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off the U.S. East Coast in July and August 2001

BRIAN |. MAGI,* PETER V. HoBBS,* THOMAS W. KIRCHSTETTER, T TiHOMIR NovAakov, T DEAN A. HEGG,*

SONG GAO,# JENS REDEMANN,@ AND BEAT ScHmMID@

*Department of Atmospheric Sciences, University of Washington, Seattle, Washington
T Lawrence Berkeley National Laboratory, Berkeley, California
#Department of Chemistry, University of Washington, Seattle, Washington

Bay Area Environmental Research Institute, Sonoma, California
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ABSTRACT

Airborne in situ measurements of vertical profiles of the aerosol light scattering coefficient, light absorption
coefficient, and single scattering albedo (w,) are presented for locations off the East Coast of the United States
in July—August 2001. The profiles were obtained in relatively clean air, dominated by airflows that had passed
over Canada and the Atlantic Ocean. Comparisons of aerosol optical depths (AODs) at 550 nm derived from
airborne in situ and sun-photometer measurements agree, on average, to within 0.034 = 0.021. A frequency
distribution of w, measured in the atmospheric boundary layer off the coast yields an average value of w, =
0.96 = 0.03 at 550 nm. Values for the mass scattering efficiencies of sulfate and total carbon (organic and black
carbon) derived from a multiple linear regression are 6.0 = 1.0 m? (g SO;)*and 2.6 = 0.9 m?2 (g C) ¢,
respectively. Measurements of sulfate and total carbon mass concentrations are used to estimate the contributions
of these two major components of the submicron aerosol to the AOD. Mean percentage contributions to the
AOD from sulfate, total carbon, condensed water, and absorbing aerosols are 38% = 8%, 26% * 9%, 32% =
9%, and 4% =+ 2%, respectively. The sensitivity of the above results to the assumed values of the hygroscopic
growth factors for the particles are examined and it is found that, although the AOD derived from the in situ
measurements can vary by as much as 20%, the average value of w, is not changed significantly. The results

are compared with those obtained in the same region in 1996 under more polluted conditions.

1. Introduction

Anthropogenic aerosols play an important role in at-
tenuating solar radiation as it passes through the at-
mosphere, which in turn affects the temperature of the
earth (Houghton et al. 2001). The amount of attenuation
depends on the light scattering and the light absorption
coefficients (which together comprise the light extinc-
tion coefficient) of the constituent aerosols. Of particular
importance for radiative transfer calculations are the
aerosol single scattering albedo (i.e., the ratio of the
light scattering coefficient to the light extinction coef-
ficient) and the aerosol optical depth (AOD), which is
the light extinction coefficient integrated over height.
Chemical apportionments of AOD have been reported
for rural and urban regions of the United States (White
1990), the Atlantic seaboard of the United States (Hegg
et al. 1997), and Brisbane, Australia (Chan et al. 1999).
In this paper we report a similar study for the U.S.
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central East Coast based on airborne measurements ob-
tained in July—August 2001 during the Chesapeake
Lighthouse and Aircraft Measurements for Satellites
(CLAMYS) field campaign.

2. Instrumentation and methods

Except for measurements of surface temperature and
pressure, all of the measurements presented in this paper
were obtained aboard the University of Washington's
(UW) Convair-580 research aircraft. Table 1 lists the
instruments aboard the Convair-580 relevant to this
study. Brief descriptions of these instruments follow.

Aircraft atitude was determined by calculating the
hypsometric altitude using onboard measurements of
pressure and temperature combined with ground-based
measurements of surface pressure and temperature from
Wallops Island, Virginia. Aircraft altitude was also de-
termined from an onboard global positioning system
(GPS), although this suffered from periodic outages.
When operational, the GPS altitude and the derived hyp-
sometric altitude agreed to within ~1% at 700 hPa. In
al cases, altitude is reported as above mean sea level.

Particle size distributions were measured with a par-
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ticle cavity aerosol spectrometer probe-100X (PCASP-
100x) located on the wing of the UW Convair-580. The
sample chamber of the PCASP was heated, so that the
size distribution of dry particles was measured. The
PCASP was calibrated with nonabsorbing latex spheres,
but the diameter limits of the bins were adjusted to an
aerosol with arefractive index of m = 1.46 — 0.0086i,
as recommended by Hartley et al. (2000). After the re-
fractive index correction, the diameter range of the 15
bins of the PCASP was 0.11-4.5 um.

The aerosol light scattering coefficient was measured
with a nephelometer that was custom built for the UW
by MS Electron; it is similar to the commercially avail-
able TSI nephelometer (e.g., Anderson and Ogren
1998). This nephelometer provided simultaneous mea-
surements of the light scattering coefficient and hemi-
spheric backscatter coefficient at three visible wave-
lengths (450, 550, and 700 nm, with a nominal 40-nm
bandwidth). The airstream to the nephelometer was
heated to dry the aerosol and thereby eliminate the ef-
fects of ambient relative humidity (RH) on the measured
aerosol light scattering and backscattering coefficients.
Hartley et al. (2000) discuss details of the MS Electron
(MS) nephelometer used by UW, the precision of the
measurements (~10%), and the methods used in this
study to correct the measurements for forward angular
truncation and non-Lambertian illumination. The values
outputted by the nephelometer were at ambient tem-
perature and pressure. However, when comparing with
mass concentrations of chemical species (described be-
low), which were derived at standard temperature and
pressure (STP), the nephelometer measurements were
adjusted to STP.

Since the sample airstream to the nephelometer was
dried to ~30% RH, the effect of varying ambient RH
(often much greater than 30% RH) on thelight scattering
coefficient of the ambient aerosol was determined using
a hygroscopic growth function based on in situ mea-
surements obtained in the same general geographical
area as the present study (Kotchenruther et al. 1999).
In section 4h, we examine the sensitivity of the optical
properties of the ambient aerosol to the value of the
hygroscopic growth factor.

The aerosol light absorption coefficient was measured
at a wavelength of 567 nm (15-nm bandwidth) using
the particle and soot absorption photometer (PSAP) de-
scribed by Hartley et al. (2000). The airstream to the
PSAP was heated to dry the aerosol. The precision of
the PSAP measurements is ~25%, with larger per-
centage errors at lower values of light absorption. The
PSAP provided 30-s running mean values of the light
absorption coefficient of the dried aerosol with outputs
every second. An internal flow meter in the PSAP mon-
itored the flow rate at STR, but when the temperature
and pressure differed from STP, the PSAP readings were
adjusted to ambient temperature and pressure. The val-
ues of dry aerosol light absorption coefficient at ambient
temperature and pressure were corrected for errors in

Range (error)

Globa (~2-5 m)

(~10%)
0.1 to 10 000 Mm-* a 567 nm (~25%)

0.1 to 1000 Mm~* at 450, 550, 700 nm
Particulate mass on filter >5 ug (=5 uQ)
Particulate mass on filter >4 ug m=23 (=30%)
14 discrete wavelengths from 354-1558 nm

Particle diameters 0.11 to 4.5 um,

1100 to 150 hPa (<0.2%)
15 channels

0-9 km (£5-8 m)
—60° to 40°C

Manufacturer
Trimble TANS/Vector
Trimble TANS/Vector
PCASP-100X
MS Electron 3 W-02 (custom built for

)

Radiance Research
Lawrence Berkeley National Laboratory

Particle Measuring Systems Model

Rosemount Model 830 BA

In house
University of Washington

NASA Ames

TaBLE 1. List of instruments aboard the UW Convair-580 research aircraft used in this study.
Instrument

Integrating three-wavelength nephelome-
ter with backscatter shutter

PSAP

Thermal evolution analysis of quartz fil-

ters
14-channel sun photometer (AATS-14)

Variable capacitance

Reverse flow

35° to 120° light scattering

Gravimetric analysis and ion exchange
chromatography of Teflon filters

GPS
GPS

Parameter
Light scattering coefficient at 30% RH

(04)
Light absorption coefficient at a low

RH (0740)
Total particulate mass and ionic species

Latitude and longitude
Particle size distribution

Altitude

mass

Carbonaceous particulate mass

Pressure
Temperature

Aerosol optical depth
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the sample spot size, instrument-to-instrument variabil-
ity, instrument noise, PSAP response to scattering, and
PSAP response to absorption, following the procedures
described by Bond et al. (1999), which implicity account
for a wavelength adjustment from 567 to 550 nm.

