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[1] As part of the Atlanta Supersite 1999 study, aerosol radiative and related physical and
chemical properties are examined on the basis of measurements of PM2.5 (aerosol particles
with aerodynamic diameters, Dp, less than 2.5 mm) in urban Atlanta. In addition to
potential compliance issues with proposed regulatory standards, PM2.5 concentrations in
Atlanta and the surrounding region are large enough to have an important impact on
atmospheric radiative transfer and hence visibility and potentially regional climate.
Arithmetic means and standard deviations of the light scattering by PM2.5 (ssp at 530 nm)
and absorption coefficients (sap at 550 nm) measured at a controlled relative humidity of
49 ± 5% are 121 ± 48 and 16 ± 12 Mm�1, respectively. Though the mean light extinction
coefficient (sep) in Atlanta is much larger than background sites, it is comparable to
nonurban areas in the interior southeast United States highlighting the contribution of a
regional haze here. The single scattering albedo (wo) in Atlanta is 0.87 ± 0.08 and is �10%
lower than reported in nonurban polluted sites, likely a result of the emission of elemental
carbon (EC) from mobile sources. A pronounced diel pattern in aerosol properties is
observed with clear influences from mobile sources (morning rush hour maxima in
concentrations, particularly soot-related indicators) and atmospheric mixing (afternoon
minima). A strong linear relationship between ssp and PM2.5 is observed, and using
several techniques, gives a range of mean mass scattering efficiencies (Esp) from = 3.5 to
4.4 m2 g�1. EC and sap are observed to have a relationship though less strongly correlated
than ssp and PM2.5. Four methods of determining the mass absorption efficiency of EC
give Eap ranging from 5.3 to 18.3 m2 g�1. This wide range of values is a result of the
variability in aerosol properties, uncertainties in the light absorption method, and in
particular, differences in the EC measurement techniques. Best agreement was found using
measured EC mass distributions using a multistage impactor in comparison to sap
calculated with a Mie code yielding Eap = 9.5 ± 1.5 m2 g�1, while EC mass summed from
the impactor stages in comparison to measured sap gives Eap = 9.3 ± 3.2 m2 g�1. Mie
light-scattering calculations using inputs of measured mass and EC size distributions give
geometric mean light scattering and absorption Dp = 0.54 and 0.13 mm, respectively, and
show the dominance of the submicrometer diameter particles to light extinction in the
urban environment. Based on the measured aerosol optical depth in Atlanta, da (500 nm) =
0.44 ± 0.22, and other radiative measurements, a best estimate of the average direct
aerosol radiative forcing at the top of the atmosphere (a measure of the climate
significance) is �F = �11 ± 6 W m�2 in Atlanta. This value is an order of magnitude
greater than global mean estimates for aerosols underscoring the influence of aerosol
particles on radiative transfer in the urban environment. INDEX TERMS: 0305 Atmospheric
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1. Introduction

[2] The southeastern United States has experienced a
substantial increase in population over the past several
decades. In particular, the Atlanta metropolitan area pop-
ulation has grown by nearly 40% within the last 10 years.
Associated with this population increase are increases in the
emissions of anthropogenic pollutants from a variety of
stationary and mobile sources. These pollutants include
particulate matter, which is directly emitted (e.g., soot and
trace metals) as well as formed in the atmosphere from the
reactions of gaseous precursors (such as NOx, SO2, and
VOCs). For example, Atlanta is well known for its lack of
compliance with O3 standards and was frequently out of
compliance during this experiment (P. V. Solomon et al.,
unpublished manuscript, 2001a). Also of particular concern
is the fraction of aerosol mass having diameters less than
2.5 mm (PM2.5), since these particles are believed to most
adversely affect human health [Wilson and Suh, 1997;
Weber et al., 2003a]. With the impending implementation
of EPA National Ambient Air Quality Standards (NAAQS)
for PM2.5, a substantial portion of the eastern United States
may be out of attainment [Parkhurst et al., 1999]. Thus it is
important to understand the sources and processes respon-
sible for the observed concentrations of PM2.5 in potential
nonattainment areas, such as metro Atlanta, so that appro-
priate control strategies can be developed.
[3] In addition to health impacts, PM2.5 efficiently scat-

ters and absorbs solar radiation thus impacting atmospheric
visibility [Waggoner et al., 1981]. Moreover, U.S. trends in
visibility show that over the last few decades the area of
maximum visibility degradation has shifted in season from
winter to summer and in location from the Ohio River
Valley further southeast and in the region around the Great
Smoky Mountains [Husar and Wilson, 1981, 1993; Malm et
al., 2000]. Based on historic observations of visual range
(Lv), Husar and Wilson [1993] show that since 1960
visibility has decreased by as much as 30% in many parts
of the southeastern United States due to increases in PM2.5.
Additionally, by their interactions with atmospheric radia-
tion as well as the paramount role of aerosols in cloud
formation, aerosols are thought to influence climate through
the perturbation of the global energy balance [Charlson et
al., 1992; Penner et al., 1994; Schwartz, 1996; Intergov-
ernmental Panel on Climate Change (IPCC ), 2001]. Also,
the attenuation of solar radiation by aerosols may also
influence photosynthesis [Chameides et al., 1999; Cohan
et al., 2002] and atmospheric photochemistry and thus
modify the concentrations of species such as O3 [Chang
et al., 1987; Jacobson, 1997; Dickerson et al., 1997].
[4] The key parameter determining the influence of

aerosols on visibility is the aerosol light extinction coeffi-
cient (sep), the sum of the aerosol light scattering (ssp) and
absorption coefficients (sap). The influence of aerosols on
climate, photochemistry as well as crop production depends
on several additional factors. These parameters include the

aerosol optical depth (da(l), the integral of sep with height),
aerosol single scattering albedo (w0, the ratio of ssp to sep),
and the aerosol upscatter fraction [Coakley and Chýlek,
1975; Haywood and Shine, 1995; Russell et al., 1997]. Due
to a lack of pertinent aerosol measurements, the above
mentioned aerosol influences have yet to be systematically
addressed, particularly in the southeastern United States [Yu
et al., 2001].
[5] This paper discusses PM2.5 optical properties sampled

near ground level during the Atlanta Supersite study con-
ducted from 30 July to 3 September 1999. Measurements
include ssp and sap, measured at low (RH < 50%) instru-
mental relative humidity, as well as PM2.5, elemental carbon
(EC) and organic carbon (OC) mass concentrations. In
addition, multistage impactor measurements are used to
estimate ssp and sap as a function of Dp in order to determine
the particle sizes responsible for light extinction. The above
measurements also allow estimation and comparison of mass
scattering and absorption efficiencies via several means.
Column measurements of the aerosol optical depth at several
visible wavelengths are also presented, and finally, the direct
shortwave radiative forcing by aerosols is estimated based
on column and surface radiative measurements.

