (BWI)
Airport, �15 km north of FME.

In this paper, we present the observations at FME and
BWI during two summer months, July 1999 and July
2000. July 1999 was unusually warm and dry in the mid-
Atlantic region. Daily maximum temperature on 26 of 33
sampling days was above 31 °C (the 30-yr norm) at BWI
while precipitation was less than 50% of the climate
norm. The hot and dry conditions were conducive to O3

formation, and the Baltimore area recorded six Code Red
(1-hr O3 � 124 ppbv; unhealthy) and 11 Code Orange
(1-hr O3 between 105 and 124 ppbv; unhealthy for sen-
sitive groups) days in the month. These O3 episodes were
usually accompanied by severe visibility reduction (see
www.meto.umd.edu/�ryan/summary99.htm).

In contrast, only three out of 33 sampling days in July
2000 experienced maximum temperature at or above 31
°C, and precipitation was nearly twice the climate norm.
No Code Red days occurred in this month. Temporal and
spatial variations of PM2.5 mass and chemical composi-
tion as well as visible light extinction in the two months
are examined. These results, along with radar profiler
observations and air parcel back trajectory analyses, are
used to study a severe haze episode in July 1999. The goal
is to understand how various factors contribute to haze
formation.

TECHNICAL APPROACHES
The location of FME, relative to the IMPROVE network, is
shown in Figure 1. The environment and configuration of
the sampling site are described in Chen et al.11,12 and
Chen.13 Although within the B-W corridor, this site, lo-
cated on a military base, is less urban than the EPA Balti-
more supersite (see www.chem.umd.edu/supersite/intro.
htm) and the IMPROVE site at Washington, DC.

Twenty-four-hour PM2.5 mass concentrations were
acquired daily through a sequential filter sampler
(SFS)14,15 modified by the Desert Research Institute (DRI)
and also every third day through a Federal Reference

Figure 1. Locations of FME and IMPROVE network sites in the mid-
Atlantic region. The three sites circled are chosen for comparisons with
FME in this study.
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Method (FRM) sampler (Anderson RAAS 2.5 Model 300).
Both SFS and FRM are gravimetric methods, utilizing
Teflon filters and weighing the filters at �30% relative
humidity (RH) before and after sampling to determine the
aerosol mass loading. A PM2.5 cyclone inlet (Bendix/Sen-
sidyne Model 240 cyclone) is used for the SFS, while the
FRM sampler adopts an impactor inlet. Hourly PM2.5 mass
concentration was measured continuously using a ta-
pered element oscillating microbalance (TEOM; Series
1400a, Rupprecht & Patashnick Co.) equipped with a
PM2.5 sharp-cut cyclone inlet. The TEOM is an inertial-
method instrument that draws ambient air through a
filter at a constant flow rate (3 L/m), continuously weigh-
ing the filter and calculating near real-time mass concen-
tration. To evaporate water associated with aerosol, the
sample air was preheated to 50 °C before being drawn into
the instrument.

Exposed Teflon filters collected from the SFS were
used to determine �40 elements (from sodium [Na] to
uranium, by X-ray fluorescence) besides aerosol mass. The
second channel of the SFS contained a quartz filter fol-
lowed by a sodium chloride (NaCl)-impregnated cellulose
backup filter. The quartz filter was used to determine the
concentration of water-soluble ions (chlorine [Cl�], ni-
trate [NO3

�], and SO4
2� by ion chromatography; ammo-

nium [NH4
�] by colorimetry; Na� and potassium [K�] by

atomic absorption spectrometry), while the cellulose filter
was used for capturing NO3

� volatilized from the front
quartz filter. Nitrate reported is the sum of NO3

� from
front and backup filters. Carbonaceous material was also
determined at 24-hr resolution using another SFS in
which quartz filters were installed to sample the air. The
thermal optical reflectance method (TOR)16 was applied
to measure elemental carbon (EC) and organic carbon
(OC) on the front quartz filters based on the IMPROVE
thermal protocol.16,17

Twenty-four-hour average gaseous HNO3 and NH3

concentrations were obtained using two sequential gas
samplers (SGSs) designed by DRI.15 Both channels of SGSs
contained a quartz filter followed by a backup cellulose
filter, but only one of them contained a denuder upstream
of the filters that can remove HNO3 or NH3. Total nitrate
(T-NO3

�: HNO3 � NO3
�) or total ammonium (T-NH4

�:
NH3 � NH4�) was collected by one channel, while only
particulate NO3

� or NH4
� was collected by the other

channel. The HNO3 or NH3 concentration was then de-
termined from the difference between the two channels.

