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[1] A parameterization is introduced for the derivation of columnar aerosol mass
concentration (AMC) and cloud condensation nucleus concentration (CCNC) from the
primary aerosol products of Moderate-Resolution Imaging Spectroradiometer (MODIS).
The method relies on the scaling between AMC and optical depth with a proportionality
constant dependent on MODIS-derived reff, h (contribution of the accumulation mode
radiance to the total radiance), ambient RH, and an assumed constant aerosol composition.
The CCNC is derived from a parameterization of concentration as a function of the
retrieved aerosol volume. By comparing with in situ data, it is shown that retrievals in
dry ambient conditions (dust) are improved when using a proportionality constant
dependent on reff and h obtained in the same pixel. In high-humidity environments, the
improvement in the new method is inconclusive because of the difficulty in accounting for
the uneven vertical distribution of relative humidity. Additionally, two detailed
comparisons of AMC and CCNC retrieved by the MODIS Airborne Simulator (MAS)
algorithm and the new method are shown. The new method and MAS retrievals of AMC
are within the same order of magnitude with respect to the in situ measurements of aerosol
mass. However, the proposed method is closer to the in situ measurements than the
MODIS retrievals. The retrievals of CCNC are also within the same order of magnitude
for both methods. Finally, the new method is applied to an actual MODIS retrieval.
Although no in situ data is available for comparison, it is shown that the proposed method
yields more credible values than the MODIS retrievals. INDEX TERMS: 1640 Global
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1. Introduction

[2] The energy balance of the ocean atmosphere-system
can be modified by the presence of aerosols in the atmos-
phere [Ramanathan et al., 2001a]. They can act indirectly
through the modification of clouds optical properties, rain
patterns and lifetime [Albrecht, 1989; Rosenfeld et al.,
2001]. More directly, aerosols reflect solar radiation and,
depending on composition, can be strong absorbers of solar
radiation resulting in perturbations in regional climate
[Penner et al., 1992, 1998; Haywood and Ramaswamy,
1998; Haywood et al., 1997]. As a consequence, aerosol
research is an important component in climate studies. In
broad terms, aerosols are being studied in with three differ-
ent methodologies. The first approach is the modeling of
global distribution and chemical processes in which aero-

sols take part. These computations are essential for the
prediction of the aerosol effects in Global Climate Models
(GCMs). A key issue in the validity of such complex model
computations is the reliability of the parameterizations used
and how accurately variables are predicted. It is at this point
where the other two methodologies come into play. These
methodologies, satellite and in situ measurements, provide
invaluable tools to compare model predictions with the
actual parameters. In situ measurements provide the infor-
mation by measuring directly the properties of interest.
They are obtained by means of permanent ground stations
for example, the NOAA-CMDL network [Ogren, 1995] or
by intensive field campaigns such as INDOEX [Ramana-
than et al., 2001b] or ACE-2 [Raes et al., 2000]. With
respect to satellite retrievals, global measurements of aero-
sol optical depth obtained from space were limited to values
derived by relatively extensive AVHRR database [Durkee et
al., 1991; Husar et al., 1997]. However, the AVHRR
detector was not designed for aerosol retrievals and the
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two channels used for retrievals had calibration drift prob-
lems as well as the difficulty of applying a water vapor
correction. These problems significantly impact the accu-
racy of optical depth retrievals [Mishchenko et al., 1999]. In
addition, aerosol optical depth is not necessarily the prog-
nostic variable of aerosol chemical models, which in fact
usually predict parameters such as aerosol columnar mass
and number concentrations. Nevertheless, several attempts
have been made to compare AVHRR retrievals of optical
depths with the same parameters derived from global
aerosol models [Chin et al., 2002; Penner et al., 2002].
Ground based network of radiometers such as AERONET
[Holben et al., 2001] in many ways complements the space-
borne retrievals by improving the temporal coverage in one
region. However, such networks lack the global coverage
needed for comparisons with global models. Recently
deployed space-borne platforms carry detectors with
improved calibration procedures, ground coverage and
channels suitable for retrieval of a number of aerosol
columnar properties in addition to optical depth. For exam-
ple, with Moderate-Resolution Imaging Spectroradiometer
(MODIS; onboard the Terra satellite launched in December
1999), the capabilities for deriving aerosol properties from
space have been expanded. In particular, the MODIS
aerosol algorithm is able to derive the aerosol optical depth
at several wavelengths, columnar aerosol effective radius
(reff), and the contribution of the accumulation mode to the
total radiance in the column (h = Iacc/Itotal) [Tanré et al.,
1997]. The availability of t, reff and h in each pixel and the
fact that the retrieval is expected to be more accurate [King
et al., 1992] should appreciably improve the utility of the
data. As secondary products, the MODIS aerosol algorithm
derives other columnar properties such as CCN concentra-
tions and aerosol volume [Tanré et al., 1999]. Additionally,
MODIS is capable of deriving an estimation of the mean
relative humidity in the low troposphere from the infrared
channels [Menzel and Gumley, 1998]. The breadth of new
data is expected to be very useful for global real time
monitoring as well as comparison with GCM. However,
the retrieval of aerosol properties from space ( passive
remote sensing) is inherently indirect and the amount of
information available from the spectral dependence of the
measured radiance is limited. For example, in the case of
the MODIS aerosol algorithm, the accuracy of some of the
secondary products derived, specifically total columnar
aerosol mass (or burden) and number concentration is
uncertain.
[3] The objective of this paper is to offer an alternative