2. Experimental Methods

[6] As part of the Atlanta Supersite 1999 experiment,
measurements of PM2.5 aerosol properties were conducted
from 30 July through 3 September 1999 at the Jefferson
Street Site near downtown Atlanta, GA (P. V. Solomon et
al., unpublished manuscript, 2001a). As shown in the
schematic in Figure 1, air was sampled at a flow rate of
16.7 L min�1 through a PM2.5 cyclone (URG, Inc.) located
�7 m above ground level. Flow was maintained with
vacuum pumps (Gast, Inc.) and controlled using critical
orifices (O’Keefe Controls, Inc.) downstream of all the
instrumentation. After passing through the cyclone, the
aerosol flowed into a sampling shelter via 7 m of 0.95 cm
ID black conductive antistatic tubing.
[7] RH control was accomplished via mild heating of a 30

cm section of 1.27 cm ID stainless steel tubing to maintain
an RH < 50% with an RH controller (Watlow Instruments,
Inc.). A capacitive type sensor (Vaisala Humicap 50Y) was
used for RH measurement and was recently factory cali-
brated with a manufacturer stated uncertainty of ±2.5% at
RH = 50%. The aerosol RH was maintained at 49 ± 5% (all
values presented as such are arithmetic means ± standard
deviations) in order to minimize the influence of condensed
water on measured properties [Ogren, 1995; Bergin et al.,
2001]. This RH was chosen to reduce RH dependence of
aerosol properties [Tang, 1996, 1997] while avoiding poten-
tial aerosol crystallization at lower RH and while minimiz-
ing sample heating. The parameter most sensitive to a
change in RH among those discussed here is the mass
scattering efficiency (Esp, which is ssp divided by PM2.5
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mass concentration), and the temporal correlation between
hourly average sample RH and Esp is R

2 = 0.08.
[8] The average ambient temperature and RH during this

study in Atlanta were 26.8 ± 4.0�C and 63 ± 19%,
respectively. The average sample temperature and RH were
31.1 ± 3.5�C and 48 ± 5%, respectively, for the nephel-
ometer and other instruments shown in Figure 1. Thus the
sample heating was �5�C, and at no time was the sample
temperature heated above 39�C. Laboratory volatility stud-
ies with pure ammonium nitrate aerosol at very low RH
showed modest (�10–20%) losses of submicrometer par-
ticles for temperatures up to 40�C and with residence times
used here [Dougle and ten Brink, 1996; Bergin et al., 1997].
Though the sizable organic carbon content may also be
subject to volatility losses as well, less than 3% of the PM2.5

mass was nitrate in Atlanta (P. V. Solomon et al., unpub-
lished manuscript, 2001b), and the aerosol was still likely
hydrated also inhibiting volatility losses.
[9] After RH conditioning, the aerosol was split into four

separate insulated pathways using a flow splitter (URG,
Inc.). One line passed over a temperature/RH sensor at 2.0 L
min�1 that was used to control the sample RH. In a second
line, light scattering coefficients (ssp) were measured with
an integrating nephelometer at a wavelength of 530 nm
(Radiance Research Inc., M903 nephelometer). The neph-
elometer was calibrated several times during the field
experiment using clean filtered air and HFC-134a as the
calibration gases. As a result of geometrical limitations, the
integrating nephelometer is subject to angular truncation

errors and other nonidealities, as it cannot detect the entire
phase function of scattered light. These nonidealities have
been characterized for a similar instrument [Anderson and
Ogren, 1998], but as of yet not thoroughly quantified for the
instrument used in this study. Nonetheless, this correction is
modest for an accumulation mode aerosol, e.g., a 4%
increase in ssp for a polluted aerosol with a sub 1 mm size
cut using a similar instrument [Carrico et al., 2000].
[10] In a third line, the light absorption coefficient (sap)

was measured at a wavelength of 565 nm using a filter-
based light transmission technique (Radiance Research Inc.,
Particle Soot Absorption Photometer) and was corrected for
light scattering effects using the algorithm of Bond et al.
[1999]. Though the sap measurement is at an effective
instrumental wavelength of 565 nm, the calibration of Bond
et al. [1999] adjusts this to 550 nm.
[11] A fourth line was used to measure the PM2.5 mass

concentration with a continuous method that uses vibration
frequency of mass deposited on a filter (Rupprecht and
Patashnick, Inc., Tapered Element Oscillating Microbalance
or TEOM) [Patashnick and Rupprecht, 1991]. In order to
minimize interference from adsorption/desorption of water
vapor caused from fluctuations in sample RH or moderate
cycling of room temperature and RH that has been observed
at lower sample temperatures, the instrument was operated
with sample temperature of T = 50�C. Several studies have
examined potential volatility losses with TEOM sampling
with heating to 50�C showing losses of �20% are possible
[Ayers et al., 1999]. However, losses affecting the measure-

Figure 1. Flow diagram for measurement of aerosol optical and physical properties at the Atlanta
Supersite 1999 study.
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ments are most pronounced during winter sampling when
sample heating is greatest, when examining high time
resolution data (�minutes), and where nitrate or wood
smoke is a dominant species [Meyer et al., 2002; Okrent,
1998; Allen et al., 1997]. None of these are the case here, as
this study examines hourly averaged data during summer at
a site where nitrate is a small component (2–3%) of PM2.5

and wood smoke is negligible [Butler et al., 2003; P. V.
Solomon et al., unpublished manuscript, 2001b].
[12] With a TEOM sample temperature of 50�C and an

average ambient dew point temperature of 18.4 ± 3.4�C, the
TEOM sample RH was 17 ± 3% during the Atlanta Super-
site 1999 study. All the mass and optical measurements are
at a low RH where particle diameter, though not independ-
ent of RH, is much less sensitive to RH than for RH > 60%
[Tang, 1996, 1997]. As discussed below, the low influence
of RH variation in this study is seen in the low correlation
between sample RH and light scattering efficiency Esp,
agreement in mass measurements, and as seen in laboratory
studies with salts commonly found in ambient aerosols
[Tang, 1997].
[13] In addition, the aerosol optical depth (da(l)) was

estimated based on measurements made with a hand-held
Sun photometer (Solar Light Company, Microtops II) and
using a method similar to that described by Reddy et al.
[1990]. The wavelengths for da(l) measurements are 380,
440, 500, 675, 870, and 1020 nm and are in windows such
that absorption by ozone and water vapor do not interfere
with the measurement [Thekaekara, 1973]. For each meas-
urement the optical depth was determined using the rela-
tionship da(l) = �1/m * ln (Il/I0,l), where m is the air mass
(which is defined as the secant of the solar zenith angle), Il,
the measured surface irradiance, and I0,l the solar constant.
The solar constant was determined for each wavelength
using the Langley plot method and based on calibrations
obtained at Mauna Loa Observatory [Shaw, 1983]. For each
measurement, the calibration values were used to estimate
the specific solar constant by correcting for the Sun-to-Earth
distance and by subtracting the optical depth due to the
Rayleigh scattering of gas molecules [Reddy et al., 1990].
The measurements of ssp, sap, and da(l) are compared at the
proximate wavelengths of 530, 550, and 500 nm, respec-
tively, where the measurements are available. Though these
are different wavelengths, they are all close to the peak in
the solar spectrum [Thekaekara, 1973].
[14] To investigate the particle size dependence of light

extinction, samples were collected for determination of
aerosol mass and elemental carbon (EC) concentrations as
a function of Dp using Micro-Orifice Uniform Deposit
Impactors (MOUDI) [Marple et al., 1991]. For parallel
sampling lines, air was drawn through 10 m of 5 cm ID
aluminum tubing at 120 L min�1 followed by a flow splitter
and �0.5 m of 1 cm ID stainless steel tubing preceding the
MOUDIs. The MOUDI sample conditions of T = 30.2 ±
2.3�C and RH = 47 ± 7% were close to the sampling
conditions for the ssp and sap measurements (RH = 49 ±
5%) facilitating comparison with optical measurements.
However, using this sample RH in the MOUDI for the
uncoated substrates used in this measurements may have
increased particle bounce as, for example, Stein et al. [1994]
found RH = 70–80% optimum for minimizing particle
bounce. The MOUDIs were preceded by a 2.5 mm cyclone,