After applying the corrections discussed above, and
when the air was very clean, the values of scattering
and/or absorption sometimes bordered on the detection
limit of the instruments. In these cases, the absorption
values often exceeded the scattering values at pointsin
the vertical profiles. In view of the relatively low con-
centrations of carbonaceous aerosol, the single scatter-
ing albedo was unlikely to have been below 0.85. There-
fore, we ignored values of absorption less than 3 per
megameter (Mm~1) when scattering values were less
than 17 Mm~?; these limits correspond to an aerosol
single scattering albedo of 0.85 at 550 nm.

For analyses of the total particulate mass and ionic
species mass, aerosol samples were collected on filters
using the baghouse system described by Magi and
Hobbs (2003). When opened to the outside air, the bag-
house sampled 2.5 m3 of ambient air in about 30 s.
Stainless steel holdersfor Teflon filtersand quartz filters
were attached to aflow meter manifold, which provided
the filterswith simultaneous samples of ambient air from
the baghouse. Multiple baghouse samples were needed
to ensure adequate filter loading for accurate analyses.
After the aircraft landed, the filters were removed from
the holders and stored prior to laboratory analysis. The
Teflon filters were analyzed for ions, as described by
Gao et al. (2003), and the quartz filters for carbon con-
tent as described by Kirchstetter et al. (2003).

The National Aeronautics and Space Administration
(NASA) 14-channel Ames Airborne Tracking Sunpho-
tometer (AATS-14) was mounted atop the UW Convair-
580 aircraft. Provided the solar disk was not obscured
by cloud, the AATS-14 continuously recorded the total
AOD above the atitude of the aircraft, which isreferred
to here as the ““column AOD.” The method of deter-
mining the column AOD from the sun photometer mea-
surements is described by Schmid et al. (2000).

The vertical resolution of the in situ measurements
was set in the postanalysis at 50 m for high aerosol
loading (in situ AOD > 0.1) or 200 m for low aerosol
loading (in situ AOD < 0.1) for the aerosol parameters
and the data from the AATS-14. The vertical resolution
of the meteorological state parameters was set at 50 m.
Datawere linearly interpolated between the vertical grid
points to derive a full vertical profile.

3. Sampling strategies, flights, and synoptic
conditions

The airborne measurements used in this study were
obtained at various locations off the central East Coast
of the United States, as the aircraft changed altitude
from, on average, just above ground level (0.17-km al-
titude) to about 3.3-km altitude. This altitude range gen-
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erally encompassed one or more shallow layers of pol-
luted air. Table 2 lists the data, time, location, and air-
flows near the surface and aloft for each of the vertical
profiles used in this study. The airflow was determined
from 72-h modeled parcel back trajectories from the
National Oceanic and Atmospheric Administration
(NOAA) Hysplit analysis tool (see online, http://
www.arl.noaa.gov/ready/hysplit4.html). Generally, over
the 72-h period prior to aflight, the sampled air parcels
had been transported over large distances and were often
subsiding.

4. Results

a. Comparisons of airborne sun photometer and
airborne in situ measurements of aerosol optical
depths

Variouslayer AOD closure studies have been reported
previously. Hegg et al. (1997) and Hartley et al. (2000)
present the results of such studies based on measure-
ments obtained in 1996 during the Tropical Aerosol Ra-
diative Forcing Observational Experiment (TARFOX)
field project, which took place in the same region as
the present study. The layer AODs derived from the in
situ measurements in those two studies were, on aver-
age, 14% =+ 8% and 12% = 5%, respectively, lower
than the layer AODs measured by the airborne sun pho-
tometer. Remer et al. (1997) found that ground-based
measurements of AOD made on the East Coast in July
1993 were nearly twice as large as AOD values derived
from airborne in situ measurements; they attributed the
difference to unmeasured aerosol layers aloft. In the
Great Plainsin 1997 and 1998, Kato et al. (2000) found
that ground-based measurements of AOD compared
well with values derived from airborne in situ mea-
surements when the atmospheric RH was low, whereas
the AOD derived from in situ measurements were
~28% lower than those derived from ground-based
measurements in higher RH cases. For data collected
over the Atlantic Ocean (Canary Islands), Schmid et al.
(2000) found that AODs from in situ airborne mea-
surements generally did not agree with those measured
by a sun photometer, possibly because particles were
sampled through an inlet that was inadequate for sam-
pling the large particles typical of marine and dusty air.
In contrast, Magi et al. (2003) reported that in air masses
in southern Africadominated by small, biomass-burning
aerosol and low RH, layer AODs derived from in situ
measurements aboard the UW Convair-580, using the
same instruments as those used to obtain the measure-
ments discussed in the present paper, were only 4% =+
6% lower than those measured with the sun photometer
aboard the aircraft.

In the present study, the airborne AATS-14 sun pho-
tometer provided remote sensing measurements of the
column AOD. In arapid tight climb (or descent) of the
aircraft, the difference in column AOD between any two
altitudes provides the AOD between those two points,



922

TABLE 2. Vertica profiles of the UW Convair-580 research aircraft in this study.

72-h back-trajectory analysis**
Horizontal
(surface/aloft)
WI/NW

Vertical
(surface/al oft)

relative
humidity (%)

Mean ambient

Hyposometric
atitude range

Longitude

Latitude

UTC time

uw
flight
number

Date
(2001)

W) (km, MSL)

(°N)

(hhmm)
1857-1925

1225-1235
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NW/NW
NNW/NNW
NNW/NNW
NW/NNW
NW/NNW
SW/NW
S/ISW

S/ISW
NE/NNE
NE/NNE
NE/NW
NE/NNE
NE/NE
NE/NE

g/s

sls

g/s

sls

rls

r/s
mix

rlr SIS
rlr SIS
sir

sr

sls

g/s

sls

g/s

sls

s/s

015
012
009
015
015
008
032
004
001
024
032
006
004
003
010
012
010

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

ANLOOO M o — NO < W10
ANANASTTAOO 0O NNNN
R A I A e A A A I A A R R A e |
MNOOAWOMNLU MO N [{e S (o]
o N ()] — N N O
BNSBAFBBASISIIIIN
[sPNerNesNerNerNoNNerNesNesNerNesNesNerNesNerNerNoep)
Illé'éd}d}c{)(")lllol)lll
< ™~ o AN~ <t vg(\l
gNHOHOOOOOOOHNH [qV]

0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0

1502-1518
1730-1744
1813-1840
1905-1919
1304-1337
1554-1611
1613-1627
1612-1642
1642-1655
1706-1718
1718-1735
1707-1718
1627-1655
1936-1946
1948-1957

* 1., is the layer aerosol optical depth derived from the in situ measurements at a wavelength of 550 nm.
** Surface is <500 m and aloft is >500 m; s = subsiding air parcel, r = rising air parcel, mix = combination of subsiding and rising.
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which we call the ““layer AOD.” We will refer to layer
AODs measured by the sun photometer as 7,,.