Every single measurement from SFS or SGS contains
uncertainties from four origins: sample volume, analytical
noise, deposition homogeneity, and field blank concen-
tration. The uncertainty from each origin is estimated
(e.g., by flow rate performance test and replicate analysis)
and propagated to calculate the measurement precision.

The overall uncertainty associated with each ambient da-
tum is then reported; it is typically within �10% for a
measured value that exceeds 10 times lower detection
limits.14,15,18 For a total of 66 sampling days in July 1999
and July 2000, all of the mass, SO4

2�, NH4
�, OC, and EC

measurements have uncertainties at or below 10%. The
errors in the FRM and TEOM measurements are not as
well tested. They, however, can be evaluated through
intercomparisons with the SFS mass data.

One-hour average CO was measured continuously
throughout the period using a commercial instrument
(Thermo Environment Instruments Model 48) modified
to improve sensitivity and selectivity.19,20 The detection
limit for CO is �10 ppbv and analytical uncertainties
�10% are expected (95% confidence for a 60-min inte-
gration) for CO concentration ranging from 100 to 2000
ppbv. The instrument was calibrated every three months
using standards traceable to National Institute of Stan-
dard and Technology for quality assurance.

The ASOS at BWI employs a Belfort Model 6220 for-
ward scatter visibility meter (Belfort Instrument) to mea-
sure the clarity of the air. The system cants the transmitter
and receiver at a small angle, preventing direct light from
striking the receiver. ASOS projects light from a Xenon
flash lamp (visible spectrum 515 � 6 nm) in a cone-
shaped beam. The receiver measures only the light scat-
tered forward. The bext is assumed as being dominated by
forward scattering. The detection limit for 1-min average
bext is �50 Mm�1, which corresponds to a visual range
�80 km. According to the manufacturer, measurement
uncertainty is within 10% for bext from 102 to 106 Mm�1

(visual range 5 m to 50 km).
Air parcel back trajectories are used to study atmo-

spheric transport and potential source regions linked to
each pollution episode. As part of the MARCH-Atlantic
study, back trajectories were calculated for every sampling
day using the Hybrid Single-Particle Lagrangian Inte-
grated Trajectories (HY-SPLIT) model.21,22 HY-SPLIT was
configured using wind fields generated by the National
Centers for Environmental Prediction (NCEP) Eta Data
Assimilation System (EDAS) and analyzed over a domain
encompassing the continental United States (20 °N–55 °N,
60 °W–130 °W; see www.arl.noaa.gov/ready/hysplit4.html).
Draxler21 reported a potential error of 20–30% of total
travel distance when comparing HY-SPLIT calculated tra-
jectories with tracer plumes. Because the model terrain is
smoother than the actual terrain, calculated trajectories
near the surface in and near areas of complex terrain are
less accurate than trajectories at higher levels. This is
primarily caused by difficulties in resolving small-scale
frictional and turbulent effects. As a result, back trajecto-
ries are calculated at �1000 m AGL or approximately in
the middle of the afternoon well-mixed layer.

Chen et al.

948 Journal of the Air & Waste Management Association Volume 53 August 2003



PM2.5 MASS AND CHEMICAL COMPOSITION
Figures 2a and b show the time series of PM2.5 mass and
speciation concentration measured by SFSs in July 1999
and 2000, respectively. The SFS mass data are compared
with concurrent measurements of FRM and TEOM in
Figure 3. The correlation between SFS and FRM is high (r2

� 0.97) with an FRM/SFS slope �1.1. This agrees with
Watson and Chow,23 who reported a �10% positive bias
in mass measurements by the same type of FRM instru-
ment with respect to the DRI SFS. Because the FRM and
SFS are both gravimetric methods and adopt similar sam-
pling substrate and procedure, the 10% deviation could
result from using different size-selective inlets (impactor
vs. cyclone). Taking into account the 5–10% analytical
uncertainty existing in the SFS mass concentration (Figure
3), FRM and SFS can be considered in good agreement.

