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ABSTRACT

Airborne in situ measurements of vertical profiles and horizontal transects of aerosol optical and physical
properties, obtained during the Chesapeake Lighthouse and Aircraft Measurements for Satellites
(CLAMS) field campaign off the East Coast of the United States during the summer of 2001, are presented.
Most of the measurements were obtained in relatively clean air dominated by airflows that had passed over
Canada and the northern Atlantic Ocean. Results from the 17 July and 2 August 2001 flights are presented;
on these days, the aerosol loading was relatively high. In the lower troposphere, �0 values at a wavelength
of 550 nm were consistently above 0.93 throughout the field experiment, indicating the dominance of weakly
absorbing aerosol. Particle number size distributions are presented and discussed for transects at altitudes
�0.05–3.5 km above mean sea level. Particles with diameters (Dp) �0.1 �m made up the majority of the
aerosol number. Accumulation mode particles dominate the number size, surface area, and volume distri-
butions. The variability of optical and physical aerosol parameters was analyzed on horizontal scales of
�1–4 km. There was little horizontal variability in the single-scattering albedo (�0), aerosol optical depth
(AOD), and accumulation mode size, but greater variability in particle number concentration. Comparisons
of the airborne measurements with remotely sensed aerosol parameters, such as �0 and effective particle
radius (reff), derived from the Multiangle Imaging Spectroradiometer (MISR) aboard the Terra satellite
were generally in good agreement. Overall, the MISR retrievals captured both the similarities and the
differences between the properties of the aerosols measured on 17 July and 2 August.

1. Introduction

Anthropogenic aerosols play an important role in at-
tenuating solar radiation as it passes through the atmo-
sphere, which in turn affects the temperature of the
earth (Houghton et al. 2001). The amount of attenuation
depends on several factors, including the particle light
scattering and light absorption coefficients (�sp and �ap,
respectively), single-scattering albedo (�0), particle
number concentrations, and particle size distributions.

Within the past decade, technological advancements
have made possible satellite instruments capable of re-
motely measuring various aerosol parameters. The
Multiangle Imaging Spectroradiometer (MISR) is one

such instrument currently orbiting Earth on the NASA
Earth Observing System’s (EOS) Terra satellite (Diner
et al. 1998). MISR has the potential to provide detailed
information on aerosol properties worldwide (Kahn et
al. 1998, 2001; Martonchik et al. 1998). However, as
with any new remote sensing instrument, it requires in
situ data to validate and refine its retrievals.

The Chesapeake Lighthouse and Aircraft Measure-
ments for Satellites (CLAMS) campaign was designed
for the purpose of validating NASA EOS Terra data
products (Smith et al. 2005). CLAMS was carried out
from 10 July to 2 August 2001 off the East Coast of the
United States. This campaign involved several research
aircraft, including the University of Washington’s
(UW) Convair-580 and National Aeronautic and Space
Administration (NASA)’s ER-2 aircraft. Here, we dis-
cuss only the in situ measurements collected by the
Convair-580 and the remotely sensed MISR aerosol re-
trievals. The objectives of this paper are: 1) to provide
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a general characterization of the optical properties and
size distributions of the aerosol sampled during
CLAMS. 2) To analyze small-scale horizontal variabil-
ity in particle light scattering coefficient (�sp), particle
light absorption coefficient (�ap), single-scattering al-
bedo (�0), accumulation, and coarse mode size param-
eters, total particle number concentration (N ) and
aerosol optical depth (AOD). 3) To compare aerosol
properties derived from airborne in situ measurements
with those from remotely sensed MISR retrievals.
Smith et al. (2005) present a thorough discussion of the
CLAMS field campaign, its objectives, platforms and
instrumentation, and some preliminary results. Magi et
al. (2005) and Castanho et al. (2005) discuss chemical
composition and apportionment of CLAMS aerosol op-
tical depth (AOD), as measured aboard the Convair-
580. Redemann et al. (2005) describe the horizontal
variability of AOD in CLAMS, based on 14-channel
Ames Airborne Tracking Sunphotometer (AATS-14)
observations.

This paper is organized as follows: section 2 discusses
the Convair-580 aerosol measurements used in this
study, their uncertainties, and the MISR products to
which they are compared, section 3a covers the particle
properties derived from the Convair-580 instruments,
section 3b discusses their variability, and section 3c pre-
sents a critical comparison between the Convair-580
and MISR results. A summary and conclusions are
given in section 4.

2. Instrumentation and methodology

Table 1 lists the dates and times of all the Convair-
580 aircraft’s flights, as well as the times of the Terra
overpasses. On three occasions (17 July, 26 July, and 2
August), the Convair-580 underflew the Terra satellite.
Since 26 July was cloudy, making it difficult for passive
remote sensing instruments such as MISR to perform
aerosol retrievals, measurements obtained on 17 July
and 2 August under generally cloud-free skies, are dis-
cussed in this paper.

Typical Convair-580 flight patterns during CLAMS
are shown in Figs. 1a,b. These figures illustrate time/
height cross sections for the CLAMS flight on 17 July
and for the 2 August 2001 flight, respectively. Convair-
580 flight patterns generally consisted of several hori-
zontal transects ranging in altitude from �0.05 to �3.5
km above mean sea level (MSL) and several vertical
profiles, as shown in Figs. 1a,b. Each transect was flown
for up to 45 min, with continuous measurements being
made. Along-wind and crosswind legs were flown to
measure horizontal variability. Table 2 provides details
on the vertical profiles and horizontal transects for the
two flights of interest here.

Except for surface temperature and pressure, all of
the suborbital measurements presented in this paper
were obtained aboard the UW Convair-580 research
aircraft. The aerosol instruments were located on two
interior aircraft racks and under the left wing of the

TABLE 1. Flight dates, UW flight numbers, times, and locations along with relevant MISR/Terra overpasses for the 11 flights in
which the Convair-580 collected data during CLAMS. An asterisk (*) indicates Convair-580 flight data analyzed in this paper.

Date (2001)
UW flight

number
Period of flight

(UTC) Principal locations Terra (MISR) overpass

10 Jul 1870 1725–2220 Near Chesapeake Bay Lighthouse 1602 UTC (Convair-580 take-off
delayed; overpass missed)

12 Jul 1871 1102–1640 Near Chesapeake Bay Lighthouse N/A
14 Jul 1872 1433–1749 Near Chesapeake Bay Lighthouse N/A
16 Jul 1873 1630–1947 Near Chesapeake Bay Lighthouse

and buoys 44014 and 41001
N/A

17 Jul 1874* 1228–1816 1) Near Chesapeake Bay Lighthouse
2) Great Dismal Swamp

1608 UTC

23 Jul 1875 1351–1646 �70 miles east of Wallops Flight Center N/A
26 Jul 1879 1528–1909 1) Chesapeake Bay Lighthouse

2) Buoy 44014
1607 UTC (cloudy skies)

30 Jul 1879 1609–1951 1) Chesapeake Bay Lighthouse
2) Buoy 44014

N/A

31 Jul 1880 1424–2004 1) Buoy 44004
2) From buoy 44004 to Great Dismal

Swamp via Chesapeake Bay Lighthouse

N/A

2 Aug 1881* 1521–1859 1) Chesapeake Bay Lighthouse
2) Buoy 44014
3) 60 miles east of Wallops Flight Center

1608 UTC

2 Aug 1882 1914–2042 Chesapeake Bay Lighthouse N/A
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aircraft and sampled from a continuous airstream (the
equivalent of ambient air). An important objective of
CLAMS was to provide height-resolved aerosol prop-
erties as validation data against which to test the re-
motely sensed aerosol parameters derived from MISR.
Therefore, it is of extreme importance to ensure the
Convair-580 instruments were calibrated accurately. In
the remainder of this section we describe the calibra-
tion procedures for the instruments aboard the Con-
vair-580 that are used in this paper.

a. State parameters

Aircraft location was determined using an onboard
global positioning system (GPS). Magi et al. (2005) ex-

plain how aircraft altitude was calculated hypsometri-
cally. The altitudes given in this paper are measured
from MSL.

Ambient pressure was measured onboard with a
Rosemount 830BA barometer (range: 1100–150 hPa).
Ambient temperature was measured with a UW-
manufactured reverse-flow thermometer (range: �60°
to 40°C), and in-flight relative humidity (RH) was mea-
sured with an Ophir Model IR-2000 optical hygrom-
eter. Mean (with one standard deviation) and maxi-
mum RH values for each profile and transect of both
flights are reported in Table 2. The Rosemount barom-
eter and the reverse-flow thermometer were calibrated
prior to CLAMS (on 17 April 2001) with measurements

FIG. 1. Time–height cross section for (a) the 17 Jul 2001 Convair-580 flight and (b) the 2 Aug 2001
flight. The aircraft altitude was derived from the hypsometric equation. Note the Terra (MISR) overpass
during transect H at 1608 UTC in (a) and during transect B at 1608 UTC in (b).
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made from the FAA control tower at Paine Field,
Washington State. All three instruments were cali-
brated during CLAMS (on 14 July 2001) with the Wal-
lops Island National Weather Service (NWS) rawin-
sonde. No correction was applied to the raw Rose-
mount pressure measurements. The following
correction to the raw temperatures (Traw) was needed:

Tcorrected � 0.98Traw 	 0.9. 
1�

In postanalysis, dewpoint temperatures needed to be
raised by 0.5°C.

b. Optical parameters

Magi et al. (2005) describe the use of the custom-built
MS Electron integrating three-wavelength (450, 550,
and 700 nm with a nominal 40-nm bandwidth)
nephelometer aboard the Convair-580 during CLAMS
to measure dry aerosol light scattering coefficient, �spd.
The MS Electron integrating nephelometer is similar to
the commercially available TSI nephelometer (Ander-
son et al. 1996; Anderson and Ogren 1998), but it had
an improved (closer to Lambertian) light source. Hart-
ley et al. (2000) discuss the corrections for forward an-
gular truncation and non-Lambertian illumination to
give the total aerosol scattering coefficient (0° to 180°)
and the hemispheric backscattering coefficient (90° to
180°). The authors also discuss the accuracy of the light
scattering coefficient measurements (�10%). The
nephelometer was calibrated on 17 April 2001 (prior
to) and on 15 October 2001 (after) CLAMS, following
the procedure given by Anderson et al. (1996).