The layer AOD between heights z, and z,(z, < z,)
due to particles is given by

T= f : To(2) dz, (0]

where o,,(2) is the ambient light extinction coefficient
due to particles at height z, and

0(2 = 052 + 04(2), @)

where o,(2) and o,,(2) are, respectively, the ambient
light scattering and the ambient light absorption coef-
ficients due to particles at altitude z. However, before
the measured values of aerosol light scattering and light
absorption coefficients can be substituted into (2), and
then used in (1) to compute a layer AOD from the in
situ measurements for comparison with the ambient
AOD measured by the sun photometer, they must be
multiplied by appropriate hygroscopic growth factorsto
account for the difference between the measurements,
which were made at a RH of ~30%, and values at the
ambient RH (the average ambient RH for the vertical
profiles was about 60%). Hence, the AOD between
heights z, and z, from the in situ measurements (7,,),
when adjusted to the ambient RH, is

T = f (0pafs + 0pafa) dz, 3

where o, is the dry light scattering coefficient due to
particles, o,,, the dry light absorption coefficient due to
particles, and f and f, are the RH-dependent factors
by which the dry scattering and absorption coefficients,
respectively, must be multiplied to adjust their measured
values to the ambient RH.

Calculation of 7, from (3) requires continuous mea-
surements of oy, 0.4, f, and f, between z, and z,.
The values of o, and o, were measured, and we used
values of f, as afunction of RH (in percent) described
by Kotchenruther et al. (1999); namely,

1+a@b
100

30\"
1+ a(loo)
where a = 1.711 = 0.044 and b = 3.41 *= 0.16 for
airflow from the north or south, and a = 3.201 = 0.022
and b = 3.78 = 0.04 for airflow from the west. The
values of f, are unknown, but are likely to lie between
1 and f, (Hegg et al. 1997; Redemann et al. 2001).
Since 0,4 < 0,4, Weassumethat f, = 1, whichimplies
that g = 0.

The common wavelength we use in comparing 7,
with 14 is 550 nm, at which all wavelength-dependent

(4)
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05F
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Fic. 1. Vertica profile from airborne in situ measurements of (a) the ambient aerosol light scattering coefficient
(04), the dry aerosol light absorption coefficient (o), and the aerosol single scattering albedo (w,) at 550 nm, and
(b) the relative humidity (RH) and temperature (T), off the East Coast from 1304-1337 UTC on 17 Jul 2001 (UW
flight 1874). The lower end of the scale for w, is terminated at 0.7 since values below this are subject to large errors.

values are reported in this study. The nephelometer pro-
vided measurements of o, a 550 nm. The PSAP pro-
vides measurements of o,,, at 567 nm, but these were
adjusted to 550 nm as described in section 2. The AATS-
14 sun photometer provided the column AOD at 13
discrete wavelengths from 354 to 1558 nm; the closest
wavelengths to 550 nm are 525 and 606 nm. To derive
a column AOD at 550 nm from the AATS-14 mea-
surements, a quadratic polynomial interpolation equa-
tion described by Schmid et al. (2003) was used. The
uncertainty in 7, is mainly due to potential horizontal
variability (Redemann et al. 2005) in the atmosphere
during a vertical profile. Methods used to quantify this
potential uncertainty are described in Redemann et al.
(2003).

A sample vertical profile of in situ measurements of
O, T4, the aerosol single scattering albedo (w,), RH,
and temperature (T) is shown in Fig. 1. The values of
w, were calculated at a wavelength of 550 nm from

O

©)

Wy = ———.
Og + O apd

The measurements shown in Fig. 1 were obtained on
17 July 2001, when the aerosol loading was the highest
encountered during the CLAMS field study. Features of
the vertical profiles shown in Fig. 1 include a distinct
temperature inversion at about 0.4 km, and a mean RH
of about 60% that clearly plays arole in the correlation
between RH and the ambient light scattering coefficient
o, The vertical profiles of the column AOD measured
on 17 July 2001 by the sun photometer and derived
from the in situ measurements are compared in Fig. 2,
where the column AOD is defined by Eq. (1) with z,
set to infinity. The column AOD from the in situ mea-
surements is equal to that derived from (3) up to the
maximum height of the aircraft plus the column AOD
measured by the sun photometer at the maximum height
of the aircraft. The column AOD measured by the sun
photometer should (in theory) decrease monotonically
with increasing altitude. However, thisis not alwaysthe
case in practice because of tempora fluctuations and
spatial inhomogeneities in the atmosphere during the
approximately 15 min it takes the aircraft to complete
a vertical profile. The spatial inhomogeneity estimated
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T T
— In situ measurements
— = Sunphotometer data

3.5F

25F

Altitude (km)
N

051

0

s L L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Column AOD

Fic. 2. Comparison of the vertical profile of column aerosol optical
depths (AOD) at a wavelength of 550 nm derived from airborne sun
photometer (dashed line) and in situ measurements (solid line) off
the East Coast from 1304-1337 UTC on 17 Jul 2001 (UW Flight
1874).

using methods described by Redemann et al. (2003)
suggested there was, on average, 27% *+ 12% variability
for every 100 km traveled horizontally in CLAMS. The
vertical profiles discussed in this study covered an av-
erage horizontal distance of 20 = 19 km, which resulted
in small potential uncertainties in 74, (Table 3). The
column AOD from the in situ measurements decreases
monotonically with increasing altitude because it is an
integrated quantity with no negative values.

The values of 7, and 7, for the vertical profiles of
the Convair-580 are listed in Table 3. Figure 3 shows
these results. The equation for the relative error-weight-
ed linear regression of 7, versus rg,, IS

7. = (0.85 + 0.05)7,, — (0.014 = 0.002), (6)

where the linear correlation coefficient isr = 0.992.
Thus, ignoring the small intercept, 7, was on average
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15% =+ 5% lower than 7,,. The root-mean-square (rms)
difference between 1 and 7, is 0.034 = 0.021. The
layer AOD measured on 17 July 2001, had a notably
higher 7., value than on the other flights. This was pri-
marily due to an increase in total number concentration
of particles in the lowest 3 km of the vertical profile.
We attribute this to the parcels near the surface being
recirculated through the immediate eastern seaboard re-
gion, where they were presumably affected by industrial
pollutants (see Fig. 8a). Chemical measurements, dis-
cussed below, also indicate higher mass concentrations
of sulfate and total carbon on 17 July than on the other
flights (Table 4).

b. Chemical composition of the aerosol

The total mass concentration of the aerosol with di-
ameters <3 um was measured gravimetrically, and the
masses of sulfate, nitrate, and chloride ions were de-
termined using methods described by Gao et al. (2003).
The measured gravimetric and ion mass concentrations
are listed in Table 4. Sulfate was the only ion consis-
tently present in significant amounts. The masses of
crustal elements and cations were not measured.