Twenty-four-hour average TEOM is also well corre-
lated to SFS (r2 � 0.91), but a significant negative bias
(TEOM less than SFS and FRM by �10%; Figure 3) appears
on low PM2.5 days. This deficit is likely caused by the loss
of volatile NO3

� and organics when sample air is pre-
heated to 50 °C.24 In summer, low PM2.5 conditions often

occur at cooler ambient temperatures. The lower the am-
bient temperature, the more material could be lost as
sample stream is heated. The comparison in Figure 3
suggests that TEOM data are reliable on high PM2.5 days
and adequate for studying PM2.5/haze episodes.

Major species contributing to PM2.5 mass include
SO4

2�, NO3
�, NH4

�, OC, EC, and crustal material. Or-
ganic matter (OM) is determined from 1.4 � OC to ac-
count for oxygen (O), hydrogen (H), and nitrogen (N)
atoms in organics.25 The mass of crustal material (CM) is
estimated from aluminum (Al), silicon (Si), calcium (Ca),
and iron (Fe) (i.e., 1.89 � Al � 2.14 � Si � 1.4 � Ca �

1.43 � Fe).17 The analytical uncertainties of CM were all
below 10% in this study. Aerosol reconstructed mass cal-
culated by summing SO4

2�, NO3
�, NH4

�, OM, EC, and
CM agreed closely with the gravimetric mass from SFS
with r2 � 0.97 and slope �0.9. On average, the six major
species explained more than 80% of the PM2.5 mass.

During the two months, particulate NO3
� was gener-

ally negligible because gaseous HNO3 is favored under
warm temperature conditions.26 CM concentration re-
mained low (�1–3% of the PM2.5 mass) except between
July 2 and July 6, 1999, when it exceeded 10 times the
monthly mean. NH4

� was strongly correlated with SO4
2�

(r2 � 0.97) with the NH4
�/SO4

2� molar ratio of �1.7. To
maintain the ionic balance, the majority of inorganic
aerosol was likely an acidic mixture of ammonium sulfate
[(NH4)2SO4] and NH4HSO4. Overall, ammoniated sulfate
(NH4

� � SO4
2�) accounted for more than half (52 � 9%)

of the PM2.5 mass, followed by OM (25 � 11%) and EC
(8 � 4%).

In July 1999, there were four episodes with a maxi-
mum 24-hr PM2.5 concentration of more than 30 �g/m3,
but only one in July 2000 was close to this level (July

Figure 2. Time series of PM2.5 gravimetric mass and reconstructed
mass measured by DRI SFSs at FME during (a) July 1999 and (b) July
2000. Analytical uncertainty of the gravimetric mass is shown.

Figure 3. Comparisons of 24-hr PM2.5 mass measured by SFS, FRM,
and TEOM at FME during July 1999 and 2000. The dashed line indicates
the 1:1 and �10% lines. Analytical uncertainty of the SFS mass is shown.

Chen et al.
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9–11). Hot smoggy conditions in the summer of 1999 led

to high O3 and H2O2 concentrations, accelerating second-

ary aerosol formation, while the lack of precipitation

slowed deposition rates. The mass fraction of ammoni-

ated sulfate in PM2.5 increased with PM2.5 mass and

reached �60% when PM2.5 was �30 �g/m3. The mass

fraction of carbonaceous material (EC � OM), however,

decreased to �20% (Figure 4). Although the concentra-

tion of carbonaceous material was relatively constant, the

high PM2.5 episodes were largely driven by elevated am-

moniated sulfate levels.

The PM2.5 reconstructed mass was usually less than

the gravimetric mass, and on high PM2.5 days the differ-

ence could be significantly greater than the 10% analyti-

cal uncertainty of gravimetric mass (Figures 2a-b). Possi-

ble sources of the deficit include underestimations of OM

and CM and certain unidentified species. Turpin and

Lim27 suggested that the OM/OC ratio in an urban envi-

ronment could be higher than 1.4, providing a plausible

explanation for the “missing” mass. However, the corre-

lation (r) of the mass deficit with SO4
2� is high at 0.73

(only 0.38 with OM). Malm et al.3 and Rees et al.28 sug-

gested that water associated with inorganic salts could

account for part of the unidentified mass. Though the

PM2.5 gravimetric mass in this study was determined at

�30% RH, well below the deliquescence relative humidity

(DRH, the RH at which a species starts to take up water

vapor) of (NH4)2SO4 and ammonium nitrate, water asso-

ciated with SO4
2� or NO3

� might not evaporate com-

pletely because of hysteresis effects.29 In ambient condi-

tions, RH is usually higher than 30% so that water

associated with SO4
2� is expected to be even more signif-

icant.