The airstream to the nephelometer was heated to dry
the aerosol and lower the RH to �30%, thereby elimi-
nating the effects of ambient RH on the measured aero-
sol light scattering and backscattering coefficients. To
allow for the effects on the ambient scattering coeffi-
cients of ambient RH varying during CLAMS from
40%–80%, with a mean of �60%, a humidification cor-
rection factor, f(RH), was applied to the dry aerosol
light scattering coefficient measurements, adjusting
them to the ambient RH. For this purpose, we used the
empirical expression for hygroscopic growth derived by
Kotchenruther et al. (1999), from data collected during
the Tropospheric Aerosol Radiative Forcing Observa-
tional Experiment (TARFOX), a field campaign con-
ducted in 1996 in the same region and time of year as
CLAMS (Hobbs 1999):

�sp � �spd�1 	 a
RH�100�b, 
2�

where a and b are fitting parameters that vary with air
parcel back trajectories. Use of Eq. (2) assumes that the
aerosol in CLAMS was of similar size and composition

to aerosol measured by Kotchenruther et al. (1999). As
will be discussed later, values of �0 and various size
parameters were virtually identical in the two cam-
paigns, but the aerosol composition differed as dis-
cussed by Magi et al. (2005), who explain that we can
assume the Kotchenruther et al. (1999) results provide
a lower bound for the RH growth for CLAMS and use
the theoretical growth curve parameterizations for pure
sulfate aerosols as determined by Li et al. (2001) to
estimate an upper bound. Since Magi et al. (2005) show
that aerosol composition during CLAMS was domi-
nated by sulfate, we can determine the degree of acidity
of the pure sulfate aerosol based on a study by Brook et
al. (1997) and air parcel back trajectories during
CLAMS. Using these upper and lower limits for f(RH),
we found that the uncertainty associated with using Eq.
(2) to ultimately calculate values of �0 was �4%. Also,
it should be noted that Eq. (2) does not work well to
describe hygroscopic growth at low RH (i.e., �40%).
Regarding Convair-580 flight paths on the two days of
interest, the RH was �40% only at altitudes �2.5 km
on 2 August 2001. For these measurements, we have
assumed a hygroscopic growth factor of 1.0.

Figure 2 shows air parcel back trajectories at various
altitudes for the 17 July and 2 August flights, which
were obtained using the National Oceanic and Atmo-
spheric Administration (NOAA) HYSPLIT analysis
tool (available online at www.arl.noaa.gov/ready/
hysplit4.html). Kotchenruther et al. (1999) considered
three broad back trajectory classifications: westerly,
northerly, and southerly flows. During CLAMS, a few
days had back trajectories with an easterly near-surface
component. In these cases, fit parameters for northerly
or southerly flows were used since they were less influ-
enced by anthropogenic sources than westerly flows.
Values of these fitting parameters (along with �0 values
at a wavelength of 550 nm) are listed in Table 3.

Magi et al. (2005) discuss the use of the Radiance
Research custom-built Particle and Soot Absorption
Photometer (PSAP) to measure dry aerosol light ab-
sorption coefficient, �apd, at a wavelength of 567 nm
(15-nm bandwidth) aboard the Convair-580 during
CLAMS.

Bond et al. (1999) and Bodhaine (1995) discuss cor-
rections we employed for errors in sample spot size,
instrument-to-instrument variability, instrument noise,
and PSAP response to scattering and absorption. Magi
et al. (2005) further elaborate on these corrections and
others to the PSAP measurements ensuring coincident
timing with the nephelometer, as well as appropriate
adjustments to ambient temperature and pressure. The
PSAP was calibrated on 17 April 2001 prior to the
CLAMS campaign, as well on 15 October 2001 after the
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campaign, by comparing PSAP measurements of ab-
sorption coefficient to the difference between indepen-
dently measured values of light scattering coefficient
from light extinction coefficient values, as described by
Bond et al. (1999). The accuracy of the PSAP measure-
ments is �25%, with larger percentage errors at lower
values of light absorption.

The AOD values discussed in this paper were de-
rived from measurements made by the AATS-14
aboard the Convair-580 aircraft. Redemann et al.
(2005) discuss the operating principles and methods for
data reduction, calibration, and error analysis applied
to AOD data derived from the AATS-14 in CLAMS.
In brief, the AATS-14 measures direct solar beam

FIG. 2. Air parcel 72-h back trajectories at (a) 100 m (red triangles), 500 m (blue squares), and 1000 m (green circles) MSL, and (b)
1500 m (red triangles), 2300 m (blue squares), and 3100 m (green circles) MSL for 17 Jul 2001 over the East Coast determined with
NOAA’s HYSPLIT analysis tool. Note the circulation of the air near the surface over the coastal Atlantic states in (a), and how the
air aloft in (b) comes from the north-northwest and was therefore influenced by emissions from southern Ontario and the mid-Atlantic
states. (c), (d) The 72-h back trajectories at the same altitudes for 2 Aug 2001. The star off the coast of Virginia marks the location of
the Chesapeake Bay Lighthouse. Altitudes of airflow back trajectories are listed at the bottom of each panel.
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transmission in narrow spectral channels using sensors
in a tracking head that can rotate about two axes. The
instrument’s tracking head mounts external to the air-
craft skin to minimize blockage by aircraft structures
and also to avoid data contamination by aircraft-
window effects.

Since sunphotometers have a nonzero field of view,
they measure some diffuse light in addition to the direct
solar beam. As a result, uncorrected sunphotometer
measurements can overestimate direct-beam transmis-
sion and thus, wavelength-dependent AOD values.
This effect is amplified as wavelength decreases and as
particle size increases in the column. However, since
very small particles dominated size distributions in
CLAMS, Redemann et al. (2005) state that these dif-
fuse light corrections were generally negligible. The
AATS-14 was calibrated in June 2001 prior to, and in
September 2001, after CLAMS, at the Mauna Loa Ob-
servatory, Hawaii, using the Langley plot technique
(Schmid and Wehrli 1995).

c. Particle size distributions

Particle size distributions were measured with a Par-
ticle Measuring Systems (PMS) Passive Cavity Aerosol
Spectrometer Probe (PCASP) and a PMS Forward
Scattering Spectrometer Probe (FSSP-300), both
mounted under the wing of the Convair-580, as well as
with a TSI Model 3320 Aerodynamic Particle Sizer
(APS) located inside the aircraft (Willeke and Baron

1993). Total particle number concentrations were mea-
sured with a TSI Model 3022A condensation particle
counter (CPC) and a TSI Model 3025A ultrafine con-
densation particle counter (Alam et al. 2003), both lo-
cated inside the aircraft.

Hartley et al. (2000) discuss the operating principles
behind the PCASP. A calibration of the PCASP prior
to CLAMS on 19 April 2001 was performed using non-
absorbing polystyrene spheres of varying diameter
(2.020, 1.530, 0.804, 0.343, 0.198, and 0.142 �m). How-
ever, the diameter limits of the bins had to be adjusted
to account for the difference between the expected
aerosol refractive index and that of the calibrating poly-
styrene spheres (Liu et al. 1992). As Hartley et al.
(2000) discuss, the channel diameter limits were cor-
rected assuming an aerosol with a refractive index of
n � 1.46–0.0086i. As a result, the PCASP classified par-
ticles into one of fifteen size channels with diameters
ranging from 0.11 to 4.52 �m. A mid-CLAMS calibra-
tion was performed on 21 July 2001 using polystyrene
spheres of the same size as in the 19 April calibration.
Results were sufficiently similar to retain the channel
limit corrections already in place.

The FSSP-300 is an optical particle counter, although
it operates differently from the PCASP; a detailed de-
scription is given by Baumgardner et al. (1992). Mea-
surements by the FSSP-300 are affected by Mie scatter-
ing, uncertainties in the index of refraction of the aero-
sol, nonuniform laser intensity, uncertainties in sample

TABLE 3. Fitting parameters a and b [derived from Kotchenruther et al. (1999)] used to correct dry light scattering coefficient values
to account for hygroscopic growth; see Eq. (2). Single-scattering albedo (�0) values at a wavelength of 550 nm for all transects and
profiles for the two Convair-580 flights of interest.

Date
(2001) Profile

Convair-580-derived
�0 (mean �0 for
entire profile) Transect

Convair-580-derived
�0 (mean �0 for
entire transect)

Airflow back trajectory

Northerly/southerly
a � 1.71 � 0.04
b � 3.41 � 0.16

Westerly
a � 3.20 � 0.02
b � 3.78 � 0.04

17 Jul 1 0.97 � 0.01 A 0.95 � 0.01 Transects:
B, C, D, E

Profiles:
1 (1.5–3.6 km), 2,
3 (1.5–2.1 km)

Transects:
A, F, G, H, I, J

Profiles:
1 (0.1–1.5 km),
3 (1.0–1.5 km),
4, 5, 6, 7, 8

2 0.95 � 0.04 B 0.98 � 0.01
3 0.97 � 0.02 C 0.99 � 0.01
4 0.95 � 0.03 D 0.94 � 0.02
5 0.97 � 0.01 E 0.97 � 0.01
6 0.97 � 0.01 F 0.93 � 0.03
7 0.94 � 0.01 G 0.94 � 0.01
8 0.96��0.01 H 0.98 � 0.01

I 0.97 � 0.01
J 0.97 � 0.01

2 Aug 1 0.88 � 0.02 A 0.91 � 0.03 Transects:
A, B, C, D, E, F

Profiles:
1, 2, 3

Transects:
N/A

Profiles:
N/A

2 0.93 � 0.03 B 0.88 � 0.02
3 0.89 � 0.03 C 0.89 � 0.02

D 0.94 � 0.01
E 0.93 � 0.01
F 0.92 � 0.04
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volume, and time response roll-off. After applying cor-
rections for these uncertainties, as discussed by Baum-
gardner et al. (1992) and Kim and Boatman (1990), the
uncertainties in the particle number concentrations re-
ported here were determined to be �25%.