method, and possibly more accurate, for the retrieval of
aerosol burden and concentration by using the scaling
between optical depth and aerosol mass. The method makes
use of the primary products derived by the MODIS aerosol
algorithm to customize the proportionality between the two
parameters in each pixel (section 2). In order to demonstrate
the applicability of the method, we utilize data from the
ACE-2 [Russell and Heintzenberg, 2000] and TARFOX
[Russell et al., 1999] campaigns (section 3). During both
experiments, collocated measurements of sunphotometer
optical depth onboard an aircraft and in situ aerosol data
profiles were gathered in polluted and dust laden atmos-
pheres. A parameterization of the proportionality constant
between mass and optical depth is obtained and applied to

satellite and sunphotometer retrieval of properties of differ-
ent aerosol types encountered in TARFOX and ACE-2.
Then, the retrieved mass is used for derivation of aerosol
concentration and compare with measured values (section
4). Finally, an application of the method is shown in actual
MODIS pictures (section 5).

2. Methodology

2.1. Proposed Method

[4] Spaceborne retrievals of aerosol mass were first
reported by Griggs [1975] and Fraser [1976]. The latter
used Landsat pictures (3 visible bands and one in the near
infrared) and the method was based on comparison of
modeled and measured radiances. Aerosol properties were
extracted from the aerosol model parameters that best
matched the measured radiance. Other authors have attemp-
ted different retrieval techniques with different satellite
detector like AVHRR [Ferrare et al., 1990; Liousse et al.,
1997] or METEOSAT [Dulac et al., 1992] but all of these
methods have in common a mathematical formula that
relates the aerosol burden to an optical parameter such as
radiance [Griggs, 1975; Fraser, 1976] or optical depth
[Fraser et al., 1984; Kaufman and Fraser, 1990]. Because
the methods have been applied to aerosol events such as
large-scale dust or smoke plumes, it has been possible to
utilize an a priori knowledge of the aerosol under observa-
tion to determine the proportionality constant between mass
and radiance (or optical depth). All the above studies
provide only minimal satisfactory evidence to verify these
methods.
[5] The approach utilized in this study is similarly based

on Fraser et al. [1984], a methodology for routine retrievals
of aerosol mass from the GOES platform (one visible
channel). In this case, the method (referred to as the ‘‘Fraser
method’’ throughout this study) consists of first retrieving
an optical depth and then apply a scaling between mass and
total extinction over the column. This relationship is defined
from the integration of the optical properties throughout the
column:

mcol ¼
ZzTOA
0

Maer zð Þdz ¼
ZzTOA
0

ssp z;lð Þ
asp z;lð Þ dz ð1Þ

where ssp(z, l) is the particle scattering coefficient, Maer(z)
is the aerosol mass per unit of volume of air, mcol is the total
aerosol mass in the column (units mass/area) and asp(z, l) is
the mass scattering efficiency (mse). The mse is an intensive
parameter defined as the ratio of the scattering coefficient to
the amount of mass contained in a unit volume of air (m2/g)
at wavelength l:

asp lð Þ ¼ ssp lð Þ
Maer

¼ p
R
n rð Þr2Qsca r;l;mð Þdr
4p
3

R
r rð Þn rð Þr3dr

ð2Þ

where r = particle radius, n(r) = number of particles with
radius r, r(r) = density of the particle, m(r) = index of
refraction of particle r and Qsca(r, l, m) = scattering
efficiency. Equation (2) can be extended to define the
mass extinction efficiency, which relates aerosol mass with
the aerosol extinction coefficient, by replacing Qsca with
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Qext. The magnitude of mse is dependent on the aerosol
composition and on the location of the size distribution
with respect to the active optical range (Mie peaks). For
example, aerosol size distributions with a large concentra-
tion of particles in the accumulation mode have an mse
ranging from 2 to 6.5 m2/g (measured at dry conditions)
depending on the composition [Quinn et al., 1998; Reid et
al., 1998; Richards et al., 1999]. Because Qsca, (or Qex) is
approximately proportional to r in this size range, the mse
is exclusively dependent on composition through the
changes in Qsca (or Qext) since the numerator and
denominator in equation (2) approximately scale with
each other. However, in distributions with large contribu-
tions of particles in the coarse mode, such as those found
in clean marine environments or dust, the efficiency Q
tends to be constant (�2) regardless of the size of the
particle and this results in a mse ranging 0.2–1.2 m2/g
[Li-Jones et al., 1998; Malm and Day, 2000; Maring et
al., 2000; Andreae et al., 2002]. The assumption in the
Fraser method is that asp and parameters such as ambient
humidity and single scattering albedo are constant in the
atmospheric column. This assumption, although necessary
because of the limited information available in a passive
detector, is not always correct [Collins et al., 2000;
Schmeling et al., 2000]. Also, within an aerosol layer with
homogenous composition, the mse may be variable
because of the contribution of particles from different
modes to the total scattering, or variations in local
humidity. For example, this is the case in a marine
boundary layer with a large concentration of coarse mode
particles near the sea surface and with conditions of low
mixing, which tends to concentrate large particles at the
bottom of the column.
[6] With an assumption of constant properties in the

column, equation (1) can be related to the measured optical
depth (tex) by:

mcol ¼
w0tex
asp

ð3Þ

where the single scattering albedo (wo) is defined as the ratio
of ssc/sext. As with all the studies referenced earlier, it has
been possible to utilize an a priori knowledge of the aerosol
under observation to determine the proportionality constant
between mass and radiance (or optical depth), the constant
being the ratio of single scattering albedo to mse.
[7] The relationship between columnar mass and optical

depth was further expanded by Kaufman and Fraser [1990]
who utilized an interesting approach with AVHRR data. The
retrieval algorithm derived simultaneously the optical depth
(t), single scattering albedo (wo) and the geometric mass
radius of the size distribution (rm, assumed as a monolog-
normal) by means of a look-up table. Once these parameters
are determined, the columnar mass concentration is derived
by using:

mcol ¼ c rmð Þ � text ð4Þ

where c(rm) is the columnar mass concentration-extinction
ratio (units = mass/area). Because Kaufman and Fraser
[1990] were studying smoke, the aerosol composition could
be assumed. Then, the ratio is parameterized as a function of

rm for several smoke aerosol models. In this way, the
method derives the aerosol columnar mass in each pixel by
customizing the proportionality constant and by using all
information available in a self-consistent manner.
[8] A key point to note in assessing these retrievals is that

the aerosol mass retrieved by equation (4) corresponds to a
retrieval in ambient conditions. This is an important point
for two reasons. From the standpoint of validation of
retrievals, airborne and ground in situ measurements are
commonly made at a reference relative humidity RHo

