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[1] Chemical, physical, and radiative properties of surface and vertical column aerosols
were measured at a rural site in southern New Hampshire from July 2000 to September
2001. The primary objective was to determine how intensive and extensive aerosol
properties vary in air masses originating in different upwind regions. The data set also
allows for an investigation of some of the relationships between surface and column
aerosol properties at the site, and provides an estimate of direct radiative forcing by
aerosols during the study period. Extensive properties (e.g., optical depth and chemical
concentration) were at maximum values during times of south-southwest (S-SW)
transport, while minimum values were seen during north-northeast (N-NE) transport.
Certain intensive properties such as fine particle mass scattering efficiency did not vary
significantly between times of transport from different source regions. Mean optical
depth (wavelength = 500 nm) was 0.24 during S-SW transport, compared to 0.10 during
N-NE transport. The study period average scattering efficiency for (NH4)2SO4 was 6.54 ±
0.26 m2 g�1 (± standard error) and 3.36 ± 0.49 m2 g�1 for organic carbon, while the
absorption efficiency of elemental carbon was 12.85 ± 0.80 m2 g�1. Top of the atmosphere
aerosol direct radiative forcing was �0.35 ± 0.83 Wm�2 (±1 standard deviation) in winter
2000–2001 and �9.06 ± 3.77 Wm�2 in summer 2001, differences that can be primarily
attributed to seasonal changes in surface reflectance (high in winter, low in summer)
and the relatively low values of single scatter albedo observed in winter. The annual
average direct radiative forcing was �5.14 ± 4.32 Wm�2. We generally observed a
moderate correlation between surface and column aerosol light extinction, suggesting that
vertical column aerosol radiative properties measured by surface-based radiometers should
be supplemented by boundary layer measurements of aerosol chemical, physical, and
radiative properties to help understand the mechanisms contributing to global aerosol
variability. INDEX TERMS: 0305 Atmospheric Composition and Structure: Aerosols and particles (0345,

4801); 0365 Atmospheric Composition and Structure: Troposphere—composition and chemistry; 0368

Atmospheric Composition and Structure: Troposphere—constituent transport and chemistry; 3364

Meteorology and Atmospheric Dynamics: Synoptic-scale meteorology; KEYWORDS: aerosol transport, aerosol

radiative forcing, rural New England

Citation: Slater, J. F., and J. E. Dibb (2004), Relationships between surface and column aerosol radiative properties and air mass

transport at a rural New England site, J. Geophys. Res., 109, D01303, doi:10.1029/2003JD003406.

1. Introduction

[2] The scattering and absorption of short-wavelength
solar radiation by atmospheric aerosol particles directly
affects the radiative balance of the Earth. Recent model
estimates of the direct industrial aerosol radiative forcing
range between �0.07 and �1.24 Wm�2, compared to the
estimated range of +2.19 to +2.67 Wm�2 due to the radiative
forcing of anthropogenic greenhouse gases [IPCC, 2001].
One of the main causes of the large uncertainty associated

with direct aerosol radiative forcing is variations in
aerosol radiative, chemical, and physical properties in both
time and space [Schwartz and Andreae, 1996; Charlson and
Heintzenberg, 1995; Penner et al., 1994]. The eastern United
States is one region on the Earth where direct anthropogenic
aerosol radiative forcing is highly variable and typically
exceeds that of anthropogenic greenhouse gases [e.g., Grant
et al., 1999; Penner et al., 1998].
[3] Satellite platforms and global climate models are

often used to map the variability of aerosol properties on
regional to global scales [e.g., King et al., 1999; Liousse et
al., 1993]. However, satellite algorithms and global climate
models have to make assumptions concerning the relation-
ship between aerosol properties measured at the surface and
aerosol properties in the vertical column. In addition,
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satellite retrieval algorithms require assumptions about
several key aerosol properties [Kaufman et al., 1997]. It is
therefore necessary to measure column and surface aerosol
radiative, physical, and chemical properties at regionally
representative monitoring sites for long durations of time.
This type of information can then be used to improve
satellite aerosol retrieval algorithms, and to help validate
global chemical-transport-radiation models that predict
direct aerosol radiative forcing.
[4] Important wavelength dependent aerosol properties

governing direct aerosol forcing include aerosol optical
depth (ta; the vertical integral of the light extinction
coefficient), single scatter albedo (w; the ratio of scattering
to extinction), and the light scattering and absorption
efficiencies of various chemical components (fsp and fap;
light scattered or absorbed per unit chemical mass) [Bergin
et al., 2000; Charlson et al., 1999; Heintzenberg et al.,
1997]. Aerosol optical depth is a variable often used to
remotely assess aerosol concentrations in the atmosphere
from surface-based instruments [e.g., Holben et al., 2001].
Direct radiative forcing is highly sensitive to small changes
in single scatter albedo; the crossover between positive and
negative forcing occurs at values of w � 0.85 (depending
on surface albedo), with higher values yielding negative
forcing [Heintzenberg et al., 1997; Chýlek and Coakley,
1974]. Light scattering and absorption efficiencies are the
key parameters used to connect aerosol chemical and
radiation models [Charlson et al., 1992], to assist in the
interpretation of remotely sensed aerosol data [Tanré et al.,
1997], and to reconstruct visibility reduction from aerosol
chemical composition [Malm, 2000].
[5] In recent years, great strides have been made toward

establishing aerosol variability through a global optical depth
measurement network (AERONET [Holben et al., 2001]),
and through regional networks such as the Canadian program
AEROCAN [Bokoye et al., 1998] and the Swiss network
CHARM [Ingold et al., 2001]. Surface aerosol chemical,
physical, and optical properties have been characterized at
baseline monitoring locations within the NOAA-CMDL
global network [NOAA-CMDL, 2001, 1998], and by the
IMPROVE network in rural areas throughout the United
States [Sisler and Malm, 2000]. Equally important are results
from intensive, multi-platform, short duration field cam-
paigns focused on measuring and interpreting aerosol optical
properties such as SCAR-B [Kaufman et al., 1998],
TARFOX [Russell et al., 1999], ACE 1 [Bates et al.,
1998], ACE-2 [Russell and Heintzenberg, 2000], and
INDOEX [Ramanathan et al., 2001]. In addition, important
advances in remote sensing of aerosol properties have been
made that allow investigators to quantify regional changes of
aerosol loadings [King et al., 1999]. From all of these efforts,
a comprehensive global climatology of aerosol variability is
emerging.
[6] In northeastern United States, a small network of

radiometers has been making continuous measurements of
ta since 1991 [Michalsky et al., 1994]. Summers typically
had the highest ta and winters the lowest at sites in eastern
Maine and eastern New York. Although sulfate aerosols are
thought to be the dominant component responsible for
column light extinction in the northeast, airborne measure-
ments off the U.S. east coast indicated that carbonaceous
aerosols can constitute �50% of the dry aerosol mass and

were second only to water vapor in relative contribution to
column light extinction [Novakov et al., 1997; Hegg et al.,
1997]. In comparison, ground-based aerosol sampling
results from the IMPROVE site in Acadia National Park,
Maine, during 1988–1991 indicated that �50% of the fine
aerosol mass consisted of ammonium sulfate and �35% of
carbonaceous species. Light scattering by sulfate accounted
for about two thirds of the surface light extinction budget
[Malm et al., 1994].
[7] In the present work, we report on a 14-month long

study of surface and column aerosol properties at a rural site
in southern New Hampshire. Variations in aerosol properties
are related to changes in air mass origin based on backward
trajectory calculations. Specific objectives of this study are
(1) establish seasonal patterns in air mass transport to the
measurement site, (2) examine the seasonality of ta and w,
(3) estimate the influence variations in air mass origin have
on surface and column aerosol properties, (4) establish the
relationship between surface light extinction and column
light extinction, and (5) estimate annual and seasonal direct
aerosol radiative forcing.