Thetotal carbon (TC) component of the aerosol mass,
defined as the sum of organic carbon (OC) and black
carbon (BC), was measured using a thermal evolution
method described by Kirchstetter et al. (2003). The re-
sults are listed in Table 4. The analysis did not separate
OC and BC because the BC content was below the
detection limit of the analysis method. However, BC
was estimated to comprise, on average, less than 5% of
the TC measured. Hegg et al. (1997) also reported that
BC was a minor contributor to AOD in TARFOX.

The analysis of particles in CLAMS also provided
the mass of oxalic acid (C,H,0,), which is a dicarbox-
ylic acid that originates from motor exhaust, dust, and
soil sources (Kawamura and Kaplan 1987) and in sec-
ondary reactions between anthropogenic and natural or-

TaBLE 3. Comparison of layer aerosol optical depths at a wavelength of 550 nm derived from the airborne sun photometer (r,,,) and
from the in situ measurements (7).

Hypsometric
Date UW flight altitude range
(2001) number (km, MSL) Taun Tis
14 Jul 1872 0.17-3.17 0.0511 + 0.0003 0.037 = 0.009
14 Jul 1872 0.07-3.90 0.0857 * 0.0008 0.066 = 0.015
16 Jul 1873 0.06-2.94 0.0990 + 0.0170 0.055 *= 0.008
17 Jul 1874 0.05-3.60 0.3256 = 0.0008 0.265 *= 0.032
23 Jul 1875 0.05-3.09 0.0201 + 0.0003 0.011 *= 0.004
23 Jul 1875 1.08-3.22 0.0095 *+ 0.0024 0.002 = 0.001
26 Jul 1878 0.03-3.17 0.1012 + 0.0020 0.086 = 0.024
26 Jul 1878 0.02-3.11 0.1003 *+ 0.0043 0.093 = 0.032
30 Jul 1879 0.07-3.17 0.0802 + 0.0036 0.016 = 0.006
30 Jul 1879 0.14-3.22 0.0674 = 0.0046 0.010 = 0.004
31 dul 1880 0.23-3.26 0.0341 + 0.0008 0.013 = 0.003
2 Aug 1881 0.14-3.22 0.0600 = 0.0008 0.047 = 0.010
2 Aug 1882 0.04-3.19 0.0698 + 0.0015 0.053 = 0.012
2 Aug 1882 0.22-3.21 0.0791 = 0.0011 0.042 = 0.010
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Fic. 3. Comparison of layer AOD at a wavelength of 550 nm
derived from airborne sun photometer (7,,) and in situ measurements
(7s). The relative error-weighted linear regression to the data points
is shown by the solid line; the 1-to-1 perfect correlation is shown by
the dashed line. The equation and linear correlation coefficient (r)
for the solid line and the rms difference between 7, and 7., are
shown on the graph.

ganic compounds (e.g., Yokouchi and Ambe 1986; Sem-
pere and Kawamura 1996). The oxalic acid mass con-
centration isimplicitly included in the TC analysis, and
is therefore not considered separately in the remainder
of this study. As expected, the C,H,O, mass concen-
tration was highly correlated (p < 0.05) with the TC
values, with C,H,0, comprising, on average, 2% + 1%
of the TC mass concentration. The average oxalic acid
mass concentration from Table 4 is 0.09 = 0.04 wg
m~-23, which is lower than the average value of 0.5 =
0.2 ng m~3 measured by Kawamura and Kaplan (1987)
in Los Angeles. We attribute the difference to the lower
contribution of motor exhaust off the U.S. Atlantic coast
than in Los Angeles, the air parcel back trajectories
discussed in section 4g may aso have played arolein
the low concentrations of oxalic acid in CLAMS.

c. Overall particle mass scattering efficiency and
mass closure

The overall particle mass scattering efficiency (M SE)
of the sampled aerosol was determined by a linear re-
gression (e.g., Bevington and Robinson 1992) of the
corrected nephelometer measurements of o, to the
measured gravimetric mass concentration (m,). The re-
sults of this analysis are shown in Fig. 4, which yield
an overall particle MSE of 2.4 = 0.2m2g-* (r = 0.95).
The corresponding value for TARFOX was 2.8 = 0.3
m2 g-* (r = 0.88; Hegg et al. 1997). The error barsin
Fig. 4 represent the standard deviation of o, for the
time the filter sample was collected and an uncertainty
in m, of +5 ug propagated with the uncertainty in the
sample flow volume (3% on average).

The mass closure analysis was performed for the sul-
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fate and total carbon species (nitrate and chloride spe-
cies do not improve the degree of closure). The mea-
sured mass concentrations of sulfate and total carbon
listed in Table 4 account for only portions of their re-
spective molecular forms in the atmosphere. We as-
sumed the sulfate in the atmosphere existed in a one-
to-one ratio with ammonium in the form of ammonium
bisulfate NH,HSO,. Therefore, the measured sulfate
mass concentrations were multiplied by 1.19 to convert
them to mass concentrations of NH,HSO,,. We assumed
the total carbon mass concentration was half urban and
half nonurban in origin and, using the results of Turpin
and Lim (2001), arrived at amolecular conversion factor
for carbon of 1.9 = 0.3.

The mass closure results are shown in Fig. 5, where
the error bars represent the uncertainty in m,, as dis-
cussed above, and the propagated error for the mass
concentration measurements. The error-weighted linear
regression of m, to the sum of the assumed atmospheric
forms of sulfate and total carbon (2 m,) is

m, = (106 = 0.06) >, m, + (0.9 = 05). (7)

Hence, on average, m, was 6% * 6% greater than
3 m,, with about 0.9 = 0.5 ug M3 unaccounted for.
This implies that, for particles with diameters <3 um,
sulfate and total carbon accounted for an average of
~94% of the total aerosol mass.

d. Species particle mass scattering efficiencies
derived from multiple linear regression

The mass scattering efficiencies of individual chem-
ical species can be estimated using the multiple linear
regression (MLR) method described by White (1990).
This method was used by Hegg et al. (1997) on the
TARFOX data. Thevalidity of thismethod was explored
by Vasconcelos et al. (2001) in a comparison of theo-
retical model results with measurements obtained in
southern California. They showed that interpretation of
the MLR results requires the assumption that the aerosol
be externally mixed, which implies that variations in
the MSE of the various species are independent of the
mass concentrations of other species.

Based on the mass closure analysis discussed above,
we perform an MLR of o, to the mass concentrations
of sulfate and total carbon using

a-spd = asulfate(rnwlfate) + atotal cabon(rnrota carbon)’ (8)

where o, isthe dried aerosol light scattering coefficient
(in units of Mm~1), «, the mass scattering efficiency of
species x (M? g—1), and m, the mass concentration of
species x (ug m~3). All mass scattering efficiencies re-
ported hereafter imply units of m? (g SO;)~* and m?
(g C)* for agme aNA o carbons FESPECtively. We ob-
tained the following from the MLR analysis of the
CLAMS data:

Uspd = (60 * 1'0)rnsulfate + (26 * O'g)rntotal carbon? (9)
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TABLE 4. In situ airborne measurements of meteorological state parameters, dry aerosol properties, and aerosol species mass
concentrations for particles with diameters <3 um.