SPATIAL VARIATION OF PM2.5 SPECIES
The IMPROVE network operates �150 air/visibility mon-
itoring sites in the National Parks and Wilderness Areas
across the United States. Twenty-four-hour average chem-
ically speciated PM2.5 data are acquired twice a week at
each site.3,4 Sulfur and other elements such as Al, Si, Ca,
and Fe are measured on Teflon filters by particle-induced
X-ray emission or X-ray fluorescence at the University of
California, Davis. SO4

2� and NO3
� ions are analyzed on

nylon filters by ion chromatography. EC and OC are
analyzed by TOR at DRI. In this study, SO4

2�, EC, OM,
and CM at three IMPROVE sites, Washington, Shenan-
doah, and Brigantine (Figure 1), are compared with con-
current measurements at FME to determine their spatial
variations in the mid-Atlantic region. EC and OM were
determined using the same facilities/procedures and are
comparable between sites. For SO4

2� and CM, analytical
uncertainties �10% for each single measurement were
reported by both DRI and the IMPROVE network.

The Washington site (WASH, 38.88 °N, 77.05 °W;
elevation 10 m mean sea level), located in downtown
Washington, DC, is one of a few urban sites in the IM-
PROVE network. WASH is �20 km south of FME. Because
the WASH and FME sites are closely located in the B-W
corridor, their data can be compared to examine the ho-
mogeneity of pollutant distribution inside the urban cor-
ridor. The Shenandoah site (SHEN, 38.52 °N, 78.44 °W;
elevation 1097 m mean sea level) is rural, located at Big
Meadows, Shenandoah National Park, west-southwest
and generally upwind of FME. This site is at the eastern
boundary of the Appalachian Mountains and is less influ-
enced by surface sources because of its elevation.30–32 The
Brigantine site (BRIG, 39.47 °N, 74.45 °W; elevation 5 m
mean sea level) is also rural, located in the Brigantine
National Wildlife Reserve, generally downwind of FME
and several kilometers from the Atlantic Ocean. Both
SHEN and BRIG are �200 km away from FME and WASH.
Observations at SHEN and BRIG, when compared with
WASH and FME data, may resolve contributions from the
B-W corridor.

Sulfate, EC, OM, and CM concentrations at FME in
July 1999 and 2000 are plotted against concurrent mea-
surements at SHEN, WASH, and BRIG in Figures 5a-d. (For
a sampling frequency approximately twice a week, the
number of samples is probably equal to the number of
independent observations, assuming the autocorrelation
induced by coherence on synoptic scales on roughly 3
days during summer.) The FME and WASH data generally
show good correspondences in SO4

2�, EC, and OM
concentrations (r2 � 0.7–0.9), three major components
in PM2.5. The PM2.5 mass and chemical composition de-
termined at FME seem not to be seriously contaminated

Figure 4. Mass fraction of ammoniated sulfate and carbonaceous
material in PM2.5 vs. PM2.5 gravimetric mass. Data were acquired at FME
during July 1999 and July 2000.

Chen et al.
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by nearby sources and therefore can be considered repre-
sentative for the urban corridor.

For SO4
2�, good correlations are found not only be-

tween FME and WASH but also between FME and the
other two IMPROVE sites (r2 � 0.7–0.9). On 12 of 13 days
when concurrent measurements at the four sites are avail-
able, the highest SO4

2� concentration appeared at the
upwind high elevation site, SHEN. These observations
suggest that SO4

2� is widespread over a region �400 km
in diameter and could extend vertically from the surface
to the top of mixing layer.