2. Methods

2.1. Sampling Site and PM2.5 Chemical, Physical,
and Optical Measurements

[8] The measurement site is located in a rural area of
southern New Hampshire approximately 22 km inland from
the Atlantic Ocean (Thompson Farm, 43.11�N, 70.95�W;
21 m elevation). The sampling tower is located on a knoll in
a meadow and is removed from substantial local sources of
airborne pollutants and can thus be characterized as repre-
sentative of a regional ‘‘background’’ aerosol. A lightly
traveled paved road is less than 1 km to the south, a
moderately traveled paved road is 5 km to the east, and
Interstate 95 is 15 km eastward. Chemical, physical, and
optical properties of PM2.5 (airborne particles with an
aerodynamic diameter �2.5 mm) are measured at the site
using a custom manufactured sampling device that delivers
fine particles to three 47 mm diameter filter cartridges, a
Particle Soot Absorption Photometer (PSAP, Radiance
Research, Seattle,Washington), and an integrating nephelom-
eter (M903, Radiance Research). The device is located on a
platform 5m above the ground. Temperature within the
sampling device is kept slightly (�1�C) above the outside
temperature to inhibit the condensation of water vapor. The
inlet is a URG (University Research Glassware, RTP, NC)
cyclone that has been characterized to have a D50 2.5 mm cut
point at 93 liters per minute (Lpm) flow rate. Ambient air is
split into the five channels with 28 Lpm going to each of the
three filter cartridges (teflon filter, quartz-fiber filter, and an
optional cartridge) 7 Lpm to the nephelometer, and 2 Lpm to
the photometer. The optional filter cartridge is used occasion-
ally to collect filters for PM2.5 mass measurements.
[9] The teflon and quartz-fiber filters were collected

every 24 hours (0700 to 0700 LT), and field blanks were
obtained every 7 days, from 7 July to 15 December 2000
and from 15 February to 3 September 2001 (360 days).
However, due to budget constraints only a subset of the
filters was analyzed (detailed below). The teflon filters
(FALP, Millipore, Bedford, MA) were extracted in Milli-Q
water after being wetted with high purity methanol and then
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analyzed for eight inorganic ions (Ca2+, Na+,Mg2+, K+, NH4
+,

Cl�, NO3
�, and SO4

2�) and one organic ion (C2O4
2�) in our

laboratory at the University of New Hampshire by ion
chromatography [cf. Jordan et al., 2000]. The limit of
detection (LOD) is 0.02 mg/m3 for NH4

+, and 0.002 mg/m3

for SO4
2�, determined by three times the standard deviation

of 54 field blanks collected at the site. The estimated relative
precision (coefficient of variance of duplicate measurements)
is 1.1% for NH4

+, and 0.6% for SO4
2�. Pre-weighed teflon

filters were also collected for PM2.5 mass on a 1-in-3 day
schedule during June–August 2001 (0700 to 0700 LT).
Filter handling and weighing protocols followed the U.S.
EPA’s guidance for PM2.5 mass measurements. The filters
were equilibrated at constant temperature (20 ± 2�C) and
constant RH (30 ± 2%) for at least 24 hours prior to weighing
before and after collection.
[10] The quartz filters (2500 QAT-UP, Pall Gelman, Ann

Arbor, Michigan) were analyzed for elemental carbon (EC),
organic carbon (OC), and total carbon (TC) using the
thermal-optical/transmission method at Sunset Lab [Birch
and Cary, 1996]. Since carbonaceous aerosols can consist
of a large number of different compounds that contain H, O,
and possibly hetero-atoms from a variety of natural and
anthropogenic sources [e.g., Rogge et al., 1993], a conver-
sion factor is needed to estimate the mass of OC from the
mass of carbon quantified by the thermal-optical method. In
this work, we have applied a conversion factor of 1.4, as
suggested by several authors [e.g., Gray et al., 1986; Wolff
et al., 1981]. Additionally, both positive [e.g., Turpin et al.,
1994] and negative [e.g., Eatough et al., 1999] sampling
artifacts complicate quartz-fiber filter collection of OC. We
chose to collect OC on a single filter and did not attempt to
correct for any artifacts. Therefore, the reader should bear in
mind that these possible artifacts may exist and should
consider the OC values reported here as operationally
defined. Based on the analysis of 54 field blanks and
23 sample duplicate measurements, the LOD for OC is
0.20 mg/m3 and the estimated precision is 2.2%. The LOD
for EC is 0.01 mg/m3 and the precision is 7.2%.
[11] Light scattering coefficient (ssp) measurements by

the nephelometer (wavelength (l) = 530 nm) were made at
a low reference relative humidity (RH � 45%) to measure
properties that are intrinsic to the aerosol and are mainly
independent of atmospheric relative humidity. The nephe-
lometer was calibrated with filtered air and filtered CO2(g)

every 30 days. However, we did not correct the ssp
measurements for nephelometer zero drift on a regular
basis; instead we attempted to account for this source of
error when calculating the combined standard uncertainty of
ssp. Other potential sources of error in the nephelometer
output arise from nonidealities of the wavelength and
angular sensitivities that can reduce the instrument’s accu-
racy [Anderson et al., 1996]. On the basis of these potential
sources of error we estimated that the combined standard
uncertainty of the nephelometer measurements is ±15%.
[12] In contrast to the nephelometer, light absorption

coefficient (sap) measurements by the PSAP (l = 565 nm)
cannot be routinely calibrated so the user relies on the
manufacturer’s calibration and the stable performance of
the instrument over time. Bond et al. [1999] evaluated the
performance of the PSAP and suggested various correction
factors, which we have applied in the current work. These

corrections include flow rate, scattering interferences, and a
particle deposition spot size correction. We have also
included the uncertainties associated with each correction
factor as suggested by Bond et al. and have estimated that
the combined standard uncertainty in sap is ±18%. In
addition, the Bond et al. correction scheme implicitly
adjusts the PSAP output to a wavelength of 550 nm.
[13] The PSAP measurements were performed at ambient

RH throughout the study. Recent work of Arnott et al. [2003]
shows that the response of the PSAP can be erratic when RH
is rapidly changed (over a period of less than 1 hour) from
40% to 90%; however, it is not clear from the work of Arnott
et al. what effect a gradual rise in RH would have on the
PSAP measurements. At the Thompson Farm site on a
typical summer day, the RH changes from �40% to �90%
over an 8–10 hour period. Nonetheless, the reader should
bear in mind the potential problems associated with PSAP
measurements at high RH as outlined by Arnott et al. [2003].
[14] Because ssp and sap are measured at different

wavelengths, we have corrected ssp to the wavelength of
the corrected PSAP readings (l = 550 nm) based on the
power law ssp / l�a which describes the wavelength
dependence of scattered light. The exponent, a, is referred
to as the Ångström exponent [Ångström, 1929] and has
been estimated to be 1.7 ± 0.4 at the Thompson Farm site
based on daily averages of multi-spectral optical depth
measurements. The scattering and absorption coefficients
are used to calculate the particle light extinction coeffi-
cient at 550 nm (sep = ssp550 nm + sap), which in turn is
used to calculate the single scatter albedo at 550 nm (w =
ssp550 nm/sep). The combined standard uncertainty for sep
is ±20%, which results from a combination of the uncer-
tainty in scattering and absorption measurements, as well
as from the range in a of 1.3 to 2.1. It is important to
point out that due to differences in RH in the column and
RH in our dried scattering measurements, using a vertical
column Ångström exponent to adjust wavelengths likely
introduced a systematic bias.