The FSSP-300 was calibrated prior to CLAMS on 2
May 2001. Nonabsorbing glass spheres (with diameters
of 8.1, 15.7, and 21.9 �m) and polystyrene spheres (with
diameters of 0.343 and 0.705 �m) were used in this
calibration. The diameter limits of the channels were
corrected to account for the differences in index of re-
fraction between the encountered aerosol and that of
the calibrating spheres. Using a mean RH in CLAMS
of �60%, Table 1 in Kim and Boatman (1990) was used
to determine the average index of refraction of the
aerosol we sampled (n � 1.47–0.034i). Since the air
sampled during CLAMS had both urban and marine
properties, this mean value was obtained by averaging
the refractive indices these authors employed for urban
and maritime aerosol models, respectively. This index
of refraction (n � 1.47–0.034i) was then used to deter-
mine the channel size limits using Table 2 in Baumgard-
ner et al. (1992). Although an estimation of the aerosol
refractive index via this method is not ideal, it is the
best we could attain given the measurements analyzed
here. As a result, the FSSP-300 classified particles into
one of 31 size channels with diameters ranging from
0.35 to 20.72 �m, though aerosols with diameters
greater than �5 �m were not encountered during
CLAMS. A mid-CLAMS calibration was performed on
21 July 2001 using glass spheres 15.7 �m in diameter
and polystyrene spheres with diameters of 0.705 and
0.343 �m. The results obtained were such as to retain
the channel limit corrections already in place.

The TSI 3320 APS is a “time of flight” aerosol par-
ticle size spectrometer described by Wang et al. (2002).
It measures the aerodynamic diameter of particles
based on timing particle velocity between two laser
beams, whereas the PCASP and FSSP-300 classified
particles according to their optical diameters. As a re-
sult, the following correction was applied to the bin
limits of the TSI 3320 APS (Murphy et al. 2004):

Doptical � Daero �
��0.5, 
3�

where Doptical is the optical diameter, Daero the aerody-
namic diameter, and � the mean particle density, which
we assumed to be 1.9 g cm�3 based on compositional
data showing a strong dominance of sulfate (Castanho
et al. 2005). With this correction, the TSI 3320 APS
classified particles into one of 52 channels with diam-
eter limits ranging from 0.36 to 14.4 �m. Unlike the
PCASP and FSSP-300, which were mounted under the

wing of the Convair-580 aircraft, the TSI 3320 APS was
located inside the aircraft, which limited the TSI 3320
APS diameter range to �1.0 �m. Stein et al. (2002)
discuss how the TSI 3320 APS is subject to problems
such as counting “phantom” particles and recirculation,
which may lead to some particles being counted more
than once. However, the authors state that these erro-
neous measurements affect measurements of particles
with Dp � 1.0 �m, and therefore no additional correc-
tion has been applied to our TSI 3320 APS data. Since
the APS was purchased only about a year prior to
CLAMS, and was in relatively good agreement with the
PCASP and the FSSP-300 measurements, it was as-
sumed that the data output from the TSI 3320 APS
could be used in qualitative assessments of particle size
distributions and total particle number concentrations.

The TSI 3022A and TSI 3025A CPCs were located
inside the Convair-580 aircraft during CLAMS. The
TSI 3022A can detect particles with diameters �0.007
�m and is capable of measuring concentrations up to
107 cm�3. The TSI 3025A can detect particles as small
as 0.003 �m in diameter in concentrations of up to 105

cm�3. However, because of their location inside the
aircraft, these CPCs could not detect particles effi-
ciently with Dp � �1.0 �m. Alam et al. (2003) detail
the operating principles of both CPCs.

d. Multiangle Imaging Spectroradiometer

MISR produces 36 simultaneous views of Earth, a
combination of nine angles ranging from 	70°, through
nadir, to �70° in the along-track direction, in each of
four spectral bands centered at 446, 558, 672, and 866
nm (Diner et al. 1998). It takes seven minutes for all
nine MISR cameras to view a fixed, 400-km-wide line
on the surface, which sets the swath width and effective
temporal resolution for coincident observations. At
midlatitudes, a given location is imaged about once per
week in the MISR standard Global Imaging mode, pro-
viding 275 m spatial resolution data in all four nadir
channels, and in the red channels, centered at 672 nm
wavelength, of the other eight cameras. The remaining
24 channels of data are averaged on board the space-
craft to 1.1-km resolution.

The MISR aerosol retrieval algorithm compares ob-
served, calibrated, multiangle radiances with those
simulated for a range of particle mixtures and amounts.
Column, spectral optical depth, and column effective
aerosol mixture type are reported at 17.6-km resolution
in the MISR standard aerosol product, which incorpo-
rates cloud screening and other considerations. Differ-
ent algorithm approaches are used for overland and
dark-water retrievals; overland, aerosol, and surface re-
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flectance characteristics are retrieved self-consistently
(Martonchik et al. 1998, 2002).

Prelaunch theoretical studies indicated that MISR
spectral radiances, measured at precisely known air-
mass factors ranging from 1 to 3, could provide tight
constraints on aerosol column optical depths over land
and water. [The airmass factor is the ratio of the slant
path from the satellite through the atmosphere to the
path along the nadir view, equal to 1/(cos�), where � is
the zenith angle of observation.] Along with scattering
angles ranging from about 60° to 160° at midlatitudes,
MISR data provide constraints on particle shape, size
distribution, and to a lesser degree, �0 values, particu-
larly over dark, uniform ocean surfaces (Kahn et al.
1998, 2001). Generally, these studies predicted a col-
umn aerosol optical depth accuracy of at least 0.05 or
20%, whichever is larger. For good viewing conditions
over ocean, this work predicted an ability to distinguish
three-to-five size bins between about 0.1- and 2.5-�m
diameter, two-to-four groupings of particle single-
scattering albedo between about 0.8 and 1.0, and
spherical particles from randomly oriented nonspheri-
cal particles, amounting to about a dozen categories of
particle types. The predicted column optical depth sen-
sitivity has been tested and verified globally (Kahn et
al. 2005 and references therein), and has been analyzed
in detail specifically for the CLAMS days discussed
here (Redemann et al. 2005). Particle property retrieval
validation is more challenging, since column-effective
values of particle size distribution and single-scattering
albedo values must be derived for comparison with the
MISR results. The most reliable way of achieving this is
to measure particle properties at multiple levels within
the atmosphere and, to the degree possible, construct
environmental snapshots of the entire column (e.g.,
Kahn et al. 2004). When utilizing such an approach with
in situ aircraft data, the aerosol above the highest flight
level must be accounted for in some way. Here, we
determine the percent of AOD above the top flight
level using AATS measurements to account for the
aerosol aloft.

3. Results and discussion

a. General characterization of aerosol properties
from the airborne in situ measurements

The data presented herein is a summary of the opti-
cal properties and size distributions of the aerosols
measured from the Convair-580 aircraft on 17 July and
2 August 2001. Coincident MISR results are available
for these two days.

1) STATE PARAMETERS

The hypsometric altitude of the aircraft allowed time/
height cross-sections to be constructed for the 17 July
and 2 August flights (Fig. 1). Similar flight patterns,
consisting of multiple transects at altitudes ranging
from �0.05 to �3.5 km MSL and vertical profiles cov-
ering the same altitude range, were conducted during
the nine other flights of the Convair-580, allowing a
fairly thorough characterization of atmospheric aerosol
in the free troposphere. Temperature, RH, potential
temperature, and latitudinal/longitudinal variability of
measured parameters were derived from the measure-
ments obtained in the vertical profiles and horizontal
transects of both flights.

2) OPTICAL PROPERTIES

The aerosol single-scattering albedo is an important
input to radiative forcing calculations. The single-
scattering albedo was determined at a wavelength of
550 nm using

�0 � �sp�
�sp 	 �apd�. 
4�

Figures 3a,b show measurements of the dry particle
light absorption coefficient (�apd), the ambient particle
light scattering coefficient (�sp) derived from Eq. (2),
and �0 at 550 nm derived from Eq. (4), for the primary
profiles of the 17 July and 2 August flights, respectively.
The �sp profiles are similar to those measured at wave-
lengths of 450 and 700 nm (not shown), but �apd was
measured only at 567 nm so we could not calculate �0

at these two wavelengths. Table 3 shows �0 values at
550 nm (with one standard deviation) for all transects
and profiles of the 17 July and 2 August flights.

The dry aerosol light scattering coefficient measure-
ments were corrected using Eq. (2) to account for hy-
groscopic growth of the aerosols in the ambient air. The
values of a and b in Eq. (2) determined by Kotchenru-
ther et al. (1999) were employed in our analysis using
the air parcel back trajectories to identify probable
aerosol type, as shown in Table 3. The light absorption
coefficient measurements were not corrected for RH,
since these are expected to be smaller than other un-
certainties. Therefore, the measured dry values of ab-
sorption coefficient are used. The PSAP provided 30-s
running means of �apd with outputs every second.
Therefore, the nephelometer measurements of �sp,
with outputs every second, were also averaged over 30
s. The effect of this averaging on spatial resolution is
discussed in section 3b(1).