Chen et al.12 and Stehr et al.10 presented HY-SPLIT air
parcel back trajectories associated with high SO4

2� and
SO2 episodes, respectively, in the mid-Atlantic region and
suggested strong contributions of sulfur emissions from
the U.S. Midwest. EPA emissions analyses33 show that
coal-fired electric utilities in the Ohio River Valley and
surrounding areas emit a high proportion of regional-
scale SO2 emissions. The SO2 emitted from these sources is
mixed upward in the planetary boundary layer (PBL),

converted to SO4
2� through cloud processes and may be

carried over the Appalachian Mountains by prevailing
winds. Transport can be quite rapid above the nocturnal
boundary layer (NBL) in the overnight hours, and the
transported SO2/SO4

2� is then mixed downward the fol-
lowing day, at great distances from its source, by the
evolving PBL. Chen et al.11 showed a midday peak in the
SO2 diurnal profile that supported downward mixing of
SO2 from aloft in the early afternoon. This conceptual
model of transport explains the observed spatial homo-
geneity of SO4

2� as well as the regional nature of haze in
the mid-Atlantic region.

The EC concentrations at FME and WASH are well
correlated (r2 � 0.88) but are generally higher than at
SHEN and BRIG. The correlations of FME EC with SHEN
EC and BRIG EC are lower at r2 � 0.38 and r2 � 0.29,
respectively. In contrast to SO4

2�, EC appears to have a
narrower spatial distribution centered along the B-W cor-
ridor. Chen et al.11 found good correlations between EC
and CO at FME, suggesting the influence of on-road

Figure 5. Scatter plots of 24-hr mean (a) SO4
2�, (b) EC, (c) OM, (d) CM concentration at FME vs. concurrent measurements at three IMPROVE sites,

SHEN, WASH, and BRIG, during July 1999 and 2000. The dashed line indicates 1:1 correspondence.

Chen et al.
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mobile emissions on both EC and CO concentrations. The
observed spatial distribution supports different source re-
gions for SO4

2� and EC. Combining factor and ensemble
back trajectory analyses, Chen et al.12 attribute �60% of
EC at FME to mobile sources in the corridor and �80% of
SO4

2� to sources from the Midwest.
The spatial pattern of OM is similar to that of EC

except showing a stronger correlation between the FME
and SHEN OM concentration (r2 � 0.62, intermediate
between SO4

2� and EC). Though the mobile emissions in
the urban corridor produce substantial OM in addition to
EC, there are also regional OM sources, such as biogenic
emissions and secondary OM formed in the atmosphere
from semi-volatile organic compounds.

The CM concentration generally stays below 1 �g/
m3, with the exception of increased concentrations on
July 3, 1999. Excluding this outlier, CM at FME is moder-
ately correlated with that at WASH, SHEN, and BRIG at r2

� 0.5. Though dust generated by traffic, construction
work, and other anthropogenic activities in the corridor
could be substantial, they are mostly coarse-mode parti-
cles. The occasional elevated fine-mode crustal concentra-
tion is likely dominated by more distant sources. A signif-
icant crustal episode occurred between July 2 and 6, 1999,
with concentrations of crustal material reaching �3 �g/
m3, and accounted for as much as 10% of the PM2.5 mass
(Figure 2). Prospero34 suggested that intercontinental
transport of the Saharan dust could impact air quality in
the southeastern United States. The HY-SPLIT back trajec-
tory initiated at midday July 3, 1999, does trace the air
parcel above FME back to northeastern Africa in �20
days.35

PM2.5 MASS AND VISIBILITY
Ammoniated sulfate, the most abundant PM2.5 species at
FME, is hydroscopic, and fine aerosol mass at ambient RH
can be greater than measured dry mass because of aerosol
water content. Theoretically, ammoniated sulfate begins
to take up water vapor once RH exceeds DRH. The in-
crease in water content changes both the aerosol scatter-
ing cross section and the light extinction efficiency. To
relate the measured dry PM2.5 concentration to bext, we
need to estimate aerosol water content based on known
temperature, RH, and aerosol composition. A chemical
thermodynamic model, ISORROPIA, was used to study
the aqueous/gaseous partitioning of H2O by assuming
thermodynamic equilibrium.