Mean Tota particle

Mean Mean Mean ambient number
uw hypsometric  ambient ambient relative  concentra-

Date flight Latitude Longitude altitude pressure temperature humidity tion2 dab. A2l
(2001) number (°N) (°w) (km, MSL) (hPa) (K) (%) (em=3) (um) (um) ogb.
10 ul 1870 36.883 75.617 3.24 693 279 69 360 0.20 0.26 1.44
10 ul 1870 36.908 75.718 1.29 870 292 70 1962 0.18 0.23 141
12 Jul 1871 37.002 75.477 1.91 811 283 72 866 0.20 0.25 1.39
12 ul 1871 37.052 75.395 0.64 941 291 55 893 0.16 0.20 1.32
16 ul 1873 36.566 74.803 0.20 995 296 59 1360 0.18 0.22 1.36
17 Jul 1874 36.915 75.508 2.93 725 279 65 871 0.22 0.30 1.49
17 dul 1874 36.902 75.303 2.03 806 285 65 1345 0.20 0.25 1.40
17 Jul 1874 36.884 75.382 1.10 899 293 49 1300 0.19 0.24 1.38
17 dul 1874 36.89%4 75.554 0.09 1008 298 72 1706 0.21 0.26 141
23 Jul 1875 37.896 74.137 0.55 957 295 80 104 0.18 0.24 1.40
26 Jul 1878 37.144 75.528 0.17 994 298 83 505 0.19 0.28 1.49
26 ul 1878 36.711 74.851 0.64 943 296 7 450 0.19 0.28 1.48
30 Jul 1879 36.905 75.490 0.15 1000 294 7 123 0.17 0.26 1.38
31Jul 1880 38.088 72.641 0.78 939 290 73 161 0.17 0.22 1.34

2 Aug 1881 36.997 75.661 0.12 1012 296 70 459 0.17 0.21 1.34

2 Aug 1881 37.251 74.879 0.93 922 291 63 805 0.18 0.23 1.37

2 Aug 1881 37.020 75.011 0.53 966 294 65 412 0.18 0.22 1.35

2 Determined from measurements made by a heated PCA SP-100x particle size distribution probe (15 channels from diameters 0.11-4.5 um)

during the period of filter sample collection.

® Assuming a lognormal dry particle size distribution, d, is the geometric mean diameter, d,, the surface median diameter, and o, the
geometric standard deviation. The subscripts ““‘acc’” and ‘‘coa’ indicate the accumulation-mode (diameters 0.11-1.0 um) and the coarse-

mode (diameters 1.0-4.5 um), respectively.

¢ At standard temperature (273.15 K) and pressure (1013.25 hPa) and at a wavelength of 550 nm.

with r = 0.98 and «, derived from values of o, and
m, listed in Table 4 for al flights (except the 10 July
sample collected at 3.24-km altitude, since My, Was
not measured on this flight). The relationship (9) as-
sumes that only sulfate and total carbon contributed to
Osq- The MLR analysis showed that other species con-
tributed ~10% to o, and were therefore ignored.

Values of ag,,. for adry aerosol at a wavelength of
550 nm fall in the range ~3—7 m? g—* (Charlson et al.
1999). Boucher and Anderson (1995) derived an aver-
age value of 3.4 = 0.8 m? g* for ag..e Dy varying
parameters such as the particle size distribution and
chemical form of atmospheric sulfate in Mie scattering
model calculations. Values of ag,,. ranged from 3.1—
5.1 m?g~tinstudiesreported between 1993-2000 (Hay-
wood and Boucher 2000). Using the MLR method on
data collected off the East Coast in the TARFOX field
study, Hegg et al. (1997) derived avalue of 3.2 = 1.3
M2 g=* for ague. White (1990) obtained a value for
Ogurae OF 7.1 = 0.5 m? gt at a wavelength of 525 nm,
which would be slightly lower for a wavelength of 550
nm.

Previous values of a4 caron fOr @ dry aerosol, derived
from theoretical and measured particle size distributions
inputted into Mie scattering models, range from ~3-5
m? g—! (e.g., Shekar Reddy and Venkataraman 2000;
Penner et al. 1998; Liousse et al. 1996). Zhang et al.
(1994) derived an average value of 3.9 = 1.5 m2 g1
at a wavelength of 525 nm for data collected in the
southwestern United States. Hegg et al. (1997) derived

values of &gy carbon Of 6.8 M2 g~* using the MLR method
on data collected off the East Coast in TARFOX. White
(1990) used the MLR method to derive a value for
Qorganic caron OF 4.7 + 0.5 m2 g=* at a wavelength of 525
nm from arelatively large (47 data points) dataset col-
lected mainly in the western United States. If we assume
that in White's samples the mass of black carbon was
10% of the mass of organic carbon, the value for
Qo carbon, WOUID have been 4.3 = 0.5 m2 g1, Thevalues
for Qo cabon 0iven by Zhang et al., and derived from
White's data, will decrease slightly when interpolated
to a wavelength of 550 nm.

The values for agye aNd X canon & @ Wavelength
of 550 nm derived from the present study (6.0 = 1.0
and 2.6 = 0.9 m2 g%, respectively) fall within a stan-
dard deviation of the range of values of earlier work.
Our derived mean value for e canon 1S generally lower
than previously measured. This may be because the
aerosol in CLAMS was internally mixed to the point
where my ;.. and My cavon Were interdependent (Vas-
concelos et al. 2001).

The results of MLR analyses can be affected by sig-
nificant variations in the dry particle size distributions
(Zhang et a. 1994). In general, the particle size distri-
butions in this study were bimodal with a peak in the
accumulation mode at diameter <1 um and a second
less distinct peak in the coarse mode at diameters be-
tween 1 and 4.5 um. Total particle number concentra-
tions averaged 800 = 600 cm~—3. The mean values of
the geometric mean diameter, surface median diameter
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TaBLE 4. (Extended).
Gravimetric mass

Dry light Dry light Derived concentration of

scattering absorption dry single particles with
a2t dzb, oa coefficiente coefficiente scattering diameters <3
(um) (um) O35 (Mm~) (Mm~) albedo um (ug M=)
1.87 2.66 1.49 18 £ 4 27 £ 08 0.87 no data
1.77 2.63 155 57 6.7 £ 0.9 0.92 354 =28
2.04 2.94 1.49 36 =7 28 £ 10 0.93 13.3 £ 1.8
1.85 2.80 154 15+ 3 23+ 0.8 0.87 70 * 1.0
1.73 2.50 151 40 = 5 28 £ 09 0.94 192 = 14
1.48 197 1.46 87 + 16 30+ 17 0.97 344 =28
1.68 2.63 1.58 59 = 8 36+ 24 0.94 221+ 27
1.62 2.12 1.46 52 =5 34 £ 0.7 0.94 203 £ 24
1.81 2.69 1.53 104 = 22 43 *+ 05 0.96 38.7 =+ 2.2
1.59 221 1.50 7*3 16 = 06 0.80 29+ 08
1.65 2.38 4.48 50 = 8 24 £ 03 0.95 12.2 = 2.3
1.68 2.46 2.64 375 23+ 05 0.94 9.0 £ 1.0
1.61 2.13 1.46 14+1 19 = 0.7 0.88 57 + 0.9
1.62 2.27 151 8+3 1.7+ 10 0.81 36 £05
1.64 2.33 1.52 15+ 2 29 £ 07 0.84 8.0+ 13
1.82 2.68 152 25+7 21+ 05 0.92 11.3 £ 15
1.77 2.62 1.52 19 £ 3 25+ 19 0.88 140 = 1.9

and geometric standard deviation of the data listed in
Table 4 for the accumulation mode are d, ... = 0.19 *
0.02 um, dgygac = 0.24 = 0.03 um and o, = 1.40
+ 0.05, respectively. The corresponding mean values
for the coarse mode are dy o, = 1.7 = 0.1 um, dggc0n
=25+ 03 um, and o4, = 1.8 = 0.8. Hence, the
accumulation mode (which accounts for the majority of
the scattering) was stable to within ~10%, which makes
it unlikely that variations in the dry particle size dis-
tribution affected the MLR results reported here.