and 50% cut-off diameters for the MOUDI stages are 1.78,
0.97, 0.56, 0.32, 0.18, 0.098 and 0.056 mm. The sample
substrates (aluminum foil on stages and quartz fiber filters
as after filters) were combusted at 500�C for 4 h, allowed to
cool, and then stored at room temperature in similarly
cleaned glass jars. After sample collection, the foils and
filters were handled in a clean hood and later conditioned at
RH = 40% and T = 20�C for one week in a clean room.
Mass size distribution samples (n = 7) and EC mass size
distributions (n = 56) were collected over �3 day and �10 h
sampling periods, respectively. Aerosol masses were deter-
mined using a microbalance (Cahn, Inc.) while EC was
determined at Desert Research Institute (DRI) using a
thermal evolution technique [Chow et al., 1993]. The
opaque aluminum foil substrates of the MOUDI do not
permit an optical correction for charring of organic carbon.
Thus the temperature determined as the EC/OC split point
in coincident bulk quartz filter samples was used as the EC/
OC split temperature for the MOUDI samples. This
approach assumes that the EC/OC split temperature does
not change with particle size. This assumption was made as
adsorbed volatile and semivolatile organic compounds
likely dominate the MOUDI after-filter whereas less vola-
tile, higher molecular weight compounds likely dominate
the carbon on bulk aerosol filters.
[15] In addition, 24 h PM2.5 mass and carbon measure-

ments at ambient RH were made on Teflon and quartz
filters, respectively. Mass difference measurements were
made with a microbalance (Metler Toledo Inc., MT-5) after
approximately two weeks equilibration time in a clean room
at T = 20�C and RH = 40%. The carbon analysis of 24-h
quartz filter samples used the thermo-optical technique of
Birch and Cary [1996] that incorporates an optical charring
correction in the analysis technique. For the carbon filter
analysis, no corrections for adsorbed gas-phase semivolatile
organic carbon compounds were considered though this is
presumed to be minor as the quartz filter was preceded by a
XAD coated denuder using the procedure of Gundel and
Lane [1999].
[16] EC and OC measurements were also made using an

on-line high time resolution technique [Rupprecht et al.,
1995]. The Rupprecht and Patashnick Series 5400 Ambient
Carbon Particulate Monitor uses a nondispersive infrared
detector for measuring thermally evolved CO2. The meas-
urement is performed at 50�C and thus an average RH of
18%, and during the analysis carbon is evolved in a two step
heating process at temperatures of 340 and 750�C for
separation into organic and soot carbon. The lower limit
50% collection efficiency of the instrument is at Dp = 0.14
mm, and the instrument was preceded by a PM2.5 cyclone.
Since the entire heating cycle is done in air, an artifact due
to charring of OC is expected to be minimal.

3. Results and Discussion

3.1. Average Measured Properties of the
Urban Aerosol

[17] These results demonstrate a substantial urban haze
layer in Atlanta as shown in Table 1 giving a summary of
averages for various aerosol properties (aerodynamic Dp <
2.5 mm) during the Supersite 1999 experiment (30 July
through 3 September 1999). Annual trends in PM2.5 phys-

SOS 10 - 4 CARRICO ET AL.: URBAN AEROSOL RADIATIVE PROPERTIES IN ATLANTA



ical and chemical properties as described by Butler et al.
[2003] show that PM2.5 mass concentrations annually at
four Atlanta sites are approximately 20 mg/m3, one third
smaller than the average measured during this study. How-
ever, as found by Butler [2000] and Butler et al. [2003], the
summer in Atlanta historically has the highest PM2.5 con-
centrations ranging from 28 to 31 mg m�3 at four metro
Atlanta sites, comparable to these measurements. Con-
versely, though winter is the period with the peak contri-
bution from nitrate, PM2.5 concentrations are generally the
lowest and in the range of 10–15 mg/m3 [Butler et al.,
2003]. In general terms, the PM2.5 properties during this
sampling campaign are a reasonable characterization of
summertime PM2.5 properties in the greater Atlanta metro
area [Russell et al., 2000].
[18] Average light scattering and absorption coefficients

by particles (ssp at 530 nm and sap at 550 nm) during the
field experiment are 121 ± 48 Mm�1 and 16 ± 12 Mm�1,
respectively (all values presented as such are arithmetic
means ± standard deviations). The light extinction by par-
ticles (sep) is an order of magnitude larger than the Rayleigh
scattering contribution from air underscoring the predom-
inance of aerosol particles to light extinction in the urban
atmosphere. Although sep of the urban aerosol is dominated
by ssp, sap also makes a substantial (13%) contribution to sep
as has been found characteristic of urban areas [Horvath,
1995]. The magnitude of ssp in Atlanta is comparable to
measurements of dry ssp in 1980 in a polluted urban site in
the southeastern United States (Houston, TX) where ssp =
160 Mm�1 and a rural site (Virginia) where ssp = 120 Mm�1

[Waggoner et al., 1983]. Compared to more recent measure-
ments, ssp in Atlanta is considerably larger than nonurban
polluted sites in North America and Europe including Bond-
ville, IL, southern Great Plains, OK, Sable Island, NS, and
Sagres, Portugal where ssp (550 nm) �30�50 Mm�1 and is
much larger than background continental and marine sites
including Mauna Loa, HI, Cape Grim, Australia, South Pole,
and Barrow, AK where ssp = 5–10 Mm�1 (these measure-
ments are at 550 nm and for a size cut of Dp < 1 mm at RH <
40%) [Ogren, 1995; Carrico et al., 1998, 2000; Koloutsou-
Vakakis et al., 2001; Delene et al., 2001]. However, the
magnitude of ssp in Atlanta is comparable to nonurban sites
in the southeast United States including the IMPROVE sites
of Shenandoah and Great Smokies where annual average
ambient total light scattering coefficients range from 100 <
ssp < 125 Mm�1 [Malm et al., 1994, 2000]. The IMPROVE
measurements are at ambient RH and are annual averages
and thus not directly comparable to these results. Nonethe-
less, the high values in this region suggest the presence of a

regional haze in the southeast United States. The contribu-
tion of this regional haze to the air quality in Atlanta is likely
substantial in addition to the urban sources of pollution.
Compared to urban and rural sites in eastern China including
Beijing, China, where ssp = 488 Mm�1 and sap = 83 Mm�1

for a size cut of Dp < 2.5 mm, the impact of aerosols on
atmospheric light extinction is less in Atlanta by a factor of
four [Bergin et al., 2001; Xu et al., 2002]. Though sep in
Atlanta is considerably less than some newly industrializing
and developing regions, sep is an order of magnitude greater
than Rayleigh scattering by gases and significantly impacts
atmospheric light extinction in Atlanta.
[19] Based on the measurements of ssp and sap, an estimate

of the single scattering albedo in Atlanta is w0 = 0.87 ± 0.08.
Once again these are lowRHmeasurements and the influence
of higher RH would result in larger values of w0 [Russell et
al., 2002]. The single scattering albedomeasured inAtlanta is
slightly lower than those found in the TARFOX and ACE-2
studies that examined regionally polluted air masses down-
wind of urban-industrial regions where 0.9 < w0 < 0.95
[Russell et al., 1997, 2002]. The lower Atlanta w0 demon-
strates a greater relative importance of light absorbing spe-
cies, characteristic of the urban environment and found
similarly in the case of Beijing, China, where w0 = 0.81 ±
0.08 [Bergin et al., 2001]. Historical measurements in the
United States during the 1970s and 1980s show an even
greater role of light absorption with 0.5 < w0 < 0.6 for
industrial urban areas and 0.73 < w0 < 0.87 in residential
urban areas [Waggoner et al., 1981]. It is not clear whether
these differences are related to measurement uncertainties in
sap or the fact that soot emissions have been substantially
reduced over the last few decades.
[20] An upper limit to the visual range (Lv) is estimated

using the measurements here and a modified Koschmeider
relationship with Lv = 1.9/se, where se is the extinction due
to scattering and absorption by particles and gases [Griffing,
1980; Husar and Wilson, 1993]. Assuming a negligible
contribution from light absorption by gases and an addi-
tional contribution of Rayleigh scattering by gases (�13
Mm�1 at 550 nm), using measured ssp and sap at RH = 50%
gives an upper bound of Lv = 15 ± 8 km. Given that ambient
RH = 63 ± 15%, Lv is likely 33–50% lower on average due
to the influence of RH between 50 and 63% [Covert et al.,
1979; Malm et al., 2000]. This reduction in visibility will be
even greater during times of high RH and when there are
dominant contributions from strongly hygroscopic species
such as sulfuric acid [Tang, 1996].
[21] Mean concentration of PM2.5 as measured by the