ISORROPIA is a bulk aerosol model designed for a
Na�-NH4

�-Cl�-SO4
2�-NO3

�-H2O system.36,37 Aerosol is
assumed to be internally mixed, meaning that all particles
of the same size have the same chemical composition.
ISORROPIA considers all possible reactions in gaseous,
aqueous, and solid phases and the mutual deliquescence

relative humidity of a salt mixture.38 The model can han-
dle either “forward” or “reverse” approaches. In the for-
ward approach, the inputs include concentration of Na�,
Cl�, T-NH4

� (NH4
� � NH3), T-NO3

� (NO3
� � HNO3),

and SO4
2�; the model calculates the abundance of NO3

�,
NH4

�, and water (H2O) in condensed (aqueous � solid)
phase and HNO3 and NH3 in gaseous phase. In the reverse
approach, inputs are aerosol-phase Na�, Cl�, NH4

�,
NO3

�, and SO4
2�; gaseous NH3 and HNO3 are calculated

by the model. This study adopted the forward approach
and assumed that Cl� and Na� were negligible. Daily
mean temperature and RH were used in the model be-
cause speciated PM2.5 data are limited to 24-hr resolution.
The equilibrium constants, Keq, vary near linearly with
temperature in the range of a typical day but can be
nonlinear with respect to RH.39 In the high ambient tem-
peratures of summer, the model usually predicts an excess
of HNO3 over NO3

�. Chen13 showed that the calculated
gas/aerosol partitioning of T-NO3

� and T-NH4
�, based on

24-hr mean temperature and RH, generally agree with
measurements within the range of analytical uncertain-
ties. Errors introduced by using 24-hr average temperature
and RH are not significant.

Figure 6 compares 24-hr average bext acquired from
BWI with reconstructed PM2.5 mass (just SO4

2�, NO3
�,

NH4
�, OM, EC, and CM with no H2O content) at FME. To

exclude poor visibility conditions caused by fog or precip-
itation rather than aerosol, data from dates with mean RH
�87% were not used. The correlation (r2) between the
reconstructed PM2.5 mass and bext is �0.4. Outlier points
tend to appear on the haziest days (bext � 300 Mm�1).
When including H2O associated with SO4

2�, NO3
�, and

NH4
� (estimated by ISORROPIA), the correlation (r2) is

improved to �0.6 (Figure 6). Apportioning bext to the six

Figure 6. Scatter plot of 24-hr extinction coefficient (bext) at BWI vs.
24-hr PM2.5 mass concentration with/without water at FME for July 1999
and 2000. Aerosol water content was estimated by ISORROPIA.

Chen et al.

952 Journal of the Air & Waste Management Association Volume 53 August 2003



major species through multiple linear regression does not
further improve the correlation. The spatial variation of
bext and PM2.5 concentration between BWI and FME and
unknown hydroscopicity of carbonaceous aerosol may
have prevented a more strict correspondence between the
observed bext and ambient PM2.5.

The bext/mass slope in Figure 6 yields an aerosol mass
extinction efficiency (at 95% confidence level) of 7.6 �

1.7 m2/g for hydrated aerosol and 10.8 � 3.4 m2/g if the
H2O is neglected. On average, H2O is responsible for ap-
proximately one-third of the bext. Hegg et al.40 suggested
a mass scattering efficiency (at 550 nm) of 4 � 1.1 m2/g
for carbon species and 2.7 � 1.3 m2/g for dry ammoniated
sulfate (at �30% RH) in a haze plume traveling off the
mid-Atlantic coast. Absorption was suggested to contrib-
ute as much as 25% to the total dry extinction. The
overall mass extinction efficiency in Hegg et al.40 is lower
than 7 m2/g but is within a factor of 2. For particles �1
�m in diameter, H2O can have a higher scattering effi-
ciency than SO4

2� and carbon,41 and that likely increases
the overall extinction efficiency of hydrated aerosols in
ambient atmosphere. Another possibility for the higher
extinction efficiency in this study results from using
wavelengths shorter than 550 nm in the ASOS visibility
monitor (515 nm).