2.2. Aerosol Optical Depth Measurements

[15] Total and diffuse horizontal irradiance are measured
at Thompson Farm using a multi-filter rotating shadowband
radiometer (MFRSR) in six narrow bands, approximately
10 nm wide, centered on 415, 500, 615, 673, 870, and
940 nm (Yankee Environmental Systems, Turners Fall,
Massachusetts). Details of the instrument are given by
Harrison et al. [1994]. Measurements are made every 15 s
and one-minute averages are recorded. The MFRSR is
heated to keep its components at a constant temperature,
and to keep it free of snow and ice. From the measured total
and diffuse components, direct normal irradiance is calcu-
lated, which is used in the calculation of aerosol optical
depth (ta) at 500 nm and 670 nm.
[16] The key to successful AOD measurements is to

develop a procedure that calibrates the instrument under
stable atmospheric conditions on a semi-continuous basis.
The Langley method of calibration has been used histori-
cally by many investigators [e.g., Shaw, 1983]. To begin,
we express the Bouguer-Lambert-Beer law in instrument
terms:

V ¼ Vo exp �tmð Þ; ð1Þ
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where V and Vo are the response of the MFRSR at the
surface and at the top of the atmosphere, respectively, t is
the total column optical depth, and m is the air mass
traversed by the direct solar beam relative to the air mass in
the zenith direction [Michalsky et al., 2001]. The Vo term is
continuously adjusted to account for variations in the sun-
earth distance. Calculations of solar air mass that consider
the effects of the curvature of the earth and the refraction of
an atmosphere of variable density on the trajectory of a solar
beam are achieved through the equation:

m ¼ cos qz þ 0:15 93:885� qzð Þ�1:253
h i�1

; ð2Þ

where qz is the solar zenith angle [Kasten, 1966]. Taking the
natural logarithm of both sides of equation (1), and
rearranging, allows t to be derived for each measurement
of V, given a calibrated Vo value.
[17] We employ a strategy, detailed by Michalsky et al.

[2001], to obtain Vo values which involves using successful
Langley plots from the site to determine the instrument
calibration. Langley plots were constructed by plotting the
air mass (m) as a function of the natural log of the response
of the MFRSR at the surface (V). A successful Langley plot
is one where the relationship between m and ln (V) is linear.
Successful Langley plots using morning and/or afternoon
data are selected using the objective algorithm developed by
Harrison and Michalsky [1994]. Briefly, the algorithm
calculates Vo (and t) on cloud-free days over a solar air
mass range of two to six. The next step in the calibration
procedure involves processing the 20 nearest Langley-plot-
derived values for Vo at each wavelength. The 20 sets of Vo

values are then reduced to 10 by selecting the inter-quartile
range of the ratio of Vo at 500 nm to Vo at 670 nm. The
median of these 10 sets of Vo values is then used to calculate
t for the period of time covered by the Langley plots. By
using the median of several days, this procedure helps to
reduce the likelihood of a poor estimate of Vo that might
occur on days when the Langley plot of ln (V) versus m
appears linear when, in fact, the optical depth is changing
[Michalsky et al., 2001; Shaw, 1976]. We performed this
procedure and derived Vo values at the beginning and at the
end of the study period, and these were then used to
calculate t at one-minute intervals throughout the experi-
ment. This time series of t was then manually screened for
cloud contamination and hourly averages were calculated
when there were at least 20 one-minute values in that hour.
The cloud screening procedure involves first performing a
least squares fit on the one-minute resolution optical depth
time series over 20- minute time intervals. If the residuals
are within a specified tolerance (0.02), then the data are
accepted, if not, that 20-minute block is rejected. Also, if the
mean of the 20-minute block is greater than 1.0, it is rejected
based on the presumption that uniform overcast skies were
present (J. Michalsky, personal communication, 2002).
[18] After solving equation (1) for t using Vo values

derived by this technique, we must correct for Rayleigh
scattering optical depth and ozone optical depth. Rayleigh
optical depth (tRay) is calculated using the formula [Hansen
and Travis, 1974]:

tRay ¼ 0:008569l�4 1þ 0:0113l�2 þ 0:00013l�4
� �

P=Po; ð3Þ

where P is the site pressure (hourly averages) relative to
sea level pressure Po and l is in micrometers. Ozone
optical depth is removed by multiplying daily average
column ozone measurements obtained from NASA’s Total
Ozone Mapping Spectrometer http://toms.gsfc.nasa.gov/
ozone/ozone.html, 2001) by the Chappuis band ozone
absorption coefficients obtained from a look-up table
formula [Hansen and Travis, 1974]. Rayleigh and ozone
optical depths are then subtracted from total optical depth,
leaving ta. AOD uncertainty as measured by the MFRSR
is estimated to be ±0.01 optical depths [cf. Michalsky et
al., 2001].
[19] We have also derived the Ångström Exponent (a) at

one-minute resolution throughout the study period. This
parameter can be used to infer the relative size distribution
of the column-integrated aerosol. Ångström [1929] pro-
posed that extinction of solar radiation by aerosols is a
continuous function of wavelength, without selective bands
or lines for scattering or absorption. Thus the Ångström
turbidity formula is given by

ta lð Þ ¼ bl�a; ð4Þ

where b is referred to as the turbidity coefficient and a
was described above [Ångström, 1929, 1930]. From the
known power law t / l�a, it is expected that a should
vary from 4 to 0; when particles are very small a should
approach 4, and a should approach 0 for particles much
larger than the wavelength of light. To calculate a we use
the formula:

a ¼ � log ta670=ta500ð Þ= log 670=500ð Þ; ð5Þ

Figure 1. Study source regions used to categorize back
trajectory origins: north-northeast (N-NE), east (E), south
(S), southwest (SW), and west (W). The stars represent the
location of the top 10 SO2 emitting plants in the United
States (U.S. EPA, AIR Data Base, 2001).
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where ta 670 and ta 500 are the aerosol optical depths at
670 nm and 500 nm, respectively.

2.3. Fine Particle Scattering and Absorption
Efficiencies

[20] Specific light scattering and absorption efficiencies
were calculated to connect the scattering and absorption of
light by fine particles and the chemical composition of those
particles. Light absorption efficiency is typically assumed to
depend only on the presence of EC; therefore, absorption
efficiency is defined as the incremental change in sap per
unit changes in EC mass (per volume of air) and is

determined by simple linear regression. Light scattering
efficiency, on the other hand, needs to be derived for each
chemical species present that contributes to scattering
[e.g., Sloane, 1986]. Thus light scattering efficiencies (l =
530 nm) are the proportionality constants that are estimated
by multivariate regression analysis such that

ssp ¼
X
i

aiMi; ð6Þ

where Mi represents the fine particle mass of chemical
specie i per volume of air and ai is the fitting constant that is
interpreted as the light scattering efficiency of chemical

Figure 2. Annual and seasonal distribution of 3-day backward trajectories calculated every 6 hours at a
starting height of 1000 m. The source regions are shown in Figure 1. Mixed sources occurred when the
trajectory passed over two or more source regions in route to the measurement site.
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species i [Sloane, 1986; Ouimette and Flagan, 1982; White
and Roberts, 1977]. Equation (6) assumes that the aerosol is
externally mixed (discrete particles of one chemical
composition). Although White [1986] demonstrated that
the chemical apportionment of the light extinction budget
could not be treated identically for an external versus an
internal mixture (particles of two or more chemical
components), recent theoretical work by Malm and
Kreidenweis [1997] showed that scattering efficiencies of
mixtures of organic carbon and sulfates were insensitive to
the choice of internal or external mixtures.