e. Chemical apportionment of the aerosol optical
depth

The MLR results presented in the previous section can
be applied to theindividual vertical profilesthat, together

with the simultaneous measurements of My, and
M carvon 17OM the filter analysis (Table 4), can be used
to estimate the contributions of sulfate and total carbon
to the AOD. The values of m, (the mass concentration
of speciesx) were determined by averaging theindividual
m, values for each UW flight to arrive at an average
value (and standard deviation) for the vertical profile.
Then, using the values of ag;¢.. aNd Aoy canon dEtErMined
in section 4.4, the contributions of sulfate and total carbon
to the AOD were determined. For example, the fraction
of light scattering contributed by sulfate, o, qtae: IS
given by

Xgifate n“'S.Jlfate

OgirateMauitate T Cliotal carbon Mot carbon

Usp—sulfate =

(10)

TaBLE 4. (Extended).

Total carbon Sulfate Oxalic acid Nitrate Chloride
Date concentration concentration concentration concentration concentration
(2001) (ng m=9) (ng m~9) (g m-3) (ng m=9) (ng m=9)
10 Jul 6.0 + 1.8 no data no data no data no data
10 Jul 78 £ 23 7.00 + 0.06 0.176 = 0.006 0.157 = 0.016 0.03 = 0.05
12 Jul 55+ 16 249 + 0.04 0.074 = 0.004 0.054 + 0.011 0 = 0.03
12 Jul 25+ 0.7 2.07 = 0.02 0.031 += 0.002 0.047 = 0.006 0 = 0.02
16 Jul 32+10 6.61 = 0.03 0.087 += 0.003 0.044 + 0.008 0.03 = 0.02
17 Jul 87 + 26 11.72 + 0.06 0.063 = 0.006 0.019 = 0.016 0 = 0.00
17 dul 109 = 3.3 6.62 = 0.06 0.114 + 0.006 0.708 = 0.016 no data
17 Jul 77 £ 23 6.90 + 0.05 0.070 = 0.005 0.027 = 0.014 0.03 = 0.04
17 Jul 9.0 = 2.7 12.28 = 0.05 0.160 = 0.004 0.084 + 0.012 0.02 = 0.04
23 Jul 0.6 = 0.2 0.85 = 0.02 0.028 = 0.002 0.151 = 0.005 0.09 + 0.01
26 Jul 47 + 1.4 3.39 + 0.05 0.078 = 0.005 0.428 + 0.013 0.10 + 0.04
26 Jul 26 + 0.8 2.79 + 0.02 0.087 = 0.002 0.206 = 0.006 0 = 0.02
30 Jul 1.0+ 03 0.57 + 0.02 0.029 + 0.002 0.294 + 0.006 1.21 = 0.02
31 Jul 1.0+ 0.3 0.65 = 0.01 0.045 = 0.001 0.146 = 0.003 0.39 + 0.01
2 Aug 3.1+ 09 1.21 = 0.03 0.102 + 0.003 0.105 += 0.008 0 + 0.02
2 Aug 52 + 1.6 2.13 + 0.03 0.149 + 0.003 0.047 = 0.009 0 = 0.03
2 Aug 53+ 16 1.67 = 0.04 0.104 + 0.004 0.113 + 0.012 0 = 0.03
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FiG. 4. Linear regression of the dry light scattering coefficient o,
at 550 nm to the gravimetric mass concentration m,. The error bars
indicate the standard deviation of oy, over the time interval of the
filter sample used to determine m,, and the uncertainty of m, as listed
in Table 4. The particle mass scattering efficiency is the slope of the
regression line shown here.

The hygroscopic growth functions [Eq.(4)] were used
to determine the difference between the AOD of a dry
layer and a hydrated layer, which provides the contri-
bution of condensed water to the layer AOD. The frac-
tion of the layer AOD due to light absorption was de-
termined from the PSAP measurements.

The contributions of sulfate, total carbon, condensed
water and absorption to the layer AODs are listed in
Table 5, and the percentage contributions of species to
thetotal layer AOD aregivenin Table 6. Figure 6 shows

40

+

m_ = (1.06 % 0.06) I +(0.9+0.5)

@
S
T

r=0.96

Gravimetric mass concentration, mg (ng m‘a)
- n n
o (=1 o
T T T

=)
T

o —— Error weighted regression
s ——1to1line

L
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Sum of sulfate and TC mass concentration, Zm (ug m'3)

Fic. 5. Error-weighted linear regression of the gravimetric mass
concentration m, to the sum of the sulfate and total carbon species
mass concentrations % m. The equation for the error-weighted re-
gression line (solid line) is given on the graph. The dashed line is
the 1-to-1 perfect correlation line. Error bars are the uncertainty in
m, and the propagation of the uncertainty in = m, all of which are
listed in Table 4.

TABLE 5. Contributions of sulfate, condensed water, total carbon, and absorption to the layer aerosol optical depths (7).

relative

Mean
ambient

Hypsometric
altitude
range
(km, MSL)
0.04-3.88
0.24-3.22
0.19-3.19
0.05-3.60

uTC
time
(hhmm)
1857-1925
1225-1235

uw

Tiotal
0.152 = 0.015

Tabsorption
0.007 = 0.007

Tiotal carbon
0.040 = 0.021

Twaler
0.038 = 0.017

Talfate
0.067 = 0.019

humidity
(%)

flight
number

Date
(2001)
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0.118 = 0.015
0.265 = 0.032
0.011 = 0.004
0.093 = 0.032
0.016 = 0.006

0.053 = 0.012
0.013 = 0.03

0.004 = 0.004
0.005 =+ 0.003
0.008 = 0.003
0.000 =+ 0.000
0.004 = 0.005
0.000 =+ 0.000
0.000 = 0.000

0.017 = 0.012
0.016 = 0.009
0.061 = 0.048
0.002 = 0.001
0.018 = 0.015
0.004 *= 0.003
0.005 = 0.003
0.019 *+ 0.015

0.014 + 0.013
0.036 = 0.017
0.076 += 0.038
0.005 =+ 0.005
0.042 += 0.034
0.007 = 0.006
0.003 + 0.004
0.013 = 0.011

0.018 = 0.008
0.061 = 0.016
0.118 = 0.040
0.004 + 0.002
0.029 = 0.015
0.005 *+ 0.003
0.006 = 0.003
0.013 = 0.007