HAZE EPISODE STUDY
The strongest haze/PM2.5 episode in the two summer
months of this study occurred on July 15–19, 1999 (Figure
2). A strong cold front crossed the mid-Atlantic region on
July 10 and stalled to the south by July 12. Easterly winds
in the wake of the front brought intermittent clouds and
showers to the region until the front finally dissipated on
July 14. Remarkably low PM2.5 (�5 �g/m3) was recorded
during this period. Surface high pressure moved over the
region on July 16 and remained in place until July 19.
Daily mean temperatures of 28–30 °C were observed dur-
ing this period. Fine particles began to accumulate on July
15 and reached maximum concentrations on July 19.
Figure 7 shows the 72-hr HY-SPLIT back trajectories initi-
ated at 1000 m (900 hPa) above FME at 1:00 p.m. (EST)
every day between July 14–July 20, 1999. Trajectory
heights of 1000 m were chosen for a few reasons. First,
accuracy of back trajectories increases with height above
ground level because the model is unable to fully resolve
near surface frictional and turbulent effects. In addition,
complex terrain in the mid-Atlantic, with peaks in the
Appalachian Mountains exceeding 1000 m, can further
decrease near surface accuracy. Second, a strong nocturnal
inversion develops nightly in quiescent summer condi-
tions, and major transport of pollutants often occurs
above the inversion layer.

From July 14 to July 19, SO4
2� concentrations at FME

increased 3-fold from �5 to �18 �g/m3 while carbona-
ceous material increased from �4 to �6 �g/m3. The ac-
cumulation in the PM2.5 mass was therefore primarily
caused by ammoniated sulfate.

Hourly PM2.5 mass (TEOM) and CO concentrations
are shown with temperature and RH in Figure 8. The
typical diurnal cycle for RH and temperature appears from
July 16 to 18 with maximum temperatures �32 °C and RH
ranging between 50 and 90%. CO, with its long atmo-
spheric lifetime, is a good tracer for combustion. In the
urban environment, CO concentrations are largely con-
trolled by motor-vehicle emissions and boundary layer
dispersion.11,42 The CO peaks in the early morning hours
are caused by intensive emissions from rush-hour traffic
into the shallow morning PBL. CO concentrations reach a
minimum in the early afternoon hours because of vertical
dispersion into a deeper PBL. CO then gradually accumu-
lates in the NBL. The weaker morning CO peaks on July
17 and 18 are caused by lower weekend traffic volume.

Above the surface, nocturnal low-level jets (LLJ), cen-
tered at �500 m AGL with a maximum wind speed of
more than 10 m/sec, were observed by the FME radar
profiler during the nights of July 16–July 17 and July 17–July
18 (see www.meto.umd.edu/�ryan/summary99.htm).43

The LLJ of the type observed during this episode is a
coastal plain phenomenon driven by differential heating
across an upward sloping terrain.44 In this episode, the
LLJs formed at �1900 EST and persisted until 0600–0700
EST. The LLJ diminished during the night of July 18–19,
resulting in a relatively calm condition that partly ex-
plained the higher nighttime CO concentration. The

Figure 7. Three-day air parcel back trajectories initiating at 1000 m
above FME at 1:00 p.m. EST for July 14–20, 1999. The circles indicate
24-hr intervals.
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arrival of a cold front late on July 19 brought stronger
winds, a cleaner air mass, and lower CO concentrations.

PM2.5 concentrations respond more strongly to long-
range transport effects than CO because of its predomi-
nantly SO4

2� content. Back trajectories show easterly
transport on July 14 shifting gradually to the northwest
by July 16. Sulfate concentrations increased significantly
on July 15 as the prevailing transport direction became
westerly. While westerly winds continued in the near
surface layers, a weak mesoscale recirculation that devel-
oped east of Cape Hatteras pushed southeasterly winds
into the region. Back trajectories show slow southeasterly
flows aloft throughout July 17 and persisting to midday
on July 18 (Figure 7). The diurnal variation of PM2.5 in the
presence of this wind shear regime is similar to CO, with
maximum concentrations at night falling off in the after-
noon hours (Figure 8). This diurnal pattern is explained
by the rising PBL in the afternoon entraining air from the
cleaner southeasterly flow. The recirculation, in contrast,
prevented quick dissipation of pollutants. Reflecting the
complexity of this scenario, SO4

2� concentration only
increased moderately on July 16–17.

By midday on July 18, the upper level disturbance
and associated vertical wind shear had dissipated. As pre-
vailing winds returned westerly, PM2.5 concentrations in-
creased more rapidly than did CO concentrations. By
noon on July 19, PM2.5 reached its episode maximum,
�45 �g/m3. Since the afternoon of July 19, convection
developed across the mid-Atlantic region in advance of a
north-to-south moving cold front. The radar profiler
shows a shift to strong north-northeasterly winds late on
July 19 becoming easterly as the frontal boundary passed

between 0100 and 0700 EST on July 20. By 0001 EST on
July 20, PM2.5 concentration was down to �15 �g/m3.