2.4. Aerosol Radiative Forcing Calculations

[21] Daily average direct clear-sky aerosol radiative forc-
ing (�F) can be estimated using the equation [Chýlek and
Wong, 1995; Haywood and Shine, 1995]

�F ¼ �DSoT
2
atwbta 1� Rsð Þ2� 2Rs=bð Þ 1=w� 1ð Þ

h i
; ð7Þ

where D is the fractional day length (variable throughout
year), So is the Solar Constant (1370 W m�2), Tat is the
atmospheric transmission above the aerosol layer, w is the
single scatter albedo (the ratio of scattering to extinction), b is
the aerosol hemispheric upscatter fraction, and Rs represents
the surface reflectance (albedo). In equation (7), b is averaged
over solar zenith angles and Tat = 0.76, as suggested by
Haywood and Shine [1995]. It is important to note that
because we made ssp measurements at a low controlled RH
(�45%), that we are unable to account for variations in RH in
the vertical column; during days when the RH diurnal cycle
is large (mainly in the summer months), this could have a
significant impact on the radiative forcing calculations.

Figure 3. (a) Daily averages (n = 241) and running weekly mean of aerosol optical depth (Tau) at l =
500 nm and Ångström Exponent (Ang. Exp.). (b and c) Monthly averages of aerosol optical depth
(Figure 3b) and Angstrom Exponent (Figure 3c). Error bars equal ±1 standard deviation.
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[22] We have derived Rs values from the Moderate
Resolution Imaging Spectrometer (MODIS) BRDF/Albedo
Product (MOD43B). The MODIS instrument flies on board
NASA’s Terra satellite and provides near global coverage on
a daily basis [King et al., 1992]. The albedo product is
produced at 1 km resolution by aggregating all available
cloud-cleared and atmospherically corrected surface reflec-
tance observations over 16-day intervals [Lucht et al.,
2000].
[23] To derive b, many investigators use the ratio of the

hemispheric backscatter coefficient to ssp (b) measured with
a nephelometer equipped with a backscatter shutter [e.g.,
Delene and Ogren, 2001; Anderson et al., 1999]. However,
because the M903 nephelometer does not measure back-
scatter, we have used a range of literature values of b from
mid-latitude continental sites in the United States [Delene
and Ogren, 2001; Koloutsou-Vakakis et al., 2001]. It was
shown by these investigators that b does not significantly
vary in either time or space. For the current work we have
selected a range of b from 0.10 to 0.13. To calculate b, we
use the equation b = 0.0817 + 1.85b � 2.97b2 from
Sheridan and Ogren [1999], who extracted the equation
from the work of Wiscombe and Grams [1976]. Using a
range of values for b introduces upper and lower limits for b
(0.24 to 0.27), which we have incorporated into the calcu-
lation of �F uncertainty.

2.5. Backward Trajectory Model, Source Regions,
and Filter Selection Process

[24] Three-day three-dimensional back trajectories have
been calculated using the NOAA HYSPLIT_4 Model
(Hybrid Single-Particle Lagrangian Integrated Trajectory
Model [Draxler and Hess, 1997]). For this work, the model
was driven by 80 km x 80 km grid meteorological fields (at
22 vertical layers) produced by the Eta Data Assimilation
System available from the NOAA-ARL Ready web site
http://www.arl.noaa.gov/ready/, 2001). The trajectories had
a starting height of 1000 m above model terrain height and
were calculated every six hours from 7 July 2000 to
3 September 2001. A starting height of 1000 m above
model terrain height was chosen based on the premise that
this height is approximately the annual average of the
middle of the mixed layer at this site. A higher level may
be in the free troposphere during certain times of the year; if
a lower level was chosen the modeled flow could be
affected by surface friction.
[25] Each trajectory was manually classified into one of

five source regions, or classified as ‘‘mixed’’ when the
trajectory passed through more than one region on its way
to our measurement site (Figure 1). We attempted to
delineate source regions such that N-NE (north-northeast)
represents clean continental air advecting out of Canada, W
(west) represents air that has been impacted by industrial
and urban complexes in southern Canada and the Great
Lakes region, SW (southwest) represents air influenced
primarily by emissions from coal-fired power plants in the
Ohio River Valley and beyond, S (south) represents air
impacted by transportation and urban sources on the Atlan-
tic seaboard, and E (east) represent clean maritime air.
[26] We are able to describe the influence of air mass type

on the physical, chemical, and optical properties of column
and surface aerosols at the measurement site by partitioning

trajectories into specific source regions. An air mass (not to
be confused with solar air mass mentioned above) is
considered to be a large homogenous volume of air char-
acterized by a specific vertical profile of various state
parameters (e.g., RH and temperature). Logically, the prop-
erties of aerosols are also thought to be uniform within an
air mass at any given moment in time. Combining this
generalization with information from back trajectories does
not, of course, consider the history of an air mass further
back in time than the specified trajectory duration (3 days).
[27] We used this air mass history information to select

24-hour integrated filters for chemical analysis. Even
though we collected quartz and teflon PM2.5 filters every
day during the 2 periods mentioned above, only a portion
were analyzed for soluble ions and carbon. To select filters
for analysis, the four trajectories that coincided with the
24-hour filter time interval had to all come from one of the
source regions shown in Figure 1. This screening process
led to 43% of the filters being analyzed (155 out of 360).
Chemical analysis results, along with 24-hour averages of
ssp and sap, were used to derive (NH4)2SO4 and OC
scattering efficiencies, and EC absorption efficiencies, for
the different air mass types. However, because of a low
number of cases when transport was consistently out of the
SW or S over the 24-hour filter period, we combined these
two regions when calculating scattering and absorption
efficiencies.

3. Results and Discussion

3.1. Distribution of Trajectories Into Source Regions

[28] A total of 1688 trajectories were calculated during
the study period. Roughly 38% had 3-day origins in the
north-northeast region, while 34% originated in the west. In
comparison, 10% originated in the southwest region, 7% in
the south region, 8% were from mixed sources, and just 3%
originated in the east (Figure 2). A seasonal breakdown
indicates a similar distribution during most of the seasons.
During each season from September 2000 to September
2001 at least 71% of the trajectories originated in the west
or north-northeast regions. In comparison, transport from
the south and southwest ranged from a low of 11% during
spring 2001 to a high of 22% during summer 2001.
Transport from the south occurred less than 5% of the time
during fall 2000, winter 2000–2001, and in spring 2001,
compared to 12% of the time during summer 2001 and
summer 2000 (Figure 2).