TEOM is 31 ± 12 mg m�3. Mean values for TEOM, filter
and MOUDI PM2.5 measurements at the same site fall
within a narrow range of 26 to 34 mg m�3 (Table 2); the
reader is referred to S. V. Hering et al. (unpublished manu-
script, 2001), H.-J. Lim et al. (unpublished manuscript,
2001), Weber et al. [2003b], and P. V. Solomon et al.
(unpublished manuscript, 2001b) for more detailed inter-
comparisons of mass and chemistry measurements. TEOM
measurements at several other metro Atlanta locations are
within 10% demonstrating the spatial homogeneity of
average PM2.5 within Atlanta [Butler, 2000, Butler et al.,
2003]. Although this study covered only approximately a
one-month sampling period, our measured PM2.5 is roughly
a factor of two larger than the EPA proposed annual average

Table 1. Summary of Aerosol Properties (Arithmetic Mean,

Standard Deviation, and Coefficient of Variation of Hourly

Averages) Measured During the Supersite 1999 Study in Atlanta,

Georgia, From 30 July to 3 September 1999

ssp,
530 nm;
Mm�1

sap,
550 nm;
Mm�1 w0

da,
500 nm

Lv,
km

PM2.5
a,

mg m�3

Mean 121 16 0.87 0.44 15 31
Standard deviation 48 12 0.08 0.22 8 12
COV 0.40 0.75 0.09 0.50 0.53 0.39

aAs determined from R & P Tapered Element Oscillating Microbalance.
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standard of 15 mg m�3. However, the daily average PM2.5

ranges from 11 to 44 mg m�3, well below the 24-h average
proposed standard of 65 mg m�3. Though these results are
only a small snapshot in time, they suggest Atlanta’s PM2.5

compliance problem is related to persistent rather than
episodic causes. Aerosol carbon was measured using several
techniques during the experiment (P. V. Solomon et al.,
unpublished manuscript, 2001b; H.-J. Lim et al., unpub-
lished manuscript, 2001). Average elemental carbon (EC)
results from several techniques are also given in Table 2,
and will be discussed further below.

3.2. Aerosol Variability in the Context of Meteorology
and Aerosol Sources

[22] Despite the relatively dry, stagnant synoptic condi-
tions particularly during the first three weeks of the experi-
ment (J. C. St. John et al., unpublished manuscript, 2001),
aerosol properties measured during Atlanta Supersite 1999
demonstrate large variability over timescales ranging from
minutes to days (the Atlanta Supersite 1999 study; Figure 2).
The coefficient of variation (COV), the standard deviation
divided by the mean value, can be used to compare the
variability of different data sets. As shown in Table 1 and
Table 2, extensive aerosol parameters (those depending on
aerosol concentration such as PM2.5, ssp, and sap with 0.4 <
COV < 0.8) showed much greater variability than intensive
aerosol properties (those independent of aerosol concentra-
tion such as w0 with 0.1 < COV < 0.3). The lower variability
in aerosol intensive properties suggests that their controlling
influences such as aerosol size distribution, relative chemical
composition, and particle morphology had variability less
important to aerosol radiative properties than changes in
PM2.5 mass concentration.
[23] In general, synoptic conditions during the first three

weeks of the field intensive favored the formation and
retention of pollutants in the atmosphere including weak
pressure gradients, high pressure and high temperature (J. C.
St. John et al., unpublished manuscript, 2001). The field
intensive had three precipitation events indicated in the
Atlanta Supersite 1999 study (Figure 2) each showing
pronounced effects on aerosol properties (Table 3), most
dramatically and rapidly on PM2.5 and ssp. Precipitation
scavenging of aerosols is one of the most important atmos-
pheric cleansing mechanisms [Dickerson et al., 1987] and
has been found to dramatically affect aerosol optical proper-
ties in other studies [Bergin et al., 2001]. Precipitation

effects can be investigated for the Radiance Research light
scattering and absorption and the Rupprecht and Patasch-
nick mass and carbon measurements as a result of their high
time resolution in contrast to the time-integrated sampling
methods.
[24] The first two short precipitation events (8 August,

1400–1900 local time (LT) and 20 August, 1500–1600 LT)
had accumulations of 12 and 3 mm, respectively, though
they resulted in substantial decreases in PM2.5 and ssp
(�50%) over several hours (Figure 2, Table 3). The third
precipitation event (from 1400 on 23 August to 1900 on 25
August) occurred over two days (42.1 mm) and is the result
of the passage of a frontal system through Georgia (J. C. St.
John et al., unpublished manuscript, 2001). The result was a
dramatic drop in PM2.5 concentration and ssp by a factor of
�3 (Table 3). The heaviest rain (34.8 mm) occurred during
the period from 0730 to 0930 on 24 August and corre-
sponds to a decrease in ssp from �150 to 20 Mm�1. Also,
ambient RH was frequently above 90% beginning �0000
LT on 24 August and lasting until �0800 LT on 26 August,
indicating the likelihood of fog formation and coinciding
with the trough in PM2.5 and ssp. The scavenging of
particles by fog and precipitation droplets is the likely
predominant removal mechanism responsible for the
decrease in PM2.5 and ssp during this period. A lingering
synoptic-scale influence on aerosol optical properties asso-
ciated with the frontal passage is evident in Figure 2, as the
PM2.5 and ssp remain low until 27 August after the
precipitation and fog events.
[25] Despite the strong influence of precipitation and fog

events on PM2.5 and ssp, the concentration of OC, EC, and
sap show smaller decreases (Figure 2, Table 3). This is
particularly the case for sap, though the third prolonged rain
event causes a decrease in sap as well (Figure 2, Table 3).
The changes in sap and ssp also affect w0, particularly
during the precipitation event on 23–25 August where w0

decreases from 0.95 to 0.4 over the course of 9 h (Figure 2).
The contrasting changes in aerosol properties during the
precipitation events demonstrate some degree of external
mixing of more water-soluble light scattering and the less
water-soluble light absorbing compounds.
[26] As discussed in more detail below, the geometric

mean light scattering and absorption Dp are 0.54 mm and
0.13 mm, respectively, both in the range of minimum
precipitation scavenging efficiency. Typically, precipitation
scavenging has a minimum efficiency in the range 0.1 mm
< Dp < 1 mm where neither diffusion nor interception/
impaction are efficient removal mechanisms [Dickerson et
al., 1987]. Elemental carbon, the light-absorbing compo-
nent of the soot aerosol, is typically hydrophobic due to the
nonpolar nature of the carbon-carbon bonds [Andrews and
Larson, 1993]. The hydrophobic nature of EC may
strongly suppress the activation of these particles and their
incorporation into cloud/fog droplets, diminish precipita-
tion scavenging, and increase its residence time during
these events. The results here suggest that aerosol solubil-
ity is strongly linked to the aerosol atmospheric lifetime as
has been suggested in previous studies showing EC enrich-
ment of the interstitial aerosol found in fog events [Noone
et al., 1992].
[27] A clear diel pattern is apparent in the hourly aver-

aged intensive and extensive aerosol properties as shown in

Table 2. Comparison of OC, EC and PM2.5 Mass Measurements

and Resulting Mass Scattering and Absorption Efficiencies From

Several Methodsa

OC,
mg m�3

EC,
mg m�3

PM2.5,
mg m�3

Eap,
m2 g�1

Esp,
m2 g�1

TEOM – – 31 ± 12 – 3.8 ± 0.7
Filter 7.7 ± 2.5 0.8 ± 0.4 34 ± 10 18.3 ± 5.9 3.5 ± 0.5
MOUDI 7.9 ± 2.0 1.7 ± 0.9 26 ± 5 9.5 ± 1.5b 4.4 ± 0.2
R & P 5400 7.9 ± 2.6 2.8 ± 1.6 – 5.3 ± 1.8 –

aMOUDI results represent sum of all impactor stages including the quartz
after-filter (37%, 13%, and 1% of the OC, EC, and PM2.5 masses,
respectively).