12

47 +

39 £ 25
55 + 13
57 £ 10
75 *9
70 £ 6
71+ 11
48 + 22

0.05-3.09
0.02-3.11
0.07-3.17
0.23-3.26

1813-1840
1304-1337
1554-1611
1642-1655
1706-1718
1707-1718
1627-1655

0.047 = 0.010

0.002 * 0.002

6 +

0.14-3.22
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these results in graphical form. The mean values of the
3 N contributions of sulfate, total carbon and condensed wa-
ot|w~NHmLmOToN ter tothelayer AODsin CLAM Swere similar, averaging
S ¢ RN AR AR 38% =+ 8%, 26% + 9%, and 32% =+ 9%, respectively.
& © o Since the errors associated with the individual contri-
= butions vary, we calculated error-weighted averages,
this yielded sulfate, total carbon, and condensed water
. contributions to the layer AODs of 39% =+ 5%, 20% =
. Elew wmoonmn 5%, and 28% = 7%, respectively. Clearly, sulfate was
Il 87 annLnaanee the largest contributor to the layer AOD in CLAMS.
£S] - E QUL UVANSTSS The contributions of absorption to the layer AODs were
g & small (0.4%-4%) in all cases.
©
o
g f. Sngle scattering albedo
2 og d88288¢88~o The aerosol single scattering albedo (w,) is an im-
g S Ty | AT AT AT A portant input to direct radiative forcing calculations. A
g c|ORBAILIRRES sample profile of w, is shown in Fig. 1. This particular
I case shows a much deeper polluted layer than was gen-
ﬁ erally encountered in CLAMS (we define polluted layers
c as regions where o, > 30 Mm~* in the vertical profiles
-% ZFlansnoggan listed in Table 2). Figure 7 shows the distribution of w,
gl s<lnnnunnnnn s values [calculated from Eq. (5)] in the polluted layer
& = g ITNLRHAIND Y for al of the vertical profiles. The mean value of w,,
2 = based on 150 data points, is 0.96 + 0.03.
= Ground-based retrievals of w, were also obtained by
£ the Aerosol Robotic Network (AERONET) sun pho-
Cll. 2 tometers (e.g., Dubovik et al. 2000) during the CLAMS
g EE VWIS 5 DN field campaign from a site known as the Clouds and the
S ESS| 4+ 4 44+ 41+ 4 Earth’s Radiant Energy System (CERES) Ocean Vali-
gl ST Isgunredes dation Experiment (COVE; 36.9°N, 75.7°W). The ver-
3[= s tical profilesin Table 2 were often spatially located close
S = to COVE. The mean value of w, at 550 nm from AERO-
g o NET retrieval data (processed to remove clouds and
°lIl 8o manually quality assured) is 0.94 = 0.03. Therefore, the
gl 52|sysggangy mean value of w,, retrieved from AERONET agreeswith
Z eg|vPe E E o m @ mean value of w, derived from our in situ airborne
5 ‘sc_‘a SIS R measurements (0.96 = 0.03) to within one standard de-
g Q-U%.) [ejolojoNoNoloNoNe] Viation.
= 2= On 17 July 2001, measurements were made from the
= UW aircraft and the COVE site that were both tem-
S porally (theaircraft vertical profilewasfrom 1304-1337
Sl o |wwordnwon UTC and the AERONET retrieval was at 1310 UTC)
2l EE|ISRIBBEE and spatially (the aircraft was ~2.5 km from COVE)
Sl CE|IZ&I3d2Ir collocated. The mean value of w, calculated from the
c| 5& §§§§§§§§§ airborne in situ measurements made in polluted layers
< during this vertical profile was 0.97 = 0.02; the cor-
5‘ responding column-averaged value of w, for accumu-
= lation mode particlesretrieved from the AERONET data
£5 was 0.90 = 0.03. Particle losses in the sampling system
cE|ERESERESS for the in situ instruments could have contributed to an
% g| oA d A A A § underestimate of the absorbing component of the aero-
= § sol. Spatial variability may have played arole as well.
38 Redemann et al. (2005) show that during CLAMS, the
oS e _ g»%a,g horizontal variability of AOD at midvisiblewavelengths
%S jijfjijfi z 2 varied from 1% to 26% on scales less than 20 km. The
R RN = values of w, derived from the AERONET measurements
W <

are also subject to uncertainties at low solar zenith an-
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Fic. 6. Contributions to the layer AOD measured by the in situ instruments (7,;) in (a) units of layer AOD and (b)
percentage contribution to layer AOD. The average contributions for the nine flights are shown in the last column in
both (&) and (b).
gles (54° at the time of the almucanter scan on 17 July)
. ‘ ' ' ' and for low AOD at midvisible wavelengths (Dubovik
et a. 2000).
201 b
g. Comparison with TARFOX results
E - - i Since the measurements reported here were obtained
5 aRN in the same general location and time of year, and using
3 e Wl iy <S80 the same techniques, as the TARFOX measurements
§ 1ol Mode at @, = 0.88 1 reported by Hegg et al. (1997), it is of interest to com-
g N0 pare them. The values of . aNd Gy cavon dErived
from the TARFOX measurements were 3.2 = 1.3 m?
sl (g SOz) *and 6.8 = 1.1 m? (g C)*, compared to 6.0
+1.0m? (g SO;)*and 2.6 £ 0.9 m? (g C)* derived
HI‘I here. The chemical apportionment reported here gives
. . ]| |_||_| a higher mean sulfate contribution (38%) to the layer
0.75 0.8 0.85 0.9 0.95 1

o

FiG. 7. Frequency distributions of the aerosol single scattering al-
bedo (w,) at a wavelength of 550 nm for the polluted layers of the
vertical profiles listed in Table 2. Polluted layers were defined as
regions in vertical profiles where the light scattering coefficient cor-
rected to the ambient RH was greater than 30 Mm~*. The mean value
of w,, the standard deviation, the number of data points (N), and the
value of w, with the maximum freguency of occurrence, are shown
on the figure. The Gaussian curve defined by the mean and standard
deviation is overlaid.

AOD at 550 nm than that obtained in TARFOX (19%).
In the present study, the mean value of w, at the ambient
RH is 0.96 + 0.03 (Fig. 7), and the mean value of w,
at 30% RH is 0.94 = 0.04. For TARFOX, the mean
value of w, at ambient RH was ~0.94, and the mean
value of w, at 30% RH was 0.90 + 0.06.

The mean values of geometric mean diameter (d,),
the surface median diameter (d,,) and geometric stan-
dard deviation (o) for particle diameters <1 uminthis
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study (Table 4) are 0.19 + 0.02 um, 0.24 = 0.03 um,
and 1.40 =+ 0.05, respectively. The corresponding values
for TARFOX were very similar: d, . = 0.19 = 0.02
wm, Ay = 0.24 = 0.03 um, and oy, = 140 =
0.04. However, the mean value of the total particle num-
ber concentration in this study was 800 cm~2 while for
TARFOX it was 1600 cm~—3. The higher particle number
concentrations clearly contributed to the higher average
layer AOD in TARFOX.

Although the characteristics of the accumulation
mode were similar in TARFOX and CLAMS, the sulfate
contribution to the visible layer AOD was quite differ-
ent. This implies that the differences in the values of
Ugtae ANA Ao carvon 1IN TARFOX and CLAMS are due
to differencesin the size-resolved speciesconcentrations
of sulfate and total carbon. If thisisthe case, the sulfate
(total carbon) concentrations in the accumul ation mode
in CLAMS are greater (less) than those in TARFOX.
Unfortunately, since size-resolved species concentra-
tions are not available for either TARFOX or CLAMS,
we are unable to test this hypothesis.