3.2. Seasonality of Aerosol Surface and Column
Optical Properties

[29] Hourly values of ta (wavelength = 500 nm) and a
were used to calculate daily averages throughout the study
period. We were able to derive ta on 241 days out of
422 possible days (57%). Typically, 4–8 hourly averages
were used for each daily average calculation; however, on
12 days, only one hourly value was available for the daily
average. A high amount of variability in ta is seen in the
time series of daily and monthly averages, particularly in
summer 2001 (Figures 3a and 3b). The highest daily
average of ta (0.621) was recorded on 24 July 2001.
Turbidity then dropped rapidly over the next 24 hours to
a below average ta value of 0.112 on 25 July. The lowest
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Figure 4. Time series of PM2.5 daily average (a) scattering coefficient (l = 530 nm), (b) absorption
coefficient (l = 550 nm), and (c) single scatter albedo (l = 550 nm) for the entire study period of 7 July
2000 to 3 September 2001.
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daily average a (0.527) was seen on 15 April 2001, and the
highest values appear in winter. The time series of monthly
average a (Figure 3c) indicates that the springtime mean
column-integrated particle size shifts to a slightly larger size
distribution, which could be a reflection of an increase in
atmospheric mineral dust that is typically observed in the
free troposphere during spring [e.g., Dentener et al., 1996].
A much lower amount of variability in the monthly averages
of a is seen than in monthly averages of ta (illustrated by
error bars in Figures 3b and 3c).
[30] Monthly average values of ta demonstrate that

turbidity reaches its minimum in the winter and maximum
in the summer (Figure 3b). Similar results have been shown

by other investigations at continental sites in the United
States [Holben et al., 2001; Michalsky et al., 1994] and in
Canada [Smirnov et al., 1994]. At our measurement site,
this annual cycle is probably influenced by increases in light
scattering as RH increases in summer. Many investigators
have documented the ability of atmospheric aerosols to
absorb water, which significantly increase the particle’s
extinction cross section [e.g., Malm and Day, 2001; Hegg,
1993]. Changes in transport could also be influencing the
aerosol burden between the two seasons through the deliv-
ery of more polluted air masses from the south and
southwest; however, we have observed only subtle differ-
ence in our trajectory analysis. Backward trajectories cal-

Figure 5. Seasonal distribution of (a) scattering coefficient, (b) absorption coefficient, and (c) single
scatter albedo. The top and bottom of error bars are the 90th and 10th percentiles, the top and bottom of
the box are the 75th and 25th percentiles, the line in the box is the median, and the symbol is the mean.
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culated during winter 2000–2001 and summer 2001 reveal
that both seasons had >70% of their trajectories originating
in the west or the north-northeast regions, while during
summer 2001, 22% of the trajectories originated in the
south or southwest regions, compared to 16% in winter
2001–2001 (Figure 2).
[31] The daily average time series of PM2.5 surface light

scattering coefficient (ssp) shows maximum values and
large variability during summer 2001 compared to the rest
of the study period (Figure 4a). Box and whisker plots of
seasonal means and percentiles illustrate that scattering was
fairly consistent from the beginning of our study period
through spring of 2001 with seasonal averages of ssp at or
near �20 Mm�1. During summer 2001, however, the mean
rose to �50 Mm�1 with the 90th percentile reaching a value
of 100 Mm�1 (Figure 5a). In contrast to ssp, PM2.5 surface
light absorption coefficient (sap) measurements display
maximum values in winter, with considerable day-to-day
variability (Figure 4b). Box and whisker plots show that
winter 2000–2001 mean values of sap were near 5 Mm�1,
while the other season’s values were �3 Mm�1 with a
smaller range (Figure 5b). These patterns in ssp and sap led
to a seasonal mean single scatter albedo (w) minimum of
0.82 in fall 2000 and a w maximum of 0.90 in summer 2001
(Figure 5c). A similar annual pattern in w has been observed
at the NOAA-CMDL regional monitoring site at Bondville,
Illinois during 1996–1999, where the lowest monthly
median values of w (�0.86) were observed in September
and October [Delene and Ogren, 2001]. Our annual average
(±1 s) during September 2000 to September 2001 was w =
0.86 ± 0.07, compared to the annual average during 1996–
1999 at the Bondville site of 0.92 ± 0.06.

3.3. Relationships Between Surface Aerosol
Properties and Source Regions

[32] Relationships between variations in air mass source
regions, as indicated by back trajectories, and variations in
ssp, sap, and w are investigated by comparing hourly
averages of these parameters at the same time interval that
a given trajectory is specified to arrive at the sampling site
throughout the study period. Statistics for the hourly aver-
ages of each parameter are calculated once the individual
trajectory and its associated ssp, sap, and w values have been
classified into one of the source regions in Figure 1 (Table 1).
As anticipated, the highest mean of ssp and sap occurs when
transport is from the southwest. The lowest mean ssp occurs
during north-northeast transport and the lowest sap occurs
when transport is out of the east (though there were few
occurrences of easterly transport). The dominance of light
scattering when transport is from the more polluted regions
is illustrated by comparing w values. The lowest w occurs
during north-northeast transport scenarios, and the highest
occurs when transport is from the south (Table 1).
[33] The fact that the lowest w values are observed during

times when transport is from the cleanest sector suggests that
elemental carbon (EC; the primary absorber in the atmo-
sphere) is a ubiquitous and fairly constant component of
aerosols in the eastern part of North America. EC is
produced exclusively by combustion processes and, unlike
the major light scattering components of aerosols (i.e., OC
and SO4

2�), is a primary aerosol with a relatively long
atmospheric lifetime [Goldberg, 1985]. Calculated lifetimes

range from under 40 hours in rainy climates to well over 1
week in clean, dry regions [Ogren and Charlson, 1983].
There is little difference between EC concentrations when
transport is from the north-northeast compared to transport
from the more polluted sectors (south and southwest)
(Figure 6). In contrast, SO4

2�concentrations were roughly
fivefold higher during south and southwest transport com-
pared to north-northeast transport. A similar pattern is
observed for NH4

+, while OC concentrations more closely
resemble the variations seen in EC. Given the many different
natural and anthropogenic sources of OC [e.g., Schauer et
al., 1996], it is not surprising that one source region does not
stand out in Figure 6c. Thus it is apparent that the major
differences between w when transport is from the various
source regions are governed primarily by changes in SO4

2�

source strength.

3.4. Variations in Column Aerosol Properties
and Source Regions

[34] As shown above, we were able to extract hourly
averages of the surface optical parameters for each trajec-
tory that was calculated (because of continuous measure-
ments). Vertical column optical parameters, however, are

Table 1. Relationships Between Variations in Air Mass Source

Regions and Surface Fine Particle Optical Parametersa

ssp sap w

N-NE
mean 15.8 2.8 0.84
SDb 15.1 2.7 0.08
max 172 30.4 1
min 0.6 0.1 0.48
n 618 634 613

West
mean 34.3 4 0.88
SD 32.4 3.4 0.08
max 218.3 25.3 1
min 1.7 0.1 0.6
n 545 556 534

Southwest
mean 50.2 5.5 0.89
SD 37.3 4.4 0.08
max 244.3 35.5 1
min 2.3 0.1 0.59
n 158 160 157

South
mean 41.1 3 0.92
SD 35.8 2.8 0.06
max 180.4 16 1
min 3.9 0.04 0.7
n 109 99 98

E-SE
mean 17.3 1.7 0.91
SD 9.4 2.1 0.06
max 39 11.6 1
min 1.2 0 0.69
n 51 50 50

aSource regions determined by 3-day backward trajectories calculated
every 6 hours from 7 July 2000 to 3 September 2001, and classified into the
geographic regions illustrated in Figure 1. Optical parameters based on
hourly values (at each 6 hour interval) of parameters (ssp (Mm�1),
scattering coefficient (530 nm); sap (Mm�1), absorption coefficient
(550 nm); w, single scatter albedo (ssp/ssp + sap) at 550 nm).