After applying the corrections discussed in section
2b, and when the air was quite clean, the values of
scattering and/or absorption sometimes bordered on
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the detection limit of the instruments at altitudes �2–3
km. In these cases, the measured values of �apd were
sometimes greater than the �sp values. Castanho et al.
(2005) state that the black carbon (i.e., absorbing) con-
tent of the aerosol measured in CLAMS accounted for
3 � 1% of those particles with Dp � 2.5 �m. Given the
relatively low concentrations of absorbing aerosol, it is
unlikely that �apd was, in reality, ever greater than �sp.
In these layers aloft, particle number concentration was
quite low as well (see Fig. 6). When the number con-
centration is low, we do not have confidence in the
measured values of �apd and �sp; therefore, we ignore
values of absorption less than 3.0 � 10�6 m�1 when
scattering values are less than 17.0 � 10�6 m�1, as Magi
et al. (2005) have done before. These limits correspond
to �0 of 0.85 at 550 nm. In Fig. 3, the sharp decrease in
�0 at high altitudes is illustrated with dashed lines in
profile 1 on 17 July and profile 2 on 2 August. We
should point out that �0 values �0.85 may exist for
aerosol above 2–3 km. However, the signals for �sp,
�apd, and particle number concentration (Fig. 6) were
quite low and/or began to decrease dramatically at

these altitudes; therefore, we do not have confidence in
their accuracy and the derived �0 values.

It is noteworthy that some, but not all, profiles, in-
cluding those shown in Fig. 3, show �0 decreasing with
height, in particular at altitudes above 2–3 km MSL.
This could be due to the typically decreasing RH with
altitude and/or an increase in the relative amounts of
carbonaceous to sulfate compounds with altitude, as
suggested by Novakov et al. (1997). The values of �0 on
2 August are lower than on 17 July, indicating that the
aerosol was more absorbing. This difference is sup-
ported by the results of Magi et al. (2005), who found
there was a general trend of increasing carbon fraction
with height for both 17 July and 2 August, as well as a
higher total carbon fraction on 2 August. The latter
result is interesting, since the total column AOD values
at 525 nm were significantly lower on 2 August (0.09)
than on 17 July (0.41). The absolute carbon and total
mass concentrations on 17 July were 2–3 times greater
than on 2 August (Magi et al. 2005). However, because
of the higher fraction of absorbing aerosol on 2 August,
we expect lower �0 values on that day. Differences in

FIG. 3. Vertical profiles of �apd (circles), �sp (triangles), and �0 (squares) at a wavelength of 550 nm
for (a) aircraft profile 1 of the 17 Jul 2001 flight, and (b) aircraft profile 2 of the 2 Aug 2001 flight. The
dotted lines (with the open squares) in the single-scattering albedo (�0) profiles represent points where
�apd is �3.0 � 10�6 m�1 when �sp is �17.0 � 10�6 m�1. When this is the case, there is little aerosol
present to be sampled. As a result, we lack confidence in these values of �sp and �apd, and thus in the
derived �0 values, as well.
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aerosol properties may be expected based on air parcel
history. Back trajectories show airflow at the surface
from the south and from the northwest aloft on 17 July,
whereas on 2 August, the airflow was easterly–
northeasterly at the surface and aloft.

Figures 3a,b also capture the key features in CLAMS
profiles not shown here. For example, haze layers are
evident within about 0.3 km of the surface in the �sp

profile of Fig. 3a, further aloft at �3.1 km, and in Fig.
3b at �1.2 km. In Fig. 3a, low aerosol loadings are
present at �1.0 km and �2.8 km, where both �apd and
�sp are relatively small. The sharp falloff in �sp (and
RH) seen in some profiles at altitudes �0.5 km (e.g.,
Fig. 3a) marks the base of the free troposphere. An-
other interesting feature can be seen in Fig. 3b, where
�sp diminishes by half between �1.5 and 2.25 km, �apd

changes by no more than 30%, but �0 changes little
over this altitude range because it is already close to
unity.

In comparing the mean �0 values at 550 nm for pol-
luted layers (having �sp � 30 � 10�6 m�1), we found
that our CLAMS value of 0.96 � 0.03 is very similar to
the average �0 value of 0.95 � 0.03 at 550 nm found by
Hartley et al. (2000) during TARFOX. These results
are summarized in Table 4.

3) PARTICLE NUMBER SIZE DISTRIBUTIONS

Particle number size distributions, dN/d(logDp)
where Dp is the aerosol diameter, dN the number con-
centration of aerosol with diameters �Dp and �Dp 	
dDp, are presented and discussed here for the flights on
17 July and 2 August. Plots (Figs. 4 and 5) represent
time-averaged size distributions over the course of the
individual transects comprising each layer.

To obtain the most representative total column par-
ticle size distribution from in situ aircraft data, we used
a layer analysis. The vertical profiles flown in CLAMS
do not produce reliable size distribution data from the
PCASP or FSSP-300 measurements because of the
pitch angle of the aircraft in these profiles affecting the
flow of particles through these instruments. Conse-
quently, we divided the 17 July and 2 August flights
into layers represented by specific horizontal transects.
For the 17 July flight we grouped transects to define
four layers: (a) transects H and I for sea level to 0.5 km
MSL; (b) transects A and F for 0.5–1.0 km MSL; (c)
transects D, G, and J for 1.0–2.0 km MSL; and, (d)
transects B, C, and E for 2.0–3.0 km MSL. Similarly, the
2 August flight was divided into the following four lay-
ers: (a) transects B and C for sea level to 0.5 km MSL;
(b) transect F for 0.5–1.0 km MSL; (c) transects D and
E for 1.0–1.5 km MSL; and, (d) transect A for 1.5–2.0
km MSL. This approach allows a useful comparison of

the in situ and MISR column-integrated particle size
distributions, though it may introduce apparent hori-
zontal spatial variability if grouped transects have dif-
ferent particle properties.

Table 5 lists particle size distribution results for the
17 July and 2 August flights for each layer, as well as for
the total layer mean, which was derived by weighting
the component layers by their respective AOD values.
Table 6 lists particle size distribution results for each
transect of both flights. Tables 5 and 6 also show the
results from the surface area and volume distributions,
though we do not discuss the results in detail here. As
will be discussed in section 3b(3), comparison of the
values in Table 5 with those in Table 6 reveals any large
spatial variability introduced by averaging the various
horizontal transects in a layer. However, there is little
variability in the derived microphysical parameters, es-
pecially in the accumulation mode, when using this ap-
proach.

The size distribution of tropospheric aerosols is often
characterized by four modes: the nucleation (Dp � 0.01
�m), the ultrafine (0.01 �m � Dp � 0.1 �m), the ac-
cumulation (0.1 �m � Dp � 1.0 �m), and the coarse
particle (Dp � 1.0 �m), which can be used to describe
a mix of airmass types, such as polar, maritime, conti-
nental, and urban (e.g., Jaenicke 1993; McMurry 2000).
The accumulation and coarse particle modes are evi-
dent in the particle size distributions shown in Figs. 4
and 5. However, the instruments employed in this study
were unable to measure size distributions for the nucle-
ation and ultrafine modes.

Castanho et al. (2005) discuss the main sources of
accumulation and coarse mode particles during
CLAMS, based on filter measurements made aboard

TABLE 4. Comparison of aerosol properties from the TARFOX
and CLAMS field campaigns.

Parameter TARFOX CLAMS

�0 (550 nm,
ambient RH)

0.94 (�0.03)
(Hartley et al. 2000)

0.96 (�0.03)

Accumulation
mode reff

0.12 �m
(Tanre et al. 1999)

0.13 �m

Accumulation
mode Dg

0.19 �m
(Hartley and Hobbs
2001)

0.20 �m

Accumulation
mode Dsmd

0.24 �m
(Russell et al. 1999)

0.24 �m

Accumulation
mode Dvmd

0.27 �m
(Smirnov et al. 2000)

0.28 �m

N (PCASP;
0.1 �m � Dp �
4.0 �m)

�1600 cm�3

(Hegg and Kaufman
1998)

800 � 600 cm�3

AOD (550 nm vs
525 nm)

0.30 � 0.20
(Hegg et al. 1997)

0.13 � 0.10
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FIG. 4. (a)–(e) Particle number size distributions for the four layers, as well as the total layer mean, on the 17 Jul 2001 flight. Layers
are defined in section 3a(3). Note the decreasing contribution of the accumulation mode with increasing altitude and the lognormally
distributed accumulation mode with Dg � 0.20 �m in all layers. Table 5 shows values of Dg and associated values of �g for each layer.
Table 6 lists particle size distributions for each component transect of the layers. Uncertainties associated with the measured particle
number concentration from the three particle sizers are discussed in sections 2c and 3a(3).
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FIG. 5. As for Fig. 4, but for the 2 Aug 2001 flight. Note the lognormally distributed accumulation mode with Dg � 0.20 �m in all
layers and the decreasing contribution of the coarse mode with increasing altitude. Uncertainties associated with the measured particle
number concentration from the three particle sizers are discussed in sections 2c and 3a(3).
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the Convair-580 and from surface sites. For the major-
ity of flights, the main contribution to particle compo-
sition is from sulfate, although from 24–26 July, back
trajectories indicate long-range transport of Saharan
dust to our measurement site.

The particle number size distribution plots shown in
Figs. 4 and 5 contain lognormal curves fitted to the
PCASP and FSSP-300 data based on calculated values
of Dg (the geometric median diameter) and �g, the geo-
metric standard deviation (Reist 1993). For a lognormal
distribution, a geometric standard deviation of 2 indi-
cates that 67% of the values fall within a factor of 2 of
the geometric mean. Several authors have discussed the
applicability of a lognormal distribution to describe
aerosol size distributions (e.g., Hoppel et al. 1994; Reid
and Hobbs 1998). Since the use of lognormal curves to
approximate aerosol distributions has been widely
used, we will employ them here.