bBased on Measured EC mass size distribution and Mie calculated light
absorption. Using MOUDI measured mass and measured light absorption
gives 9.3 ± 3.2 m2 g�1.
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Figure 2. Time series of (a) EC, OC (R& P Series 5400 Ambient Particulate CarbonMonitor) and PM2.5

mass concentrations (R & P TEOM) (b) aerosol midvisible total light scattering (Radiance Research
nephelometer) and absorption (Radiance Research PSAP) coefficients (ssp and sap) for particles with Dp <
2.5 mm and controlled RH = 49 ± 5%, and (c) aerosol mass scattering and absorption efficiencies (Esp and
Eap), single scattering albedo (w0), and EC/OC ratio. Three precipitation periods are indicated.
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Figure 3 giving hourly arithmetic mean values with error
bars representing one standard error. Such trends are
linked to both the diel emission trends and meteorological
factors such as mixing height. Aerosol extensive properties

including PM2.5, ssp, sap, elemental carbon concentration
(EC), and organic carbon concentration (OC) peak in the
morning around 0800 LT. Often times the early morning
features a low altitude temperature inversion that serves as

Figure 3. Diel variability of (a) extensive and (b) intensive aerosol properties in Atlanta during the
Supersite 1999 study shown as hourly mean values. Error bars are the standard errors for the
measurements.

Table 3. Comparison of Five Hour Average Aerosol Properties Before and After Three Precipitation Events During the Atlanta Supersite

1999 Study on 8, 20, and 23–25 August 1999

ssp, 530 nm; Mm�1 sap, 550 nm; Mm�1 w0 PM2.5
a, mg m�3 OC2.5

a, mg m�3 EC2.5
a, mg m�3

Before rain event 1 218 ± 7 4.3 ± 1.4 0.98 ± 0.01 48.1 ± 1.4 10.2 ± 0.4 3.3 ± 0.1
After rain event 1 111 ± 17 5.3 ± 1.4 0.96 ± 0.01 23.2 ± 4.9 7.4 ± 0.7 2.0 ± 0.3
Before rain event 2 216 ± 30 10.0 ± 5.1 0.95 ± 0.03 50.1 ± 5.4 9.7 ± 0.2 3.9 ± 0.2
After rain event 2 127 ± 15 13.7 ± 3.1 0.90 ± 0.01 30.0 ± 3.4 8.9 ± 0.7 2.7 ± 0.2
Before rain event 3 146 ± 19 14.8 ± 4.3 0.91 ± 0.03 37.6 ± 4.8 9.2 ± 0.4 2.9 ± 0.2
After rain event 3 42 ± 4 8.2 ± 3.3 0.84 ± 0.06 10.9 ± 1.1 4.4 ± 0.1 1.4 ± 0.1
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a barrier to vertical mixing allowing buildup of PM2.5

concentrations.
[28] The evidence here suggests the important influence of

combustion sources associated with morning rush hour
traffic. The morning peak in aerosol concentrations coincides
with the peak in morning rush hour traffic in Atlanta [Ross et
al., 1998] and also the time period of lowest wind speeds
(J. C. St. John et al., unpublished manuscript, 2001) and
limited vertical convective activity due to the absence of
solar heating. The influence of nearby sources including
local industries and a bus depot may have contributed to
these trends, though the proximity to the center of the city
and the dense mobile source strength in the area is also to
some extent responsible [Edgerton et al., 2000]. EC/OC
analysis of filter samples shows that the Jefferson Street Site
has an average EC/OC = 0.11 ± 0.05 from 19 filter samples
between 6 and 24 h. A comparison of four Atlanta sites over
a one year time period showed the Jefferson Street site to
have the most pronounced diel pattern particularly in regard
to the peak in EC [Butler et al., 2003]. Furthermore, the
measured EC/OC ratios fall into two regimes suggesting
delineation between primary and secondary aerosols. In
general, the periods with both high EC and OC also have
elevated EC/OC ratio. These are most frequent in the morn-
ing, and thus are likely dominated by primary emissions.
[29] The morning peak at around 0800 LT is particularly

pronounced for soot-related measurements including both
EC and sap that show substantial increases, from 3 to 4.5 mg
m�3 and from 17 to 28 Mm�1, respectively (Figure 3).
Moreover, the EC/OC ratio as measured by the real-time R &
P instrument shows a distinct peak in the morning, increas-
ing from 0.32 to a maximum of 0.46 at 0800 LT. Fresh
combustion aerosols from mobile sources and particularly
diesel engines typically have a large soot component that is
largely EC, and the fraction of EC in the aerosol has been
related to aerosol age in other studies [Turpin and Hunt-
zicker, 1991]. Despite the differences in trends, throughout
the experiment EC and OC show a stronger correlation (R2 =
0.7) than EC and PM2.5 (R

2 = 0.4) suggesting similar sources
categories for the carbonaceous components and likely a
substantial vehicular contribution to OC as well.
[30] Aerosol radiative properties also demonstrate a diel

pattern as seen in a decrease in w0 from 0.88 overnight to
0.82 from 0700 to 0800 LT and recovery back to 0.90 by
1200 LT. The late afternoon minimum in PM2.5 and ssp
appears characteristic of other studies. However, the morn-
ing peak is much less prevalent [Mézáros et al., 1998;
Carrico et al., 2000] in the diel variability at nonurban
polluted sites highlighting the importance of mobile sources
on urban air quality.
[31] As shown in Figure 3, the morning peak in sap is

related both to an increase in EC concentration as well as
an increase in the mass absorption efficiency (Eap, sap per
unit mass concentration of EC) of the particles. The fresh
combustion aerosol thus features both a larger EC compo-
nent as well as size distribution and chemical composition
that more efficiently absorbs visible radiation. This is
in contrast to the diel trend of ssp which is most related
to changes in PM2.5 concentration as discussed below.
Although the evening minimum in ssp is in part caused by
a small (�10%) decrease in aerosol mass scattering effi-
ciency (Esp, ssp per unit mass concentration of PM2.5), in

general, Esp is fairly constant (no significant difference at the
95% confidence level). Furthermore, Esp does not show a
clear diel trend for the urban aerosol.
[32] The influence of mobile combustion sources is also

apparent in the comparison of weekday to weekend
aerosol properties reflecting a trend consistent with the
diel variations. Though less statistically significant than
the diel pattern, comparison shows a consistent trend for
sap, Eap, and w0 during the weekdays (14 ± 4 Mm�1, 5.6 ±
1.3 m2 g�1, and 0.86 ± 0.07, respectively) compared with
the weekends (11 ± 3 Mm�1 and 4.6 ± 0.7 m2 g�1, and
0.92 ± 0.02, respectively). These trends suggest the
importance of vehicular sources and combustion-derived
soot carbon to the Atlanta PM2.5 problem.
[33] Beginning in the morning around 1000 LT, PM2.5,

ssp, and sap all begin to drop. This decrease in PM2.5

coincides with enhanced convective mixing [Seinfeld and
Pandis, 1998] due to the strongly sunny and clear con-
ditions during the experiment and as indicated by the
increased wind speeds (J. C. St. John et al., unpublished
manuscript, 2001). Also, a drop-off in the mobile source
strength with rush hour ending contributes to this trend as is
particularly obvious with diel trend with EC and sap [Ross
et al., 1998]. The expected evening rush hour peak dem-
onstrates similar trends, but is much less pronounced during
the evening rush hour from 1600 to 1900 LT (Figure 3).
Additionally, and somewhat surprisingly, the peak is some-
what later than expected as sap and EC reach a maximum
around 2100 LT and ssp and PM2.5 reach their local
maximum at approximately midnight. This is likely due to
strong afternoon convective activity and the decreasing
intensity of mixing into the evening.