bSD, standard deviation.
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limited to daylight hours when a clear path to the sun exists.
As a result, there are many fewer hourly averages of column
measurements with the same time-stamp as the trajectories
(calculated every 6 hours). To increase the number of
observations in each bin, we have grouped the south and
southwest trajectories together when comparing transport
patterns to column aerosol optical properties. Although the
number of observations was relatively low for southwest
transport (n = 28) and south transport (n = 14), the column
optical parameters were not statistically different between
the two transport scenarios. Thus we did not bias the results
when combining measurements of air mass properties from
the two source regions. In addition, there were only 2
observations when transport from the east and the trajectory
calculation coincided, therefore we have disregarded these
cases for this analysis.
[35] Similar to what was seen for PM2.5 ssp at the surface,

the highest ta values were observed during south-southwest
transport situations, mid-range values during westerly trans-
port, and the lowest ta during north-northeast transport
(Table 2). Minimum and maximum ta also follow this
pattern. A student’s t-test revealed that the differences
between the mean values of ta for south-southwest, west,
and north-northeast air are statistically significant at the

Figure 6. PM2.5 24-hour integrated chemical composition broken down into the source regions shown
in Figure 1 (see text). Number of filters analyzed per source region is N-NE (64), West (64), SW (11),
South (12), and East (4). Bars, box, and symbols are same as in Figure 5.

Table 2. Relationships Between Variations in Air Mass Source

Regions and Aerosol Column Optical Parametersa

t500 t670 a

N-NE
mean 0.10 0.06 1.6
SDb 0.05 0.03 0.5
max 0.29 0.19 3.3
min 0.03 0.01 0.4
n 141 141 141

West
mean 0.14 0.09 1.7
SD 0.08 0.05 0.4
max 0.42 0.24 3.2
min 0.05 0.02 0.6
n 103 103 103

S-SW
mean 0.24 0.15 1.7
SD 0.14 0.09 0.4
max 0.71 0.41 2.7
min 0.06 0.03 0.8
n 42 42 42

aSource regions determined by 3-day backward trajectories calculated
every 6 hours from 7 July 2000 to 3 September 2001, and classified into the
geographic regions illustrated in Figure 1. Optical parameters based on
hourly values (at each 6 hour interval) of parameters (t500 and t670 =
aerosol optical depth at 500 nm and 670 nm; a = Ångström Exponent).

bSD, standard deviation.
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99% level. In contrast, the differences between a for the
different source regions are not statistically different
(Table 2). This result is somewhat surprising, given the
different aerosol formation mechanisms (and implied size
distribution differences) that are likely taking place in the
different source regions.
[36] There are slight differences in the range of a values

between the three major source regions, even though the
mean values of a are not significantly different. A scatter
plot of a versus ta is a standard optical representation that
allows us to define physically interpretable patterns for the
three air mass types [Smirnov et al., 1994; Ahern et al.,
1991]. A slight decrease in a variability with increasing
ta is seen (Figure 7a). We have placed thresholds of
one standard deviation about the mean to better optically
characterize each air mass type and the result is shown in
Figure 7b [cf. Smirnov et al., 1994]. This information can be
used to place upper and lower limits on a priori optical
characteristics of different air mass types for use in satellite
retrieval algorithms and global climate models.

3.5. Connections Between Surface and Column
Aerosol Optical Properties

[37] In the past, estimates of direct radiative forcing
by aerosols have generally relied on surface aerosol radia-
tive properties [e.g., IPCC, 1996; Charlson et al., 1992].
Establishing a link between column and surface measure-

ments can help reduce some of the uncertainties in climate
models and satellite retrieval algorithms that assume that
surface aerosol measurements adequately represent column
aerosol properties. Ideally, in a well-mixed boundary layer
with no substantial amount of aerosols in the free tropo-
sphere or the stratosphere, ta values should be equal to the
surface light extinction coefficient integrated from the
ground to the top of the boundary layer (with a relative
humidity function included). We have shown that there are
similarities between the mean, maximum, and minimum
values of PM2.5 optical properties at the surface and total
aerosol column optical properties in relation to changes in
air mass origins. However, we would like to establish a
more quantitative link between these two measurement
methods. This has been done by comparing hourly averages
of the surface fine particle light extinction coefficient at
550 nm (sep = ssp550 nm + sap) to ta (logarithmically
interpolated to 550 nm) during the entire study period,
during each season, and during different transport scenarios.
[38] We were able to obtain 1202 hourly averages of ta

from 7 July 2000 to 3 September 2001, and plotted them
against hourly averages of sep (Figure 8a). The correlation
between the two variables is moderate (r2 = 0.57) (signif-
icance level of this and all of the following coefficients is
99.9%) with a slope of 2332 ± 59 m, which is a rough
estimate of the average boundary layer mixing depth [cf.
Bergin et al., 2000]. A seasonal breakdown illustrates that

Figure 7. (a) Scatterplot of Ångström Exponent versus aerosol optical depth for the three air mass
types. (b) Thresholds of one standard deviation about the mean help define the optical characteristics of
each air mass type.
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spring and summer 2001 also display moderate correlations
(r2 = 0.63 and r2 = 0.65, respectively), as well as summer
2000 (r2 = 0.55), compared to winter 2000–2001 when the
two variables are poorly correlated (r2 = 0.35) (Figure 8).
[39] A poor correlation between these two variables

could be due to a number of factors such as (1) incomplete
vertical mixing (aerosols aloft are contributing to ta values
and not to sep), (2) fluctuations in RH (ssp is measured at
a low RH and ta is measured at ambient RH), and/or (3)
differences in aerosol size distribution and/or chemical
composition with height. The moderate correlation in
summer is somewhat surprising given that RH is much
more variable and normally higher at this time of year

(compared to other seasons). The poor correlation during
winter could be the result of a stable boundary layer due to
the lack of considerable thermal updrafts. The open fields
surrounding the measurement site were covered with snow
from 15 December 2000 through 1 April 2001. Snow
cover can cause a temperature inversion near the surface,
capping any vertical movement of air [Stull, 1988]. If there
is not considerable vertical mixing, a surface based mea-
surement (sep) and a measurement representing conditions
aloft (ta) would be decoupled.
[40] We have produced scatter plots of sep and ta during

the three major transport situations to examine how changes
in air mass origin may influence the relationships between

Figure 8. Total study period and seasonal breakdown of the relationship between aerosol optical depth
(Tau) and surface PM2.5 light extinction coefficient (Bep; 550 nm).
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the two variables. Because of a relatively low number of
observations when ta and the 6 hour trajectory interval
coincided (see n in Table 2), we have made the assumption
that transport did not change between trajectory intervals.
For example, if the backward trajectories calculated at
1200 UT and 1800 UT on 1 July 2001 both originated in
the west region, we assumed that the 5 hourly trajectories
between these two times also originated in the west. Given
the rate at which frontal systems typically move in the

northeast [e.g., Brankov et al., 1998], we feel this is
a reasonable assumption. This assumption increased the
number of observations during north-northeast transport
from 141 to 564, during west transport from 103 to 334,
and during south-southwest transport from 42 to 66 (Table 2
and Figure 9).
[41] Scatter plots reveal that during times of north-north-

east transport, sep and ta are poorly correlated (r2 = 0.35),
and are moderately correlated during west (r2 = 0.51) and
south-southwest (r2 = 0.48) transport situations (Figure 9).
A seasonal breakdown of north-northeast transport shows
that the only time of year the two variables are moderately
correlated is in summer 2001 (Figure 10d), a time when sep
and ta values are at their highest. The moderate correlation
between ta and sep seen during west transport is fairly
consistent throughout the four seasons (Figures 10e–10h).
Because of the low number of observations during south-
southwest transport we are not able to present a seasonal
breakdown. However, the total study period scatterplot does
show that a wide range of ta and sep values were observed
(Figure 9c).
[42] Additionally, in each regression analysis of sep and

ta in Figures 8, 9, and 10 (seasonal and transport break-
down) the Y-intercept is positive. This is likely an indication
of additional aerosol loading above the surface; since sep is
measured at ground level, ta measurements should be
greater. This intercept could be used as a semi-quantitative
measure of the relative concentration of aerosols at the
surface, compared to the total column loading.