The curves in Figs. 4 and 5 representing the PCASP
data are bimodal, indicating the presence of an accu-
mulation mode and a coarse mode. For PCASP data,
the accumulation mode covers a range of particle di-
ameters from 0.11 to 1.00 �m, whereas the coarse mode
covers particles with diameters from 1.00 to 4.52 �m.
The FSSP-300 did not detect particles small enough to
fully capture the accumulation mode. As a result, the
lognormal curve was determined only for the coarse
mode, defined as particle diameters ranging from 0.92
to 4.33 �m. Although the coarse mode bin limits for the
PCASP and FSSP-300 are not exactly the same, they
represent the closest particle diameter ranges given the
bin limits of each instrument. The detection limits of
the TSI 3320 APS prevented either the accumulation or
coarse modes from being captured fully. In all cases, the
lognormal particle number size distributions were de-
termined using (Seinfeld and Pandis 1998; Makela et al.
2000):

dNfit�d
logDp� � ���ni �
2��0.5 log
�g,i�� exp���log
Dp�

� log
Dg,i�
2��2 log2
�g,i��, 
5�

where the summation is taken for all bins in mode i, Dp

is the particle diameter, and ni the total number con-
centration in mode i. Table 5 lists the values of Dg, Dsmd

(the surface median diameter), Dvmd (the volume me-
dian diameter), and �g for both the accumulation and
coarse modes for the previously defined layers of the 17
July and 2 August flights. Table 6 lists the same param-
eters, but for the individual transects of both flights.

The effective radius (reff) of the particle size distri-
bution was calculated with accumulation mode PCASP
data using (van de Hulst 1981):

reff � ��
rp
3ni����
rp

2ni�, 
6�

where the summation is taken over all bins in the mode
i, and rp is the particle radius. Values of effective radius
using Convair-580 data are listed in Table 5 for the
layers of the 17 July and 2 August flights, and Table 6
for all individual transects of both flights. Like the total
layer mean values of Dg, Dsmd, and Dvmd, the total layer
mean reff values were calculated by weighting the com-
ponent layers by their respective AOD values.

Figures 4a–e show particle number size distributions
for the four layers, as well as the total layer mean, of the
17 July flight. The PCASP data, which has a lower de-
tection limit than the FSSP-300 or TSI 3320 APS, shows
a consistent accumulation mode at Dg � 0.20 �m.
These peaks are probably due primarily to the growth
of Aitken nuclei by coagulation into larger particles
that have long residence times (Covert et al. 1996; Bir-
mili et al. 2001).

There is fairly good agreement between all three in-
struments for Dp � 0.4–1.0 �m in the transects of both
flights. For the coarse mode, the data from the three
instruments are not in as good agreement as for the
accumulation mode. There is a sudden drop-off in the
TSI 3320 APS data, which is likely due to this instru-
ment being located inside the aircraft, where the inlet
tubes prevent particles with diameters much larger than
�1.0 �m from entering the instrument. McMurry
(2000) states that inlet losses during aircraft sampling of
supermicron particles can be as high as 50%–90%,
whereas Huebert et al. (1990) found that ambient val-
ues of submicron particles are underestimated because
of inlet losses that may be as great as a factor of 2–10.
Although we acknowledge losses may be this great for
the TSI 3320 APS and the TSI 3022A and 3025A par-
ticle counters, all located inside the aircraft, a laminar
flow device was employed in front of the PCASP and
FSSP-300 which likely kept particle losses to the lower
end of these ranges. The FSSP-300 results show a clear
coarse mode at �2.0 �m in the lowest layers, whereas
the coarse mode in the 2.0–3.0 km MSL layer (Fig. 4d)
is at 1.4 �m. However, the PCASP coarse mode data do
not fit a lognormal distribution as well as the FSSP-300
data, even though both instruments were mounted un-
der the aircraft’s wing and provided simultaneous mea-
surements. Despite these differences, the coarse mode
Dg derived from the lognormal fits agree quite well,
showing a general trend of decreasing Dg with height
and a total layer mean Dg value of �1.80 �m. There is
not much variability in the magnitude of the particle
number size distributions with height, indicating a well-
mixed lower troposphere.

Figures 5a–e show particle number size distributions
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for the four layers, as well as the total layer mean, for
the 2 August flight. Similar to the number size distri-
bution plots for the 17 July flight, a consistent accumu-
lation mode is seen at Dg � 0.20 �m. A sharp decline in
the TSI 3320 APS data at Dp � 1.0 �m is seen in these
figures, as was the case for 17 July. There are also dis-
placements of the PCASP and FSSP-300 data beyond
Dp � 1.0 �m, possibly because of the assumptions made
in estimating the index of refraction to correct the chan-
nel limits. Each of these figures shows a coarse mode
with Dg � 2.0 �m.

It should be noted that in Figs. 4 and 5 there is an
interesting feature in the FSSP-300 coarse mode data;
two data points lie above the coarse mode curve, with
the left point above the right by roughly the same
amount. A possible cause of this anomalous looking
feature is the fact that the bin size limits we used from
Table 2 of Baumgardner et al. (1992) actually list the
same size limits for the three bins to the left and the
three bins to the right of this distinct feature. In post-
analysis, we have subdivided these bin ranges, hence
there is very little variation in the magnitude of the
three points to the left and right of this “spike” in the
FSSP-300 coarse mode data. Furthermore, these coarse
mode particles had extremely low number concentra-
tions and, as will be discussed in section 3b(3), much of
this data is likely to be instrument noise. Still, we find it
of some use to present this data as well as the derived
coarse mode size parameters as a means of describing
the aerosol properties on these two days as fully as
possible.

Unlike the particle number size distribution results
from 17 July, there does not seem to be much variability
with height in the value of coarse mode Dg for the 2
August data. However, Figs. 4a–d show a smaller con-

tribution from coarse mode particles to the particle
number size distribution with increasing height on 17
July. We attribute this to large sea salt particles on the
earlier date that settle out at low altitudes. This is sup-
ported by near-surface wind speed data measured
aboard the Convair-580, as well as measurements made
at the Chesapeake Lighthouse. The mean near-surface
wind speed on 17 July was 5.5 � 2.1 m s�1 from the
Convair-580 measurements, whereas mean surface
winds of 8.2 � 2.2 m s�1 were measured at the light-
house. Comparing these values to 3.7 � 1.2 m s�1 (Con-
vair-580) and 4.4 � 1.1 m s�1 (Chesapeake Lighthouse)
on 2 August, significantly stronger surface winds were
present on 17 July, supporting our suggestion that more
near-surface sea salt particles were present on 17 July.
Also, in comparing the particle number size distribu-
tions from 2 August with those from 17 July, the aerosol
loading on 2 August was significantly lower. The AATS
results support this, yielding mean total column AOD
values at 499 nm for 17 July and 2 August of 0.45 and
0.11, respectively (Redemann et al. 2005).

While we do not discuss the particle surface area and
volume distributions here, values of Dsmd and Dvmd are
presented in Tables 5 and 6. Larger particles are
weighted progressively more heavily in number size,
surface area, and volume size distributions. However,
the surface area and volume-weighted distributions on
both 17 July and 2 August still show a dominance by
accumulation mode particles.

Table 7 lists the correlation coefficients, R2, for the
nonlinear regressions between the lognormal curves
and the PCASP, FSSP-300 results for the number size,
surface area, and volume distributions on the 17 July
and 2 August flights. If the R2 value is greater than 0.75,
we conclude that the lognormal curve does a good job

TABLE 7. Nonlinear correlation coefficients, R2, between accumulation and coarse-mode lognormal curves and PCASP, FSSP-300
results for the number size, surface area, and volume distributions. Values of R2 � �0.75 indicate that the lognormal curve does a good
job in representing the results as determined from PCASP and FSSP-300 measurements.

Flight date Layer

Accumulation mode
(number size, surface area,
volume distribution values)

Coarse mode
(number size, surface area,
volume distribution values)

PCASP FSSP-300

17 Jul 0.0–0.5 km 0.862, 0.937, 0.941 0.089, 0.001, 0.352 0.354, 0.262, 0.215
0.5–1.0 km 0.903, 0.972, 0.986 0.126, 0.010, 0.258 0.363, 0.259, 0.175
1.0–2.0 km 0.894, 0.960, 0.963 0.073, 0.001, 0.331 0.340, 0.236, 0.171
2.0–3.0 km 0.786, 0.919, 0.908 0.286, 0.287, 0.190 0.754, 0.465, 0.262

Layer mean 0.861, 0.946, 0.947 0.119, 0.002, 0.315 0.333, 0.305, 0.237

2 Aug 0.0–0.5 km 0.889, 0.975, 0.927 0.308, 0.022, 0.101 0.349, 0.307, 0.391
0.5–1.0 km 0.880, 0.960, 0.978 0.124, 0.020, 0.233 0.325, 0.239, 0.273
1.0–1.5 km 0.880, 0.968. 0.988 0.140, 0.005, 0.293 0.324, 0.220, 0.215
1.5–2.0 km 0.974, 0.993, 0.990 0.234, 0.050, 0.208 0.340, 0.217, 0.235

Layer mean 0.892, 0.971, 0.986 0.197, 0.034, 0.211 0.339, 0.256, 0.308
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at representing the results from that particular optical
particle sizer and, thus, the aerosol in that mode are
lognormally distributed. The R2 values in Table 7 indi-
cate that the accumulation mode particles certainly ap-
pear to be lognormally distributed, whereas the coarse
mode particles do not fit this distribution well.

In comparing the accumulation mode size param-
eters from CLAMS to those from TARFOX, we see
that they are virtually identical. Tanre et al. (1999) report
an accumulation mode reff of 0.12 �m for TARFOX,
while the corresponding value for CLAMS was 0.13
�m. Hartley and Hobbs (2001) found that the mean
accumulation mode Dg was 0.19 �m; in CLAMS accu-
mulation mode Dg was 0.20 �m. Russell et al. (1999)
calculated a mean accumulation mode Dsmd of 0.24 �m;
in CLAMS, the value was 0.24 �m, as well. Smirnov et
al. (2000) determined accumulation mode Dvmd in
TARFOX to be 0.27 �m; in CLAMS, the same param-
eter was 0.28 �m. These results are summarized in
Table 4.