3.3. Aerosol Mass Scattering and
Absorption Efficiencies

[34] Temporal and diel trends for the aerosol mass scatter-
ing and absorption efficiencies (Esp and Eap, respectively)
based on real time measurements with the R & P TEOM and
R & P 5400 were discussed above. Average Esp and Eap are
now estimated based on several measurement techniques
including filter samples, MOUDI sampling, TEOM, and the
R & P 5400 measurements (Table 2). A relatively strong
relationship is observed between TEOM measured PM2.5

concentration and ssp (R
2 = 0.80, n = 836, sample time t = 1

hour) and yields Esp = 3.8 ± 0.7 m2 g�1 (Figure 4). In
comparison, summing the stages of the MOUDI during the
experiment for mass and calculating ssp based on mass size
distributions (discussed in more detail below) yields in Esp =
4.4 ± 0.2 m2 g�1 (R2 = 0.96, n = 7, t = 80 h). Examining
PM2.5 filter measurements in comparison to measured ssp
gives Esp = 3.5 ± 0.5 m2 g�1 (R2 = 0.94, n = 15, t = 24 h).
Examining the intermediate value Esp = 3.8 m2 g�1 from
TEOM measurements, measurements of ssp at low RH
estimate PM2.5 with a standard deviation ±22% of measured
PM2.5. Thus based on these results, measurement of low RH
ssp for the urban aerosol in Atlanta can be used to estimate
the dry PM2.5 concentration (and vice versa) within ±22%
during summertime.
[35] Similar estimates of Esp have been found in other

studies of polluted aerosols in both urban and nonurban
locations and found values from 3.5 to 4.4 m2 g�1 [Dzubay
et al., 1982; Waggoner et al., 1983; Koloutsou-Vakakis et
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al., 2001]. The larger values associated with a size cut of
Dp < 1 mm (i.e., excluding the particles with 1 mm < Dp <
2.5 mm results in roughly the same ssp but somewhat lower
PM2.5 mass). The similarities in Esp for polluted aerosols at
low RH regardless of time or place is useful for modeling
purposes and remarkable given the differences possible in
aerosol size distribution and chemistry.
[36] A strong relationship between measured sap and

measured EC concentration (R & P 5400) is shown in mm
(Figure 5; R2 = 0.73) and is much stronger than the
relationship between sap and overall PM2.5 concentration
(R2 = 0.19) or between sap and OC (R2 = 0.37). The mineral
dust content of the aerosol was found to be small between 1
and 3 mg/m3 (P. V. Solomon et al., unpublished manuscript,
2001b). With an imaginary part of the refractive index of
�0.006 for mineral dust (two orders of magnitude smaller
than EC) [Tegen et al., 1996], the contribution of mineral
dust to sap is very small.
[37] However, different methods for determining EC give

vastly different results for the absorption efficiency (Eap) of
EC. The following are arithmetic means and standard
deviations of the Eap calculated by taking sap divided by
EC mass concentration for each data point. As measured
with the R & P 5400 in conjunction with the PSAP, a mass
absorption efficiency for EC in Atlanta is Eap = 5.3 ± 1.8 m2

g�1 (R2 = 0.73, n = 696, t = 1 hour). When considering only
EC < 4 mg/m3, the relationship is weaker (R2 = 0.41) though
Eap = 5.2 ± 1.8 m2/g, very close to the value for the entire
data set. In comparison, the MOUDI measured EC size
distribution and MOUDI calculated light absorption (as
discussed in more detail below) gives an Eap = 9.5 ± 1.5
m2 g�1 (R2 = 0.97, n = 56, t = 8 h). Likewise, in comparison
to PSAP measurements, the MOUDI measured EC mass
gives Eap = 9.3 ± 3.2 m2 g�1 (R2 = 0.79, n = 56, t = 8 h).
Filter measurements of EC using the technique of Birch and
Cary [1996] in conjunction with PSAP measurements give
Eap = 18.3 ± 5.9 m2 g�1 (R2 = 0.34, n = 17, t = 24 h). The
broad range of values for Eap found in this study is
summarized in Table 2 and is critically dependent on the
EC measurement technique. Furthermore, calculated values

for Eap show more scatter and less systematic changes than
Esp (Figure 2), and the average values from different
methods are well outside plus or minus one standard
deviation for each method (Table 2).
[38] Absorption of radiation by EC is generally ascribed

an Eap � 10 m2 g�1 at l = 515 nm [Clarke, 1989; Chow et
al., 1993]. However, in a review of models and measure-
ments this value is attributed an uncertainty of at least 20%
by Penner [1995]. From past studies employing a variety of
techniques, a broad range of mass absorption efficiencies has
been found for EC ranging from 5 to 20 m2/g [Groblicki et
al., 1981; Liousse et al., 1993]. Moreover, this range may be
related to variability in aerosol properties. Eap for EC
has been related to the aerosol age and mixing with a range
from 5 (remote) to 20 (urban) m2 g�1 [Liousse et al., 1993].
A similarly wide range of values (8 to 20 m2/g) has been
found in a single study during INDOEX using a single
pair of techniques (black carbon from thermal evolution
in conjunction with a particle soot absorption photometer)
[Clarke et al., 2002]. Nonetheless, a recent side-by-side
comparison of 16 carbon techniques, though demonstrating
reasonable agreement for total carbon, showed a wide range
of values for EC and underscored the importance of a
‘‘charring correction’’ for the pyrolysis of OC to EC [Schmid
et al., 2001; Chow et al., 2001]. This may be related to the
low Eap found using the semicontinuous R & P method due
to an overestimate of EC mass. Some fraction of OC may not
evolve until the high temperature step or may char in the low
temperature step, though likelihood of charring is lower with
this method than others since the entire procedure is done in
an oxygen environment.
[39] Comparing the carbon analysis techniques, similar

values for OC mass were found when ignoring potential
artifacts due to adsorption of gas phase species or particle
bounce (Table 2). Furthermore, a strong correlation (R2 =
0.85) was observed here between the high time resolution
techniques (MOUDI and R & P 5400). The measurements
of carbon by the MOUDI, however, included a 37%
contribution to the OC and 13% contribution to the EC
from the quartz after-filter (particles with D < 0.05 mm).

Figure 4. TEOM measured PM2.5 mass concentrations versus aerosol midvisible total light scattering
coefficient (ssp) for particles with Dp < 2.5 mm.
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These large fractions on the after-filter are similar to past
studies such as McMurry and Zhang [1989] who found 40–
70% and 17% of the OC and EC masses, respectively, on
the after-filter. The artifact here likely includes contribu-
tions from particle bounce [Stein et al., 1994] and adsorp-
tion of gas phase semivolatile organics [Turpin et al.,
2000]. We believe adsorption of gas phase organics is the
dominant process as EC and SO4

2� determined in a parallel
MOUDI sampler (P. V. Solomon et al., unpublished manu-
script, 2001b) had nearly identical size distributions though
different from that of OC. Since the EC, SO42-, and mass
size distributions showed little evidence of particle bounce,
we believe the relatively elevated amounts of OC on the
after-filter is most likely due to adsorption of volatile and
semivolatile organic compounds. For further information,
the reader is referred to a detailed intercomparison of
several semicontinuous carbon (total carbon, OC, and EC)
measurement techniques during the Atlanta Supersite
experiment (H.-J. Lim et al., unpublished manuscript,
2001).
[40] The study of H.-J. Lim et al. (unpublished manu-

script, 2001) found high correlations among carbon techni-

ques though much larger variation among techniques in the
magnitude of mass concentrations for the EC mass than for
OC. Though certainly variation in aerosol properties and
uncertainties in the measurement of sap contributed to the
large discrepancies and variability in Eap, the evidence in
this study suggests a strong influence of the EC technique.
Thus, although sap and EC mass concentration are clearly
linked, there still appears to be uncertainties in this inter-
relationship related to both measurement of light absorption
and particularly the method of EC determination. A com-
prehensive intercomparison of light absorption including
such other methods as the photo-acoustic and integrating
sphere techniques in conjunction with EC measurements
similar to the carbon intercomparisons of Schmid et al.
[2001], Chow et al. [2001], and H.-J. Lim et al. (unpub-
lished manuscript, 2001) would further this aim.