3.6. Fine Particle Light Scattering
and Absorption Efficiencies

[43] Chemical analysis of 150 24-hour integrated PM2.5

filters have allowed us to determine the scattering efficiency
(fsp) and the absorption efficiency (fap) of key chemical
components during the entire study period, as well as within
the three different air mass types. Ion chromatography (IC)
results show that SO4

2� is nearly completely neutralized by
NH4

+; linear regression (in equivalents) indicates that
[SO4

2�] = 1.07 ± 0.10 [NH4
+] with an r2 = 0.89. Thus for

the multiple linear regression (MLR) analysis we have
assumed that all sulfate is in the form of (NH4)2SO4. Other
IC results show that [NO3

�] is more than an order of
magnitude lower than [SO4

2�], therefore we have not
included any NO3

� in the MLR analysis. Further, other ionic
species measured (Ca2+, Na+, Mg2+, K+, Cl�, and C2O4

2�)
were at or near the LOD of the analytical method.
[44] As a result, we have included only organic carbon

(OC) and (NH4)2SO4 in the MLR model. It is recognized
that fine particle mineral dust could be contributing to the
measured ssp at this site; however, at other PM2.5 monitor-
ing locations in rural New England dust concentrations are
at most 10–15% of the total PM2.5 mass [e.g., Sisler and
Malm, 2000; Cass et al., 1999]. This fact, coupled to the
low scattering efficiency of dust (�1 m2 g�1), led to the
assumption that OC and (NH4)2SO4 were the only major
chemical species contributing to light scattering at the site.
Elemental carbon (EC) is assumed to be the only chemical
component responsible for fine particle light absorption.
[45] The study period (NH4)2SO4 fsp value of 6.54 ±

0.26 m2 g�1 (Table 3) is identical to the average fsp

presented by White [1990] in a literature survey of light

Figure 9. Scatterplots of aerosol optical depth (Tau) and
the light extinction coefficient (Bep) during the three
main transport situations: (a) north-northeast, (b) west,
and (c) south-southwest transport.
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Figure 10. Seasonal distribution of the relationship between aerosol optical depth (Tau) and the light
extinction coefficient (Bep) (a–d) during north-northeast transport and (e–h) during west transport.
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extinction by fine particles in the northeastern United States,
and within the uncertainty of the value of 5.0 ± 2.0 m2 g�1

presented by Charlson et al. [1992, 1991] and used exten-
sively in global aerosol chemical/radiation models. The
value is also similar to the (NH4)2SO4 fsp values of 5.35 ±
0.42 m2 g�1 and 4.94 ± 0.68 m2 g�1 reported by Slater et al.
[2002] for clean and polluted air masses, respectively,
transported to a rural site in northern New Hampshire. Mie
theory calculations find that a fsp value of 6.5 m2 g�1 for
(NH4)2SO4 corresponds to a mean particle diameter of
0.50 mm [Ouimette and Flagan, 1982]. A similar mean size
for SO4

2�(0.63 ± 0.10 mm) has been reported at a rural site in
central MA by Lefer and Talbot [2001].
[46] The OC fsp derived for the entire study period of 3.36

± 0.49 m2 g�1 is similar to the value of 3.81 m2 g�1 reported
by Omar et al. [1999] for a low RH (<63%) at the rural
Bondville, Illinois site (mentioned above), which was de-
rived using the ELSIE semi-empirical light extinction model
[Sloane and Wolff, 1985]. However, the mean over 14
months in southern New Hampshire (3.36 ± 0.49) is con-
siderably higher than the value of 1.56 ± 0.40 for OC
scattering efficiency for the clean-sector air masses arriving
in northern NH [Slater et al., 2002].
[47] Charlson et al. [1999] point out that despite the lack

of standardized methods for calculating SO4
2� scattering

efficiencies, most of the reported values at low RH and a
wavelength of 550 nm fall within a range of a factor of two.
The authors also state that variations in the aerosol size
distribution are the dominant cause of the observed
variability [Charlson et al., 1999]. We therefore anticipated
that changes in air mass origin would influence the mass
scattering efficiencies of both OC and (NH4)2SO4. However,

OC and (NH4)2SO4 fsp values are not statistically different
between the three air mass source regions (Table 3), except
for OC fsp during days of south-southwest transport. The
large standard deviation of OC fsp during south-southwest
transport suggests that a larger data set might not yield a
mean that is significantly different than the other source
regions. The lack of variability of fsp among different
transport scenarios is consistent with the observation that
a does not vary when air mass origins change (indicating
that column size distribution is relatively stable). We con-
clude that even though there is a high amount of variability
in the chemical composition and the amount of aerosols
delivered to the site with different air mass origins, the size
distribution of those particles is not significantly different (as
determined by these indirect methods).
[48] Reported values of EC fap span a much broader

range (as much as an order of magnitude), as compared to
the range of (NH4)2SO4 fsp reported in the literature [e.g.,
Liousse et al., 1993]. Along with variations in particle size
distributions (mentioned above), the variability of EC fap

can be attributed to (1) the lack of a universal method for
measuring EC, (2) variable aerosol mixing state (i.e.,
internal versus external mixing), (3) the age of the aerosols
(particle morphology changes), and/or (4) the enhancement
of absorption by degree of aggregation [Fuller et al., 1999;
Horvath, 1993]. It is likely that one or more of these factors
are affecting fap between transport from the south-south-
west days (fap = 9.74 ± 2.11 m2 g�1) and days when
transport was from the west (fap = 15.41 ± 1.36 m2 g�1)
(Table 4).