4) TOTAL NUMBER CONCENTRATION OF

PARTICLES

The total number concentrations of particles (N)
were measured for the main profile on 17 July (Fig. 6a)
by the TSI 3320 APS over the size range: 0.5 �m �
Dp � 1.00 �m, the FSSP-300 (0.35 �m � Dp � 20.72
�m), the PCASP (0.1 �m � Dp � 4.0 �m), and the TSI
3025A (3 nm � Dp � 1.00 �m). The TSI 3320 APS and
TSI 3025A were located inside the Convair-580, which
limited the maximum size particles that they could de-
tect; the PCASP and FSSP-300 were located under the
wing of the aircraft. During the 2 August flight, a fifth
particle counter, the TSI 3022A (7 nm � Dp � 1.00
�m), was in operation for the flight’s main profile (Fig.
6b). Uncertainties associated with the measurements
made by these instruments are discussed in sections 2c
and 3a(3). Typical mean total particle number concen-
trations measured during CLAMS were �103 to 104

cm�3 when measured with the most sensitive particle

FIG. 6. Particle number concentrations measured by various particle counters for (a) profile 1 of the
17 Jul flight and (b) profile 2 of the 2 Aug flight. The dashed lines represent a mixed layer, where
potential temperature (�) was constant, associated with fairly constant particle number concentrations.
Squares represent TSI 3320 APS, diamonds represent FSSP-300, triangles represent PCASP, asterisks
represent TSI 3022A, and circles represent TSI 3025A. Uncertainties associated with these instruments
are discussed in section 3a(3).
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counter, the TSI 3025A. Since marine atmospheric par-
ticle concentrations are �100–300 cm�3, there were
some continental and/or anthropogenic contributions
to the particles sampled. This is supported by the com-
position data presented by Magi et al. (2005).

Table 5 summarizes the total particle number con-
centrations, N, for the previously defined layers of the
17 July and 2 August flights, measured with the TSI
3025A particle counter. Table 6 lists N values for each
horizontal transect of both flights. As a result of local-
ized enhancements in N values at certain points in the
transect, some of the listed values of N have associated
standard deviations that are quite large relative to the
mean value. Referring to Table 2, it can be seen on
which transects large spatial areas were covered, and
therefore nonhomogeneous air was likely sampled.
Redemann et al. (2005) concluded that the AOD spa-
tial variability during CLAMS was due to the transport
and diffusion of similar aerosol types, rather than to
mixing of aerosol types with different sizes and compo-
sitions.

July 17 was the more polluted of the two days, with a
total mean layer particle number concentration of
�7000 cm�3, whereas the total layer mean particle
number concentration on 2 August was �3000 cm�3.
At low levels on 17 July (Fig. 2a), the air recirculated
over the coast for at least three days, allowing N to
build up in the measurement region. Further aloft (Fig.
2b), the airflow was over the Great Lakes, and there-
fore carried continental and anthropogenically en-
hanced aerosols. In contrast, the airflow back trajecto-
ries on 2 August had a strong easterly/northeasterly
(i.e., marine) influence at all levels up to �3 km (Figs.
2c,d), leading to the much lower particle number con-
centrations and AOD values on 2 August.

PCASP measurements of particle number concentra-
tions during CLAMS were roughly half of those en-
countered during TARFOX, as shown in Table 4 (Hegg
and Kaufman 1998). This was probably because of the
different meteorological conditions during these two
studies. Whereas measurements during CLAMS were
generally obtained in relatively clean air that had re-
cently passed over the Great Lakes or the Atlantic
Ocean, airflows during TARFOX were more com-
monly from industrial and urban areas immediately to
the west of the study area. As a result, the air sampled
during TARFOX was more polluted than that during
CLAMS. A well-defined mixed layer can be seen in the
figure for the total particle number concentrations (as
illustrated by dashed lines in Fig. 6). Measurements
showed that these regions were characterized by poten-
tial temperature values that were steady with height,
indicating that the air was well mixed and, as a result,

particle number concentrations were fairly constant
with height.

b. Small-scale horizontal variability of aerosol
properties

An analysis of the small-scale horizontal variability
of aerosol properties is needed to determine: (a) wheth-
er an average radiance in a given scene, as measured by
MISR, can readily be translated into an average aerosol
parameter over the scene, and (b) whether the layer
method employed in the particle size distributions is
justified. Measured variability is the sum of ambient
variations and measurement noise (Anderson et al.
2003). Therefore, as the authors explain, variability in
aerosol properties can be studied only if instrument
noise is known to be negligible or can be quantified and
a correction applied. Here, we examine the lag-1 auto-
correlation coefficient, r(1), to evaluate instrument
noise. For our analysis, we have chosen a time lag in-
terval of 10 s, corresponding to a spatial resolution of
�1 km, given the �100 m s�1 aircraft flight speed that
was used throughout CLAMS. If the correlation r(1) is
��0.99, the measurement is free of noise at the speci-
fied resolution and there is no significant ambient vari-
ability at this spatiotemporal scale. However, if r(1) �
�0.97, the cause could be either instrumental noise or
ambient variability.

Anderson et al. (2003) discuss the mesoscale varia-
tions of tropospheric aerosols and conclude that signifi-
cant variability was present on time scales of �10 h and
on spatial scales of �200 km or less. We are not con-
cerned here with the temporal variability of the aerosol,
since our flights lasted only 3–6 h. However, there may
have been significant spatial variability, since we typi-
cally covered areas of hundreds of kilometers, both
zonally and meridionally (Table 2). The vertical pro-
files were flown in tight spiral ascents and descents,
virtually eliminating any horizontal inhomogeneities.
Unlike the datasets discussed by Anderson et al. (2003),
our flight strategy was not aimed at preferentially sam-
pling aerosol plumes and gradients, but rather concen-
trated on flying simultaneous and coordinated flight
paths with other platforms on which measurements
were made.

1) OPTICAL PARAMETERS

Figure 7 shows the results from the autocorrelations
for both �sp and �apd on 17 July and 2 August. On both
days the r(1) value is ��0.99 for the �sp data, so we are
confident there is no significant noise or variability in
this parameter on spatial scales of �4 km. (The reso-
lution is stated as �4 km since the PSAP and neph-
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elometer data were processed with 30-s smoothing in
order to reduce instrument noise. In addition, these
30-s running averages were averaged over 10-s intervals
for the autocorrelation analysis, so the spatial resolu-
tion is �4 km assuming an aircraft speed of �100 m s�1.
The effect of this averaging on signal broadening is to
reduce the magnitude of the most extreme maxima and
minima in �sp and �apd. However, this effect is never
�7% and results in a minimal adjustment in calculated
�0 values of �0.005.) However, the r(1) values for �apd

were 0.9604 on 17 July and 0.9284 on 2 August. Given
the relative homogeneity in particle composition re-
ported by Castanho et al. (2005) along with the very low
�apd values throughout CLAMS, often bordering on the
1 � 10�7 m�1 detection limit of the PSAP, this poor
correlation is likely a result of instrument noise rather
than ambient variability in �apd.

Figure 8 illustrates the small-scale horizontal vari-
ability of �apd, �sp, and �0 at a wavelength of 550 nm for
a few selected transects at various levels of the atmo-

sphere from both the 17 July and 2 August flights.
These transects also illustrate �4-km aerosol optical
property variability in the other transects not presented
here. One notable feature is the relatively uniform
value of �0 throughout a given transect. (The standard
deviation is �2% of the mean for all transects.) Al-
though �sp and �apd vary, often �sp and �apd increase or
decrease together, so �0 remains fairly constant. In
some cases, a systematic increase in �0 can be seen
because of a rise of �sp while �apd remained fairly con-
stant (Fig. 8a). Conversely, Fig. 8c shows a gradual de-
crease in �0 associated with declining values of �sp and
constant values of �apd. However, even in these two
cases, the overall small-scale horizontal variability in �0

is minimal.
In transects where �0 shows some variability, the

variability is mostly attributable to changes in �apd over
the entire transect. It should be noted that the value of
�apd throughout CLAMS was remarkably low (�10�7

m�1) and as a result, �0 values are sensitive to small

FIG. 7. Lag-1 autocorrelation for �sp [(a) 17 Jul and (b) 2 Aug] and �apd [(c) 17 Jul and (d) 2 Aug] measurements made with
the nephelometer and PSAP, respectively. The lag is one measurement interval, which we have chosen to be 10-s or �4-km resolution
(due to 30-s running averages of PSAP and nephelometer data in addition to this 10-s averaging).
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changes in �apd. Also, unlike the sharp decline in �0 in
the Fig. 3 profiles, the transects higher in the lower
troposphere still show consistently high �0 values (e.g.,
Fig. 8d). However, none of the transects conducted on
the two dates were at altitudes as high as the top of the
profiles shown in Fig. 3, so this feature could not be
analyzed further. We conclude that there is minimal
variation in the value of �0 over horizontal scales of �4
km and the optical parameters probably vary on scales
of tens of kilometers or more.

2) AEROSOL OPTICAL DEPTH

The results presented here supplement the analysis
carried out by Redemann et al. (2005). Figure 9 shows
the results of the lag-1 autocorrelation for the AOD
measurements on 17 July and 2 August. Redemann et
al. (2005) discuss their AATS data reduction methods,
calibration, and error analysis. Since the authors have
already accounted for instrument noise in the AATS

data provided to us, we do not discuss noise reduction
here, and as expected, the r(1) values are quite high—
0.9987 for 17 July and 0.9965 for 2 August. We conclude
that these data are free of noise at �1-km resolution
and that there is no significant ambient variability at
this spatial scale.

Redemann et al. (2005) present results from their
analysis of the small-scale horizontal variability in
AATS-derived AOD throughout CLAMS. They also
perform correlations between AATS-, Aerosol Robotic
Network (AERONET)-, Moderate Resolution Imag-
ing Spectroradiometer (MODIS)-, and MISR-derived
AOD values. Their results show that AOD can vary by
as much as 50%–70%, but more typically 25%–30%
over horizontal distances of 50 km. Furthermore, they
discovered that there was no spectral dependence of
the relative variability in AOD. This suggests that the
spatial variability in AOD during CLAMS was caused
more by the transport and diffusion of similar aerosol

FIG. 8. Small-scale (�4 km) horizontal variability of �apd, �sp, and �0 at a wavelength of 550 nm for selected transects of the 17 Jul
and 2 Aug flights.
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types rather than the mixing of aerosol types having
different sizes and compositions. The transport and dif-
fusion of similar aerosol types could create regions of
higher or lower particle number concentration, which
would likely create more or less light extinction in the
region, and ultimately cause AOD spatial variability.