3.4. Aerosol Optical Properties as a Function of
Particle Size

[41] To examine the size range of particles responsible for
light extinction, MOUDI measurements of mass and EC are
used to estimate the size dependence of ssp and sap using

Figure 5. Light absorption efficiency as calculated from linear regressions of ssp versus EC mass
concentrations for (a) R & P 5400 measured EC versus PSAP measured sap (b) MOUDI measured EC
versus MOUDI predicted sap.
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Mie theory [Bohren and Huffman, 1983]. These calculations
require several assumptions including values for the aerosol
particle density and the aerosol refractive index. Further-
more, the assumed density is used to convert the aerody-
namic diameters measured with the MOUDI to Stokes
diameters for calculation of the optical effects [Bergin et
al., 2001]. For the calculation of ssp, a PM2.5 density of 1.5
g cm�3 and a complex index of refraction of 1.56–0.02i are
assumed. The refractive index is an average value for a
slightly absorbing urban aerosol [Hinds, 1999] and the real
part is intermediate to those for the dominate components of
the Atlanta aerosol, namely sulfate compounds (1.43 to
1.52) and carbon (1.96) with a presumed similar mass
contribution from liquid water (1.33) [Seinfeld and Pandis,
1998]. The use of a bulk aerosol density of 1.5 g cm�3 is
based on the values found for the dominant particle class by
McMurry et al. [2002] and the values for pure ammonium
sulfate and sulfuric acid of 1.8 g cm�3 though reduced to
account for the water associated with the aerosol in these
measurements at RH �50%.
[42] The calculation of sap used measured EC size distri-

butions, an EC density of 0.75 g cm�3, and an EC refractive
index of 1.5–1.0i as used by Horvath [1993]. The density, r,
of soot particles has been found to vary widely given as a
range of 0.75 to 1.5 g cm�3 [Horvath, 1993]. An assumed
particle density r = 0.75 g cm�3 is used here corresponding to
more numerous, smaller particles. Empirical evidence from
particle density measurements (for particles in the range 0.1 <
Dp < 0.3 mm at RH = 5 to 10%) indicates the presence of
‘‘fluffy’’ soot particles with densities from 0.25 < r < 0.64 g
cm�3 in addition to the most abundant population of particles
having 1.6 < r < 1.8 g cm�3 [McMurry et al., 2002].
Undoubtedly, these assumptions of particle chemistry are
limiting factors in the validity of this modeling approach.
Based on these assumptions and measured aerosol mass and
EC size distributions, average measured and modeled ssp and
sap are shown in Table 4.
[43] For the given assumptions, the distributions of ssp

and sap at RH � 50% as a function of particle Dp are given
in Figure 6. Also shown are the mass size distributions of
PM2.5 and EC, respectively. Geometric means (Dp,g) and
geometric standard deviations for the PM2.5 mass, EC mass,
ssp, and sap are also indicated in Figure 6. The importance
of the numerous small (Dp � 0.1 mm) soot particles is
apparent for both the EC mass and sap size distributions
where Dp,g (EC) = 0.27 mm and Dp,g (sap) = 0.13 mm,
respectively (Figure 6). The large fraction of EC mass and
resulting light absorption in the first size bin (Dp < 0.056
mm) is likely due to the influence of primary soot particles
from combustion with a typical mode in the range 10 nm <
Dp < 100 nm [Horvath, 1995]. The corresponding Dp,g for
mass and light scattering are Dp,g (PM2.5) = 0.47 mm and
Dp,g (ssp) = 0.54 mm, respectively. Also, combining the
light scattering and absorption size distributions into a light
extinction distribution gives Dp,g (sep) = 0.45 mm with a
geometric standard deviation of 2.0.
[44] The importance of the submicrometer mode of par-

ticles to light extinction, and in particular, those having Dp

near the peak of the solar spectrum of �0.5 mm is apparent
[Thekaekara, 1973]. Figure 6 shows the dominance of the
accumulation mode (0.1 < Dp < 1 mm) in contributing to
both PM2.5 mass and light scattering with a particularly

narrow light scattering distribution (geometric standard
deviation sg = 1.5). It is also worthwhile to note from
Figure 6 that particle size cuts of Dp < 1 mm (often used in
studies in radiative properties) and Dp < 2.5 mm (often used
in health-related studies) show less than a 5% difference in
sep for the urban aerosol in Atlanta.

3.5. Aerosol Vertical Column Properties

[45] Measurements of ssp and sap are point measure-
ments made at the surface and at RH � 50%. The aerosol
optical depth (da(l)) is a column-integrated measurement of
light extinction (sum of scattering and absorption by aerosol
particles) and inherently incorporates the influence of
ambient RH and the vertical variability in sep. Average
da(500 nm) = 0.44 ± 0.22 (n = 57) during the Atlanta
Supersite 1999 experiment and is observed to be a strong
function of the wavelength of light (Figure 7). The high
surface sep demonstrates the source strength in the urban
area while the correspondingly high da(l) indicates that
elevated PM2.5 concentrations extend beyond the surface
layer throughout the boundary layer resulting in enhanced
radiative effects.
[46] Assuming an exponential relationship between da(l)

and l, the Ångström parameters a and b are the exponential
power of the best fit relationship and the value of da(1 mm),
respectively [Ångström, 1964]. Based on the 57 measured
spectra of da(l), the best fit values for these parameters over
the wavelength range of 380 nm < l < 1020 nm are a = 1.5
± 0.3 and b = 0.15 ± 0.07, and with an average curve fit of
R2 = 0.97 ± 0.06. Calculating a based on discrete wave-
length pairs and curve fits to the average da(l) (Figure 7)
give values within 10%. High R2 shows the validity of the
exponential relationship between da(l) and l in the visible
range in the case of the urban Atlanta aerosol. The relatively
high value of a also underscores the predominance of
submicrometer particles (i.e., whose Mie light scattering
efficiency is a strong function of l) in controlling atmos-
pheric light extinction [Bohren and Huffman, 1983]. Corre-
lations between a and b and between a and da(500nm) are
quite low (R2 = 0.09 and 0.01, respectively) and suggest
that drastic shifts in aerosol size distribution are not asso-
ciated with periods of high optical depth. This assertion
applies only to clear sky periods when Sun photometer
measurements are valid, but the low variability in Esp

(Figure 2c, Table 2) suggests that this may also be the case
during other time periods.
[47] The measured values of da(l) and w at the surface

allow estimation of the direct aerosol radiative forcing (�F).
Using the method of Haywood and Shine [1995, 1997],