Synoptic conditions could also account in part for the
differences between the results presented here and those
obtained in TARFOX. In the last two columns of Table
2 we summarizeresultsfrom 72-h parcel back-trajectory
analyses for the CLAMS case studies discussed here.
The trajectories show that the air sampled off the East
Coast in CLAMS generally had passed earlier over Can-
ada, the Atlantic Ocean, or the Gulf of Mexico. For
example, for UW flights 1870-1873, the air sampled
above ~200 m passed over Canada. For UW flights
1875-1882, the air sampled at all altitudes passed over
either the Nova Scotia region or the Gulf of Mexico.
For UW flight 1874, air up to ~1.5 km passed over the
immediate East Coast, while above 1.5 km it passed
over the Great Lakes. Air sampled in UW flight 1874
was primarily ascending, but the air sampled in the other
flights was generally subsiding. Figure 8 shows the re-
sults of 72-h back-trgjectory analysis for UW flight
1874. In TARFOX the highest layer AODs occurred
with airflows from the west and southwest, while the
lowest layer AODs generally occurred with airflows
from the northwest (Hegg et al. 1997). Airflows from
the west and southwest pass over the large industrial
and urban areas of the United States.

Since the airborne sampling and analysis techniques
used in TARFOX and CLAM Swere similar (and carried
out by the same scientific team), we attribute the dif-
ferent aerosol characteristics encountered in these two
field studies to the different origins of the sampled air.

h. Sensitivity of results to hygroscopic growth

Since the hygroscopic growth of the aerosol was not
measured in this study, we assumed that the chemical
composition and dry particle size distribution charac-
teristics were similar to those measured in TARFOX
and therefore used the parameterizations of hygroscopic
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Fic. 8. Air parcel 72-h back trajectories from the location of the
vertical profile obtained at 1300 UTC on 17 Jul 2001 (UW flight
1874) for (a) 100-, 500-, and 1000-m altitude and for (b) 1500-, 2200-,
and 3000-m altitude. (Source: NOAA Hysplit model.)

growth described by Kotchenruther et al. (1999). Al-
though the dry particle size distributions for particle
diameters <1 um (i.e., the accumulation mode) were
similar in TARFOX and CLAMS, the dry sulfate con-
tribution to the layer AOD in CLAMS was about twice
that in TARFOX. The parcel back trajectories listed in
Table 2 indicate that the aerosols sampled in CLAMS
often came from the Canadian Atlantic coastal region
or from sources in the Gulf of Mexico. As pointed out
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in section 4g, these back trajectories are different from
those in TARFOX.

It could be that the results of Kotchenruther et al.
(1999) underestimate the effect of RH for the aerosols
measured in CLAMS. Assuming that Kotchenruther et
al.’s results provide a lower bound for the RH growth
in CLAMS, we can estimate an upper bound using Li
et a.’s (2001) theoretical RH growth curve parameter-
izations for pure sulfate aerosols. We base our choice
of the degree of acidity of the pure sulfate aerosol on
a study by Brook et al. (1997), who found that sulfate
aerosol acidity increased in maritime locations on the
Canadian Atlantic coast compared to the generally neu-
tralized sulfate aerosol encountered further inland. This
was primarily due to the relative deficit of NH, sources
in maritime locations. Therefore, to estimate an upper
bound for the RH growth in CLAMS, we will assume
that the particles in air parcels that passed over the in-
terior of North America were primarily neutralized
(NH,),S0O,, and that the particles in parcels that passed
over the maritime regions near North America were
primarily of acidic H,SO,.

The upper bound to aerosol growth with increasing
RH based on Li et al. (2001) and Brook et al. (1997)
was applied to Egs. (3) and (5), and to our calculations
of the apportionment of AOD. Compared to (6), the
equation for therelative error-weighted linear regression
of 7, versus 7, using this approach is

7. = (0.98 = 0.10)7,,, + (0.002 * 0.005), (11)

where the linear correlation coefficient isr = 0.987.
This improves the rms difference between 7., and 7,
from 0.034 = 0.021 to 0.028 = 0.018. The average
value for w, is 0.97 = 0.02. The percentage contribu-
tions of sulfate, total carbon, condensed water, and ab-
sorption to the layer AOD are 26% *+ 11%, 16% =+ 6%,
55% =+ 15%, and 3% = 2%, respectively, compared to
38% =+ 8%, 26% * 9%, 32% * 9%, and 4% * 2%.
Thus, we may have underestimated 7,, by ~20%.

5. Summary and conclusions

In this study we have presented the results of airborne
in situ measurements of aerosol properties off the East
Coast of the United States obtained during the CLAMS
field study in July—August 2001. Layer aerosol optical
depths (AOD) were derived from vertical profiles of
airborne in situ measurements of the light extinction
coefficient and airborne sun photometer measurements.
The rms difference between AOD derived from the in
situ measurements and that measured by the sun pho-
tometer was 0.034 + 0.021 at a wavelength of 550 nm.

We have compared the results of this study to data
collected using similar techniques and at nearly identical
locations in July 1996 in the TARFOX field project.
The measurements in the present study were generally
obtained in relatively clean air that had recently passed
over the Canadian Great Lakes or the Atlantic Ocean.
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In TARFOX, on the other hand, the airflows were more
commonly from industrial and urban areasimmediately
to the west of the study area, which generally resulted
in much more polluted air than that encountered in
CLAMS. For example, the layer AOD at 550 nm mea-
sured in TARFOX averaged 0.3 = 0.2, whereas, in
CLAM S the corresponding value was only 0.07 * 0.07.
The average single scattering albedo at ambient relative
humidities for aerosol residing in the more polluted lay-
ersin CLAMSwas0.96 = 0.03 at 550 nm. In TARFOX,
the corresponding value was 0.94.

The dry mass scattering efficiencies for sulfate and
total carbon derived from a multiple linear regression
analysis of the data presented in this paper are 6.0 =
1.0m?(gSO;z) *and 2.6 = 0.9 m2(g C) ¢, respectively.
The corresponding values derived using the same meth-
od for TARFOX datawere 3.2 = 1.3 m? (g SO;) ~* and
6.8 = 1.1 m? (g C)*. One of the principle conclusions
from the TARFOX study was that carbonaceous species
made contributions of 40% = 15% to layer AOD in the
lower atmosphere off the East Coast, with sulfate con-
tributing only 19% *+ 8% (Hegg et a. 1997). In the
present study, sulfate contributed 38% = 8% to the layer
AOD, while carbonaceous species contributed 26% +
9%. Assumed molecular forms of sulfate and carbo-
naceous species together accounted for ~90% of the
dry aerosol massin TARFOX; in the present study they
accounted for 94% = 6%. The remaining major con-
tribution to the AOD at 550 nm in the present study
was due to condensed water (32% *+ 9%), with ab-
sorbing aerosols contributing 4% *+ 2%. In TARFOX,
the contributions of condensed water and absorbing
aerosols to the AOD were 35% *+ 23% and 7% =+ 4%,
respectively.

Comparisons of the results presented in this study
with those from TARFOX suggest that the properties
of the aerosol off the East Coast are highly dependent
on airflow trgjectories. The hygroscopic growth factor
of the aerosol can have a significant effect on the AOD,
but the average single scattering albedo appeared to be
relatively insensitive to the hygroscopic growth factor
over the range of RH values encountered in this study.
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