Figure 10 illustrates the horizontal variability in 525
nm AOD at �1-km resolution for all transects of the 17
July and 2 August flights. The values presented in these
figures were measured with the AATS-14 aboard the
Convair-580 aircraft. As shown earlier in Fig. 9, these
graphs demonstrate explicitly that AOD varies mini-
mally even on horizontal scales of tens and sometimes
hundreds of kilometers at all levels of the lower tropo-
sphere.

3) PARTICLE SIZE PARAMETERS

Figure 11 shows the results from the autocorrelations
for fine- and coarse-mode particle number concentra-
tions (N) as measured by both the PCASP and FSSP-

300 optical particle counters. On both days the r(1)
value is ��0.99 for the fine-mode N data from the
PCASP, so we are confident there is no noise or sig-
nificant variability in this parameter at spatial scales of
�1 km. However, the r(1) values for coarse mode N as
measured by both the PCASP and FSSP-300 on both
days (Figs. 11b,c,e,f) were quite low. Given that the vast
majority of second-by-second number concentrations
on both days were 0 cm�3 for all coarse-mode bins, we
are unable to make any conclusions regarding the spa-
tial variability of coarse-mode size parameters.

Figure 12 illustrates the small-scale horizontal vari-
ability of accumulation mode particle size parameters
measured by the PCASP for a few representative
transects of the 17 July and 2 August flights. Since Dsmd

is larger than Dg by a factor of exp[2ln2(�g)], and Dvmd

is larger than Dg by a factor of exp[3ln2(�g)], any vari-
ability in Dg will be amplified in the determination of
Dsmd and Dvmd.

Figure 12 shows extraordinarily little horizontal vari-

FIG. 9. Lag-1 autocorrelation for AOD measurements made
with the AATS-14 on (a) 17 Jul 2001 and (b) 2 Aug 2001. The lag
is one measurement interval, which we have chosen to be 10-s or
�1-km resolution.

FIG. 10. Small-scale (�1 km) horizontal variability in AOD (at
525 nm) as measured by the AATS-14 for all transects of the (a)
17 Jul and (b) 2 Aug 2001 flights with means and one standard
deviation reported below each transect label.
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ability in the accumulation mode size parameters at the
lowest levels of the atmosphere, but slightly increasing
horizontal variability with altitude. This could be attrib-
utable to increasing vertical variability as altitude in-

creases if the aerosol layers are not actually horizontal.
Accumulation mode particles were systematically
larger at all altitudes on 17 July than on 2 August.

To summarize, there was minimal horizontal vari-

FIG. 11. Lag-1 autocorrelation for fine mode PCASP particle number concentration [(a) 17 Jul and (d) 2 Aug] measurements,
coarse-mode PCASP particle number concentration [(b) 17 Jul and (e) 2 Aug] measurements and coarse mode FSSP-300 particle
number concentration [(c) 17 Jul and (f) 2 Aug] measurements. The lag is one measurement interval, which we have chosen to be 10-s
or �1-km resolution.
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ability in particle size parameters associated with the
accumulation mode on spatial scales of �1 km. This is
supported by the fact that in all transects of both flights,
the standard deviation (SD) is no greater than 4%, and
in 14 of 16 transects the SD � 2%, of the mean size of
the accumulation mode Dg. However, no conclusion
can be drawn with regard to coarse-mode size variabil-
ity since the number concentration of coarse-mode par-
ticles was so low throughout CLAMS.

4) PARTICLE NUMBER CONCENTRATIONS

Figure 13 shows the results from the autocorrelations
for particle number concentration, N, as measured by
the PCASP and TSI 3025A on 17 July and 2 August.
All four panels show very high autocorrelation coeffi-
cient values above 0.985 when using a lag interval of
10 s, corresponding to a spatial resolution of �1 km.

Therefore, we are confident that these data are free
from instrument noise.

Since instrument noise is not a contributing factor to
the variability in particle number concentration, we can
look at Fig. 14 to illustrate the small-scale horizontal
variability of particle number concentrations (N) mea-
sured over 0.1 �m � Dp � 4.0 �m by the PCASP and
over 3 nm � Dp � �1.0 �m by the TSI 3025A for
selected transects at various levels of the atmosphere
on both 17 July and 2 August. These transects also
represent �1-km variability in particle number concen-
tration in the other transects not presented here. In all
four transects shown, the PCASP and TSI 3025A cap-
ture most of the enhancements and declines in N quite
accurately and consistently. Figure 14a is the near-
surface example, showing a mean N value as measured
by the PCASP of 341 � 25 cm�3 (where the SD is 7%

FIG. 12. Small-scale (�1 km) horizontal variability of accumulation mode values of reff, Dg, Dsmd, and Dvmd measured by the
PCASP for selected transects of the 17 Jul and 2 Aug flights.
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of the mean) and 5789 � 567 cm�3 (SD is 10% of the
mean) as detected by the TSI 3025A. Figure 14b shows
a 218 km transect, the longest transect of either flight,
at �0.5 km MSL. Mean N values at this level derived
from the PCASP were 389 � 57 cm�3 (SD is 15% of the
mean) and 2009 � 244 cm�3 (SD is 12% of the mean)
from the TSI 3025A. Figure 14d shows the N results for
the highest transect flown on either day; the mean N
value from the PCASP was 825 � 150 cm�3 (SD is 18%
of the mean) and 2045 � 249 cm�3 (SD is 12% of the
mean) from the TSI 3025A.

Perhaps the most interesting frame is Fig. 14c, which
shows a leg of the 17 July flight that had a larger over-
land component than the other transects of these
flights, which were mainly over the open ocean. There
are two strong, localized enhancements in N, at x � 25
km and x � 95 km, that lead to the very large spread in
N values discussed in section 3a(4). The first enhance-

ment occurs when the aircraft passed over the Great
Dismal Swamp—a possible source of biogenic aerosols.
The second, much larger, enhancement occurred when
the Convair-580 flew over Norfolk, Virginia—the lone
urban center in the region of study, and a source of
urban/anthropogenic particles. Interestingly, the vari-
ability in N is much greater in the TSI 3025A data than
in the PCASP data, indicating that these enhancements
are mainly due to very small (Dp � 0.1 �m) nucleation
or ultrafine mode aerosols.

In all four transects shown, as well as those not pre-
sented here, N values measured by the TSI 3025A were
at least an order of magnitude greater than those from
the PCASP. Given the different detection limits of
these instruments, it is clear there is a strong dominance
by particles having Dp � 0.1 �m at all levels of the
lower troposphere. Furthermore, the variability in N
has the lowest % SD near the surface, and grows con-

FIG. 13. Lag-1 autocorrelation for particle number concentration as measured by the PCASP [(a) 17 Jul and (b) 2 Aug] and TSI
3025A [(c) 17 Jul and (d) 2 Aug]. The lag is one measurement interval, which we have chosen to be 10-s or �1-km resolution.
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sistently higher aloft. Finally, the horizontal variability
in N can vary significantly on scales of �1 km regard-
less of altitude, though the variability is obviously
greatest when in close proximity to a strong source of
particulate matter and/or precursor gases.

5) CONCLUSIONS REGARDING SMALL-SCALE

VARIABILITY

Analysis of the small-scale horizontal variability of
aerosol properties is needed to determine whether an
average radiance in a given MISR scene can readily be
translated into an average aerosol parameter over the
scene, and whether the layer method employed in the
particle size distributions is justified.

The resolution of the MISR aerosol retrieval algo-
rithm is �17.6 km. Therefore, an average radiance in a
given scene represents the average aerosol parameter
in that scene if that parameter varies minimally on a

horizontal scale of �15–20 km. Since �0, AOD and
accumulation mode reff are the three aerosol param-
eters derived from MISR retrievals that are of most
interest to the present study, we analyze their variabil-
ity here. The �4-km horizontal variability of �0 values
derived from in situ measurements of �sp and �apd was
quite small. Even on horizontal scales of 50–100 km, �0

varied less than the uncertainty associated with the
MISR retrieval of �0, which is �0.05 (Kahn et al. 1998).
Therefore, the resolution of the MISR aerosol retrieval
was sufficient to accurately detect any spatial variability
in �0 during CLAMS. The analysis of the small-scale
horizontal variability in AOD (Figs. 9 and 10) coupled
with the results from Redemann et al. (2005) show that
the variability in AATS-derived AOD is less than the
uncertainty associated with the retrieval of AOD from
MISR (0.05 or 20%, whichever is larger; Kahn et al.
2005). Thus, the resolution of the MISR retrieval is high

FIG. 14. Small-scale (�1 km) horizontal variability of particle number concentration, as measured by the TSI 3025A (open circles)
and PCASP (closed triangles) for selected transects of the 17 Jul and 2 Aug flights.
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enough to capture any significant variability in AOD
during CLAMS. The in situ measurements of accumu-
lation mode reff show virtually no variability over hori-
zontal scales of several hundred kilometers (Fig. 12);
thus, the resolution of the MISR aerosol retrieval was
sufficient to accurately detect any spatial variability in
accumulation mode reff during CLAMS.