Effective aerosol mass per unit volume with respect to
light extinction (mass_vis) at an hourly resolution was
estimated from the measured bext. A mass extinction effi-
ciency of 7.6 m2/g (from Figure 6) was used to convert bext

to mass_vis [i.e., mass_vis (�g/m3) 	 bext/7.6 m2/g]. The
mass_vis was clearly influenced by both RH and PM2.5

mass (Figure 8). During the July 15–July 19 episode, the
highest RH �90% occurred at each early morning with
the lowest ambient temperature. The mass_vis agreed
with the dry PM2.5 mass (from TEOM) very well for RH
�60%, suggesting that the mass extinction efficiency of
7.6 m2/g, estimated from 24-hr bext, reconstructed PM2.5

mass, and calculated water, can be appropriate for this
case. The high RH period during the nights of July 17–July
18 and July 18–July 19 agree with the aerosol accumula-
tion closely in time, and this resulted in visibility reduc-
tion at night to �5 km. The cold front moving into this
area on July 20 lowered ambient temperature, increased
RH, and brought light rain in the morning hours (0641–
1005 EST) of July 20. At noon of July 20, the high RH
enhanced the bext caused by dry aerosol by as much as a
factor of 3 (Figure 8).

CONCLUSIONS
Haze is well understood as a result of light-scattering by
small particles in the atmosphere. However, the evolution
of a haze episode is complicated, involving the formation,
growth, transport, and dispersion of aerosols. This paper
investigates the general features of summertime PM2.5 in
the mid-Atlantic region. Based on the measurements by
various techniques (SFS, FRM, TEOM) at FME, July 1999,
which was warmer and drier than July 2000, appeared to
have a mean PM2.5 mass concentration �35% higher
than that of July 2000. The mass fraction of ammoniated
sulfate gradually increased to �60% for PM2.5 � 30 �g/m3

while the mass fraction of carbonaceous material de-
creased to �20%. Ammoniated sulfate was most respon-
sible for summertime haze at this locale. By comparing
the FME data with the IMPROVE network, high SO4

2�

concentrations can appear both upwind and downwind
of FME. Widespread SO4

2�, over a region �400 km in
diameter, compared with a much narrower distribution of
carbonaceous material around the B-W corridor, implies
that the source of SO4

2� is not local. Therefore, long-
range transport of SO4

2� from its source region, likely the
U.S. Midwest, is crucial for haze formation over the mid-
Atlantic region.

The pollutant concentration depends not only on
its sources but also on sinks, which usually includes dis-
persion and deposition. A stationary high-pressure sys-
tem that produces clear sky, subsidence, and relatively

Figure 8. Time series of 1-hr PM2.5 mass (TEOM) and CO along with
temperature and RH at FME between July 15 and 21, 1999. Mass_vis
indicates the effective aerosol mass with respect to light extinction (see
text). The lines associated with mass and mass_vis indicate the 4-hr
moving averages.

Chen et al.

954 Journal of the Air & Waste Management Association Volume 53 August 2003



stagnant conditions can lead to accumulation of pollut-
ants. The most serious haze/PM2.5 episode during the two
summer months occurred July 15–19, 1999, and was as-
sociated with a persistent ridge of high pressure. The
24-hr PM2.5 concentration monotonically increased from
12 to 35 �g/m3 over 5 days. Back trajectory analysis sug-
gests that westerly transport with some periods of recir-
culation occurred during this episode. The PM2.5 concen-
tration reached its maximum during the night of July
18–19 in the calmest nighttime PBL without the influence
of nocturnal LLJs.

Relative humidity is shown to be another important
factor influencing haze formation. Aerosol water content
in ambient conditions was estimated based on thermody-
namic equilibrium. A good correlation is achieved be-
tween hydrated PM2.5 mass and extinction coefficient
bext, leading to an aerosol mass extinction efficiency of
7.6 � 1.7 m2/g. At the peak of the July 15–19 haze epi-
sode, water likely contributed to �40% of the light ex-
tinction. Lowest visibility usually occurs at night because
of higher RH. A meteorological pattern that allows simul-
taneous accumulation of PM2.5 and water vapor is critical
in the summertime haze formation and should warrant
further experimental and modeling studies.
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