3.7. Estimating Direct Aerosol Radiative Forcing

[49] Russell et al. [1997] have shown that aerosol layers
occurring off the U.S. east coast that have ta values of 0.1 to
0.5 can result in a direct aerosol forcing at the top of the
atmosphere of�14 to�48Wm�2, which is much larger than
the global mean of�0.07 to�1.24 Wm�2 mentioned above.
However, that study was confined to a 1-month period in July
1996. To explore seasonal and annual affects of aerosols on
the regional radiative budget, we have estimated direct
aerosol radiative forcing during our 14-month study period.
Because equation 7 assumes that some parameters (e.g.,
upscatter fraction) are averaged over all solar zenith angles,
we have limited radiative forcing calculations to days when
there were very few clouds during the entire day, which
amounted to only 82 days during the entire study period.
However, during each month of our study period clear-skies
existed (an average of 4 days/month).
[50] During summer 2001 a substantial average negative

forcing of�9.06 ± 3.77 Wm�2 (±1 s) was derived (Table 5).
The highest value of �F (�20.5 ± 4.5 Wm�2) was recorded

Table 3. Scattering Efficiency of Ammonium Sulfate and Organic

Carbona

Nb R2

(NH4)2SO4 OC

fsp
c SDd pe fsp SD p

Totalf 149 0.99g 6.54 0.26 <0.001 3.36 0.49 <0.001
N-NE 60 0.85 6.05 0.76 <0.001 3.33 0.47 <0.001
West 63 0.99 6.63 0.37 <0.001 2.98 0.72 0.001
S-SW 22 0.99 5.38 1.14 0.001 7.53 3.11 0.01

aScattering efficiency is RH � 45%.
bNumber of 24-hour average optical and chemical measurements used in

regression analysis.
cScattering Efficiency in m2 g�1 at 530 nm.
dSD, standard deviation.
eLevel of significance based on t probability distribution.
fIncludes four cases when transport was from the east.
gCoefficient of determination of MLR.

Table 4. Absorption Efficiency of Elemental Carbon

Na r2 fap
b SDc pd

Totale 149 0.64f 12.85 0.80 <0.001
N-NE 60 0.67 12.43 1.10 <0.001
West 63 0.67 15.41 1.36 <0.001
S-SW 22 0.52 9.74 2.11 <0.001

aNumber of 24-hour average optical and chemical measurements used in
regression analysis.

bAbsorption efficiency in m2 g�1 at 550 nm.
cSD, standard deviation.
dLevel of significance based on t probability distribution.
eIncludes four cases when transport was from the east.
fCorrelation coefficient from linear regression.

Table 5. Clear-Sky Average Aerosol Radiative Forcing (�F) at

l = 550 nm

�Fa Variabilityb n

Year (Sept. 00–Sept 01) �5.14 ±4.32 70
Fall 00 (Sept. –Nov.) �4.31 ±2.57 21
Winter 00–01 (Dec.–Feb.) �0.35 ±0.83 12
Spring 01 (Mar. –May) �4.04 ±3.70 14
Summer 01 (June–Aug.) �9.06 ±3.77 23

aBased on daily averages in Wm�2.
bVariability is reported as ±1 standard deviation.
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on 27 June 2001 (Figure 11). On this day, ta was above
average (0.198) and the single scatter albedo was the high-
est daytime value recorded during the entire study (0.93).
Chemical mass balance of PM2.5 on 27 June indicates that
(NH4)2SO4 accounted for �60% of the aerosol mass, OC
accounted for �25%, and EC less than 1%, helping to
explain the high single scatter albedo. During winter 2000–
2001 an average forcing of �0.35 ± 0.83 Wm�2 was
calculated (Table 5). This relatively low radiative forcing
was caused by a combination of high Rs (due to a contin-
uous snow cover from early-December 2000, to mid-March,
2001) and low single scatter albedo (winter average w =
0.84; Figure 5c). During fall 2000 an average negative
forcing of �4.31 ± 2.57 Wm�2 was derived (Table 5),
despite the low w observed for that season (w = 0.82,
Figure 5c). The fall maximum daily radiative forcing
(�10.9 ± 2.3 Wm�2) was observed on 25 October 2000.
This day was part of a 10-day regional pollution event
recorded at rural, urban, and remote sites throughout
New England that brought polluted air masses into the
region from the west and southwest (J. F. Slater et al.,
Synoptic- and micro-scale meteorological controls on
PM2.5, ozone, and carbon monoxide concentrations in rural
New England: A case study, submitted to Journal of the Air
and Waste Management Association, 2003). Similar to fall
2000, the spring 2001 mean �F was �4.04 ± 3.70 Wm�2,
with values exceeding 10 Wm�2 on just two occasions
(Figure 11 and Table 5). The annual average�F (September
2000–September 2001) of �5.14 ± 4.32 Wm�2 is substan-
tially higher than the range of estimates for the global mean
mentioned above. This result is not surprising, however,
given that the northeastern United States is much more
industrialized than many other parts of the world.

4. Summary and Conclusions

[51] We have reported on a 14-month long study of the
physical, chemical, and optical properties of PM2.5 at the

surface, and the physical and radiative properties of the
vertical column total aerosol, at a rural site in southern New
Hampshire. The main conclusions that can be drawn from
this work are as follows:
[52] 1. Air mass transport to the site was dominated by

flow from the north-northeast and the west during 7 July
2000 to 3 September 2001, as well as during each season
within this time frame.
[53] 2. Maximum values of ta were observed during

summer 2001 and minimum values seen during winter
2000–2001. Minimum values of a in spring suggest an
influence of dust aerosols aloft. PM2.5 ssp peaked in
summer 2001, with little variation in the other seasons,
while PM2.5 sap maximum values were seen in winter. The
single scatter albedo of PM2.5 attained its lowest value of
0.81 in fall 2000 and highest value of 0.89 in summer 2001.
[54] 3. PM2.5 [NH4

+], [SO4
2�], ssp, sap, and total aerosol ta

were highest during times of transport from the south-
southwest and lowest during north-northeast transport.
The single scatter albedo was lowest during time of trans-
port from the cleanest sector, suggesting that EC is a
ubiquitous component of fine particles in New England.
[55] 4. The Ångström Exponent was not significantly

different between the different air mass classes indicating
that the aerosol size distribution above the site is not
strongly influenced by regionally distinct processes upwind.
[56] 5. PM2.5 sep and ta were moderately correlated

throughout the study period (r2 = 0.57, n = 1202). The best
correlations (r2 = 0.65) occurred during summer 2001 and
during transport from the west (r2 = 0.51).
[57] 6. The total season mass scattering efficiency of

(NH4)2SO4 and OC was 6.54 ± 0.26 m2 g�1 and 3.36 ±
0.49 m2 g�1, respectively. The efficiencies for these two
species were not significantly different among the three
major air mass origins. The total season absorption efficien-
cy of EC was 12.85 ± 0.80 m2 g�1.
[58] 7. The yearly average �F at the site was �5.14 ±

4.32 Wm�2. In winter �F = �0.35 ± 0.83 Wm�2 and in

Figure 11. Clear-sky direct aerosol radiative forcing at Thompson Farm. The time series contains
82 daily averages spread over the 14-month period (gaps in the record are not shown). Error bars
represent the combined standard uncertainty, which includes all instrument measurement uncertainty, as
well as the result of using upper and lower limits for the upscatter fraction (0.24 to 0.27).
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summer �F = �9.06 ± 3.77 Wm�2, differences that can be
attributed to the seasonal changes in surface albedo and fine
particle single scatter albedo.
[59] This work has demonstrated that many of the

physical, chemical, and optical properties of aerosols at
the surface and in the vertical column are highly variable at
this regional background measurement site. The fact that
the derived mass scattering and absorption efficiencies
do not vary significantly from theoretical values, or vary
as air mass source regions changed, supports climate
models and satellite retrieval algorithms that use a single
geographic value for these parameters. The moderate cor-
relation between sep and ta observed in this study suggests
that vertical column aerosol radiative properties measured
by surface-based radiometers only adequately represent
boundary layer aerosol properties. Aerosol optical depth
measurements should be supplemented by boundary layer
measurements of aerosol chemical, physical, and radiative
properties to help understand the mechanisms contributing
to global aerosol variability.
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