As discussed in section 3a(3), we used a layer analysis
to determine particle size distributions. Grouping
transects that were flown over horizontal scales of sev-
eral hundred kilometers created the potential to intro-
duce large spatial variability factors. The results pre-
sented in section 3b(3) and Fig. 12 show that, in fact,
minimal variability was introduced using this layer
method. As Fig. 12 illustrates, accumulation mode size
parameter variability is remarkably low over horizontal
scales of several hundred kilometers at all levels of the
lower troposphere. Figures 11b,c,e,f illustrate the poor
correlation between the “real time” and lagged coarse
mode number concentration measurements. As a re-
sult, no conclusion can be made regarding the small-
scale spatial variability of coarse mode size parameters
since instrument noise accompanied measurements
near the detection limit of the PCASP and FSSP-300.
We see minimal horizontal variability in the relevant
size parameters; thus, our methodology is justified.

c. Comparison of MISR retrievals with airborne in
situ measurements

As discussed in section 2d, MISR categorizes aerosol
columns into about a dozen broad classes, based on
particle size, shape, and �0. MISR sensitivity to �0 is
2–4 groupings over the natural range of aerosol values;
we can typically distinguish �0.80 from �0.88 from
�0.94 from �1.0 (Kahn et al. 1998). These constraints
are being updated and refined, as the validation process
reflected by this and other studies progresses (e.g.,
Kahn et al. 2005). For example, Kalashnikova et al.
(2005) demonstrated that MISR data can be used to
distinguish randomly oriented spheres, ellipsoids,
grains, and plates. The MISR retrievals in this paper are
based on the early postlaunch MISR standard aerosol
algorithm, version 12 (Martonchik et al. 1998).

Although the data available for optical property
comparisons derived from Convair-580 and MISR mea-
surements are limited, the available data from our in
situ measurements allow for rigorous tests capable of
disproving the MISR retrieval if it is erroneous. MISR
retrieves column effective aerosol optical properties,
whereas the �0 values derived from in situ measure-
ments (Table 3) are averages of �0 throughout a pre-
scribed vertical profile or horizontal transect. To make
as accurate a comparison as possible between the in situ

and MISR results, we compare the MISR-retrieved val-
ues of �0 to the mean �0 values obtained during the
largest profiles of each flight: profile 1 for 17 July and
profile 2 for 2 August (Fig. 3). However, we need to
account for horizontal and temporal offsets between
MISR and the Convair-580, as well as aerosol above the
top flight level of the aircraft. On both 17 July and 2
August, MISR flew over the region of study centered at
36.90° latitude, �75.71° longitude. The mean aircraft
location during the spiral ascent of profile 1 on 17 July
was 36.92° latitude, �75.71° longitude; the two plat-
forms were virtually collocated. Similarly, the mean air-
craft location for profile 2 on 2 August was 36.94° lati-
tude, �75.78° longitude, so horizontal offsets between
the two platforms are minimal, less than the 17.6-km
resolution of the MISR aerosol retrieval algorithm. The
MISR overpass occurred at 1608 UTC on both 17 July
and 2 August. Profile 1 of the 17 July flight was flown
from 1305–1337 UTC, so there is a temporal offset of
�3 h. On the 2 August flight, profile 2 was flown from
1626–1656 UTC—a temporal offset from the time of
the MISR overpass of �1 h. AERONET data from the
Chesapeake Lighthouse during these times show that
particle size, AOD and �0 (though �0 data is unavail-
able for 2 August) varied minimally (�10%). There-
fore, temporal offsets do not introduce significant un-
certainties.

On 17 July, the total column 525 nm AOD measured
with the AATS from �0.10 km MSL, the lowest flight
level of profile 1, was 0.408 � 0.008. The AOD from the
top of this profile to the top of the atmosphere was
0.012 � �0.001, hence only �3% of the AOD is unac-
counted for in our vertical profile, so the mean �0 value
from profile 1 on 17 July represents the total column
aerosol quite well. On 2 August, the total column 525
nm AOD from �0.05 km MSL, the base of profile 2,
was 0.095 � 0.001. The AOD from the top of this pro-
file to the top of the atmosphere was 0.015 � �0.001,
thus �16% of the AOD is unaccounted for in this pro-
file, and for 2 August, a relatively larger amount of
aerosol was unaccounted for by the in situ measure-
ments. In summary, we are confident in directly com-
paring the in situ �0 values on 17 July with the column
effective values derived from MISR, but the column-
average �0 derived from the in situ measurements on 2
August has greater uncertainty.

The value of �0 at 550 nm using in situ data from the
Convair-580 is 0.97 � 0.01 for 17 July profile 1, whereas
that derived from MISR measurements at 558 nm for
the same time is �0.95. The in situ value of 550 nm �0

for 2 August profile 2 is 0.94 � 0.03, and that derived
from MISR measurements at 558 nm for the same time
is 0.88 � 0.05. For a more rigorous assessment of col-
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umn-average �0 using our in situ data, we also per-
formed a layer analysis similar to the one described in
section 3a(3). Unlike the PCASP and FSSP-300, the
nephelometer and PSAP were capable of obtaining ac-
curate measurements in transects and profiles. There-
fore, data from the profiles were included in the �0

layer analysis. The AOD-weighted total layer mean �0

for 17 July was 0.97 � 0.01, and that for 2 August was
0.92 � 0.02. Even with this secondary approach, there is
some discrepancy in the remotely sensed versus in situ
�0, particularly for 2 August. Although there is a sig-
nificant amount of unaccounted aerosol above the top
flight level on 2 August, a reasonable estimation of �0

for the upper tropospheric/stratospheric aerosol given
the relative homogeneity of the atmosphere on this day
would be 0.95 � 0.05, so the cause of this difference
between the MISR- and aircraft-derived total column
�0 value on 2 August is unclear. Despite these differing
�0 values, the SD for the MISR and in situ �0 overlap,
so the MISR and in situ data show systematically higher
�0 on 17 July than on 2 August, by about the same
amount given measurement uncertainties. It should be
noted that the in situ �0 values were measured at 550
nm, whereas the MISR effective wavelength is 558 nm.
As discussed by Hartley et al. (2000), the values of �0 at
these two wavelengths should not differ greatly.

In summary, the MISR results for 17 July and 2 Au-
gust generally compare well with the in situ aerosol
measurements obtained aboard the Convair-580. On 17
July, the MISR algorithm indicated “mostly small,
spherical, clean” particles and on 2 August “small,
spherical dirty” particles. The airborne in situ measure-
ments show small particles on both days, with a reff of
0.14 �m from the PCASP compared to 0.12 �m from
MISR on 17 July, and 0.12 �m from both the PCASP
and MISR on 2 August. The lower �0 values found on
2 August support the MISR classification of the aerosol
as “dirty” (i.e., more absorbing and, therefore, lower
�0) versus the “clean” aerosol classification for the
aerosol on 17 July when �0 values were higher. Table 8
summarizes the comparison between the MISR and
Convair-580 results. It should be noted that the MISR
retrievals were derived prior to analyzing the airborne
data, and neither dataset was adjusted in any way.

4. Summary and conclusions

In this paper we summarize the optical properties
and the size distributions of the aerosol measured
aboard the UW’s Convair-580 aircraft on 17 July and 2
August 2001 during the CLAMS field campaign over
the East Coast of the United States. We have analyzed

small-scale horizontal variability in various aerosol pa-
rameters and compared the airborne in situ results with
remote sensing measurements from MISR. Table 8
shows the results of the interplatform comparison.

Values of �0 at 550 nm were greater for all profiles
and transects on 17 July than on 2 August; thus, we
conclude the aerosol sampled on 17 July contained
greater contributions from sulfate and possibly organic
carbon particles. The particle composition measure-
ments discussed by Magi et al. (2005) support this con-
clusion. Aerosol amount was significantly higher on 17
July than 2 August, in both the boundary layer and
total column. We attribute this, in large part, to differ-
ing air parcel back trajectories on the two days. Par-
ticles with Dp � 1.0 �m predominated on both days,
suggesting secondary aerosol production by processes
such as gas-to-particle conversion.

Our analysis of the small-scale horizontal variability
of several aerosol parameters revealed that �0, AOD
and accumulation mode size varied minimally on scales
of tens, and often times hundreds, of kilometers. Par-
ticle number concentration, however, exhibited signifi-
cant spatial variability on scales as small as �1 km. No
conclusion could be made regarding the variability in
coarse-mode size since the number concentrations of
particles in this size range were so low (�1 cm�3).

In comparing the aerosol properties in CLAMS to
those in TARFOX, we found that �0 at 550 nm and
accumulation mode size were remarkably similar. How-
ever, significantly higher values of AOD and N were
found in TARFOX. Particle composition differed, as
well. In CLAMS, the aerosol was mainly composed of
sulfate, whereas the aerosol in TARFOX was largely
composed of carbonaceous compounds (Magi et al.
2005).

TABLE 8. Comparison of aerosol parameters as determined by
remotely sensed MISR retrievals and airborne in situ Convair-580
measurements during CLAMS.

Date
(2001) Parameter MISR Convair-580

17 Jul AOD 0.38 � 0.05 0.40 � 0.03
(558 nm) (525 nm)

�0 �0.95 0.97 � 0.01
(558 nm) (550 nm)

reff 0.12 (�	0.12/��0.06) �m 0.14 � 0.02 �m
Classification Small, spherical, clean

2 Aug AOD 0.10 � 0.05 0.09 � 0.01
(558 nm) (525 nm)

�0 0.88 � 0.05 0.94 � 0.03
(558 nm) (550 nm)

reff 0.12 (�	0.12/��0.06) �m 0.12 � 0.02 �m
Classification Small, spherical dirty
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Our efforts at validating the aerosol retrievals from
MISR with the in situ Convair-580 measurements
showed that �0 values derived from MISR retrievals
agree well with the in situ measurements on 17 July,
and are within the error bars but not as close on 2
August, a much lower AOD case. The MISR retrievals
classified the aerosol as small in size (i.e., Dp � 0.7 �m)
on both days, which is in support of the size distribution
measurements made in situ. Midvisible AOD values
are in very good agreement, as well. The MISR re-
trieval detected both the similarities and the differences
between aerosol properties measured on 17 July and 2
August.

Weather conditions during CLAMS were atypical for
summer months along the East Coast of the United
States: an unusual number of cold fronts, bringing deep
northeasterly flows of cool, clean, dry air, traversed the
region (Smith et al. 2005), producing uncharacteristi-
cally low pollution and aerosol optical depth values
during the CLAMS campaign.
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