Table 4. Comparison of Measured and Modeled ssp and sap As

Averaged Over Periods of Size Distribution Measurementsa

Number of Size
Distributions

Measured
Value

Modeled
Value

Ratio
Model/Measure

ssp, Mm�1 7 119 ± 15 115 ± 24 0.95 ± 0.10
sap, Mm�1 56 15 ± 7 16 ± 8 1.12 ± 0.36

aModel calculations use MOUDI measured mass and EC size
distributions as input to a modified Mie light scattering code [Bohren
and Huffman, 1983] with the assumptions detailed in the text. Measure-
ments are averaged over the same time periods as MOUDI sampling
periods and thus are slightly different than grand averages in Table 1.
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estimates of �F are shown in Figure 8 using the measured
aerosol properties da(l) and w presented above. As with all
the measurements presented here, these ground based meas-
urements assume that the single scattering albedo is con-
stant with height. For these estimates, the calculation is
daily averaged with a daylight fraction of 0.5 and assumes a
surface reflectivity of Rs = 0.15 and a fractional cloud-cover
of Ac = 0.5 [Charlson et al., 1992]. Also, the upscatter
fraction (beta) has been attributed values of 0.24 to 0.29 in
global scale models [Charlson et al., 1992; Kiehl and
Briegleb, 1993], and measurements with a backscatter
nephelometer give an estimated upscatter for perturbed
aerosol of �0.25 [Ogren, 1995]. For these estimates, beta
is estimated from the mass size distributions as 0.24. This is
on the lower end of the range of estimates stated above and
results in a minimum estimate of �F. Since measurements

of da(l) are possible only during cloud-free conditions, a
bias in this estimate of �F may exist since aerosol concen-
trations are typically affected near cloudy areas. As is the
case with the other extensive optical and physical proper-
ties, �F shows great variability in time. Estimated average
�F in Atlanta during the experiment is �11 ± 6 Wm�2, a
net cooling. The instantaneous �F is up to a factor of 4
greater than this assuming daylight, clear-sky conditions.
The average direct aerosol radiative forcing estimated here
in Atlanta is a cooling effect substantially larger in magni-
tude than the global mean radiative forcing attributed to
anthropogenic aerosol particles (approximately �1 Wm�2)
and due to anthropogenic greenhouse gases (approximately
+2.5 Wm�2) [IPCC, 2001]. This indicates a substantial
impact of aerosols on radiative transfer in the urban atmos-
phere of a magnitude having potential implications for

Figure 6. Atlanta Supersite 1999 average (a) MOUDI mass and calculated light scattering distribution
(b) MOUDI EC and calculated light absorption distribution.

CARRICO ET AL.: URBAN AEROSOL RADIATIVE PROPERTIES IN ATLANTA SOS 10 - 13



climate, photochemistry, photosynthesis, and atmospheric
stability.

4. Conclusions

[48] As part of the Atlanta Supersite 1999 study, PM2.5

(particulate material having an aerodynamic diameters Dp <
2.5 mm) aerosol optical-related properties are investigated in
the urban environment. The measurements occurred over
�1 month field sampling intensive from 30 July to 3
September 1999 at the Jefferson Street Site in midtown
Atlanta, 1.5 km northwest of downtown and within the
urban core of Atlanta. Arithmetic means and standard
deviations of the midvisible light scattering (ssp at 530
nm) and absorption coefficients (sap at 550 nm) at RH = 49

± 5% are 121 ± 48 and 16 ± 12 Mm�1, respectively. The
light extinction coefficient (sep) is a factor of 2 to 3 higher
than typical nonurban polluted sites. Though aerosol optical
properties are dominated by light scattering by particles, an
estimated single scatter albedo (w0) of 0.87 ± 0.08 in Atlanta
is lower than nonurban sites due to the influence of local
emissions of soot, most likely from mobile sources.
[49] Variability in extensive parameters was related to

variability in source strength, air mass transport, atmos-
pheric stability, and aerosol removal mechanisms. A pro-
nounced diel pattern in aerosol radiative properties is
observed with clear influences from vehicular traffic (rush
hour peaks in concentrations, particularly EC and sap) and
atmospheric mixing (afternoon troughs). Likewise, a strong
influence of meteorology and particularly precipitation

Figure 8. Estimated direct aerosol radiative forcing during the Atlanta Supersite 1999 study based on
measurements of aerosol optical depth and single scatter albedo. Calculations are 24 h averaged using
the Haywood and Shine [1995, 1997] model. The calculation assumes upscatter fraction of 0.24 from
past measurements and a cloud cover fraction of Ac = 0.5 and a surface reflectivity of Rs = 0.15.

Figure 7. Aerosol optical depth (da) arithmetic means and standard deviations in Atlanta as a function
of wavelength of light and best fit power function.
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events on aerosol optical properties is observed. PM2.5

concentrations and ssp decrease by 50% or more and over
the course of several hours during precipitation events, even
relatively light events. However, the EC concentration and
hence sap are less strongly or quickly affected by precip-
itation, and this results in decreases in w0 during precip-
itation events. This also underscores the importance of
aerosol solubility in atmospheric lifetime.
[50] Based on several techniques, a strongly linear rela-

tionship is found between PM2.5 and ssp (R
2 = 0.80 to 0.96).

Similarly, elemental carbon (EC) and sap are correlated,
though less strongly (R2 = 0.34 to 0.97) while little relation-
ship between sap and overall PM2.5 exists (R

2 = 0.19). This
demonstrates that light scattering is dependent on a wide
range of chemical components while light absorption is
most strongly linked to EC. The mass scattering efficiency
of PM2.5 is observed to be 3.5 to 4.4 m

2 g�1 based on a real-
time and two time-integrated mass measurements, and this
is very similar to values found in other polluted locations.
Spanning the wide range found in other studies, several
methods for EC measurements give light absorption effi-
ciencies Eap ranging from 5.3 to 18.3 m2 g�1. Best agree-
ment was found from two techniques using multistage
impactor measurements of EC mass size distribution, Mie
calculations and measured sap giving Eap = 9.3–9.5 m2 g�1.
Though variable aerosol properties and uncertainty in the
light absorption measurement contribute, the determination
of Eap is observed in this study to be very dependent on the
method of EC determination.
[51] Mie light extinction calculations using inputs of

measured mass and EC size distributions show geometric
mean light scattering and absorbing diameters to be 0.54
and 0.13 mm with geometric standard deviations of 1.5 and
3, respectively. This compares to the PM2.5 mass and EC
geometric mean diameters of 0.47 and 0.27 mm, with
geometric standard deviations of 2 and 6.6, respectively.
Thus light scattering distribution is predominated by a
rather narrow mode of particles in the accumulation mode
with 0.1 < Dp < 1 mm while the EC mass and absorption is
relatively more broadly distributed although shifted toward
smaller particles.
[52] Measured aerosol optical depth has an average value

of da(500nm) = 0.44 ± 0.22 and is a strong function of
wavelength of light due to the dominant optical influence of
submicrometer particles. An exponential curve-fit to da(l)
measurements gives Ångström parameters a = 1.5 ± 0.3 and
b = 0.15 ± 0.07 and a curve fit parameter of R2 = 0.97 ±
0.06. Measurements of PM2.5 concentration with a real-time
method give an average of 31 ± 12 mg m�3 during the
Supersite 1999 experiment. Though this is strictly a sum-
mertime measurement during the peak season over a one-
month period, it is a factor of two higher than the proposed
NAAQS annual standard of 15 mg m�3. Based on these
measurements, a rough estimate of the average direct
aerosol radiative forcing (a measure of the climate signifi-
cance) is �11 ± 6 Wm�2 in the metro Atlanta area.
Compared to the magnitude of global average model
estimates of radiative forcing, this is a cooling effect that
is roughly an order of magnitude larger than global average
due to anthropogenic aerosols and a factor of five greater
than the combined forcing of all anthropogenic greenhouse
gases. The aerosol radiative forcing varies greatly in time as

a result of the large variability in aerosol properties and
particularly da(l). In addition to the implications for human
health and compliance with proposed PM2.5 standards,
aerosol radiative effects are much larger in the Atlanta
metro area than in average nonurban sites. This in turn
has implications for climate, visibility, and photochemistry
of the urban environment.
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