(usually below 40%). Thus, prior to comparing in situ
measurements with satellite retrievals, a RH correction must
be applied to the remotely sensed data. In the case of Fraser
et al. [1984], this correction was assumed constant for the
whole scene. Associated with this, when using satellite
retrievals of aerosol mass, it is critical to determine the
contribution of water in the aerosol. This is important for
studies of the effect of aerosols on clouds since it is the
aerosol dry mass that modulates the indirect effect [Boucher
and Lohmann, 1995] and for comparison of global distri-
butions of aerosol with the outputs of global geochemical
models which output total dry mass [Langner and Rodhe,
1991].
[9] Summarizing, in the Fraser method, all parameters but

the optical depth are assumed. The improvement proposed
here is to derive some of these parameters from additional
information available from the same platform.
[10] We propose a parameterization of the proportionality

constant in equation (4) as a function of the primary
aerosols parameters derived by the MODIS aerosol algo-
rithm. Specifically, we will use a parameterization of the
mse as a function of reff and h and parameterization of the
hygroscopic factor as a function of ambient RH and
assumed hygroscopic exponent. In contrast to the Fraser
et al. [1984] study, we will use an estimation of the mean
ambient RH derived from remote sensing rather than simply
assume an RH based on the venue.

2.2. Assumptions and Uncertainties

[11] The simplicity of equation (3) is based on several
important assumptions: i) intensive aerosol size distribution
parameters and dry composition are constant with altitude
ii) ambient RH is constant with altitude iii) single scatter-
ing albedo is constant throughout the column. Clearly,
most of these conditions are not always present. However,
they are frequently found in a climatological sense (i.e.,
when considering the distributions of humidity and aero-
sols in monthly or yearly averages). Similarly, while there
are no studies indicating the frequency of coincidence of
high humidity with aerosol layers, some of the assumptions
listed above have been addressed. With respect to aerosol
dry properties, Sheridan and Ogren [1999] showed that
aerosol intensive properties such as dry wo or dry back-
scattering ratio are fairly homogeneously distributed in the
BL and ground measurements of those parameters are
representative of columnar values in the low troposphere
in a climatological sense. Also, they showed that most of
the aerosol extinction occurs at low altitudes, generally in
the BL. The study was carried out using data from several
airborne campaigns in the south and northeast of the US. A
well-mixed boundary layer (including RH and aerosols) is
a scenario frequently found in marine environments in a
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climatological sense, i.e., timescales of months or weeks.
However, daily variability can be significant when compar-
ing with weekly or monthly averages [Hsu and Blanchard,
1989].
[12] As was mentioned at the end of section 2.1, the

retrieval of columnar aerosol mass (or volume, since the
density is assumed) involves a correction for hygroscopic-
ity. This implies that a correction should be applied either to
the ambient optical depth so it can be compared with the dry
in situ data, or to correct the measured dry sized distribu-
tions to ambient conditions. The latter approach was utilized
by several authors in different field campaigns [Clarke et
al., 1996, 2001; Hartley et al., 2000; Collins et al., 2000;
Redemann et al., 2000]. Such column closure studies have
shown mixed results, because of a combination of problems
including inefficiencies in the instrumentation, unknown
aerosol composition and inlet sampling probe. The cited
studies had to rely on a number of assumptions in order to
adjust the dry in situ data to match ambient conditions.
[13] Another approach is the correction to dry conditions

of the optical depth. Since the behavior of aerosol scattering
with humidity is known, the correction to dry conditions of
the optical depth is of the form:

tsc RHambð Þ ¼ tsc RHoð Þ � 1� RHamb

1� RHo

� ��g

ð5Þ

where RHo is a reference relative humidity (usually 30–
40%). Equation (5) is the natural extension of the Kasten
equation [Kasten, 1969; Hänel, 1976], which is based on
observations of aerosol scattering as a function of relative
humidity. The exponent g depends on the hygroscopic
nature of the aerosol and it has been shown to vary in
ambient aerosols according to their chemical composition
[Hänel, 1976; Hegg et al., 1996; Carrico et al., 2000]. Note
that equation (5) assumes that RHamb and g are constant in
the column and that RH(z) scales with ssp(z). This is a very
common approximation utilized in remote sensing applica-
tions [Kaufman and Fraser, 1983; Hitzenberger and Rizzi,
1993; Remer et al., 1997]. However, it is not supported by
in situ measurements of aerosol hygroscopicity in the
column [Kotchenruther et al., 1999; Gassó et al., 2000]. A
similar approach is applied to the single scattering albedo,
that is, it is assumed that wo = tsc/tex = ssc/sex.
[14] Then, the expression for retrieving the total dry

aerosol mass in the column (mcol(RHo)) results from the
combination of equation (5) with equation (3):

mcol RHoð Þ ¼ text RHamb;lð Þ: � wo RHamb;lð Þ
as RHo;lð Þ � F RHamb;RHo;gð Þ ð6Þ

where F(RHamb, RHo, g) is the second factor on the rhs of
equation (5). The uncertainty of equation (6) is:

�mcol

mcol

¼ � �as

as

� �2

þ �wo

wo

� �2

þ �F

F

� �2

þ �text
text

� �2
" #1=2

ð7Þ

The uncertainty in humidity correction F is computed as:

�F RH ;RHo;gð Þ ¼ @F

@RH
�RH

� �2

þ @F

@RHo

�RHo

� �2
"

þ @F

@g
�g

� �2
#1=2

ð8Þ

where RH is the ambient RH, RHo is the reference RH (i.e.,
the RH at which the in situ aerosol was sampled) and g is
the aerosol hygroscopic exponent. Equations (6) and (7) are
used to obtain a measurement of aerosol mass (and
uncertainty) in the column.

2.3. Experimental Data

[15] The experimental data utilized in this paper are
extracted from databases generated during two field experi-
ments. One of them is the Troposphere Aerosol Radiative
Forcing Experiment (TARFOX)that took place during the
summer of 1996 on the US Mid Atlantic seaboard [Russell
et al., 1999] to study aerosols advected off the East Coast.
The plume extending from the U.S. east coast provides an
excellent opportunity to isolate and study aerosols generated
by human industrial activity, and to measure the magnitude
and uncertainty of the direct radiative forcing due to these
aerosols. In situ measurements were made by aircraft and
remote sensing measurements were made by ground-based,
airborne, and four satellite platforms. This resulted in the
collection of a unique aerosol data set in a very heavily
polluted airshed. In particular, the data utilized in this study
was gathered by the University of Washington C131 air-
craft, which carried a sunphotometer on aboard as well as a
complete suite of aerosol instrumentation. Previous studies
of the TARFOX data set [Hartley et al., 2000; Redemann et
al., 2000] have shown that the vertical structure of the
aerosol was stratified in two or three layers very frequently.
Additionally, air masses with significant levels of humidity
in the FT, occasionally containing high aerosol concentra-
tions, were observed.
[16] The second data set corresponds to the data obtained

during the Aerosol Characterization Experiment 2 (ACE-2).
The experiment took place during June and July 1997 in the
Portugal–Canary Island corridor with the specific purpose
of studying physical and chemical properties of the typical
aerosols found in that area. Of the six aircrafts involved in
the experiment, only the CIRPAS Pelican aircraft carried
instrumentation suitable for the simultaneous comparisons
of retrieved and measured aerosol columnar mass [Russell
and Heintzenberg, 2000]. Specifically the Pelican carried
onboard a 14 wavelength sunphotometer [Schmid et al.,
2000] along with four size distribution measuring devices
[Collins et al., 2000]. Additionally, instrumentation for
measuring aerosol optical [Öström and Noone, 2000] and
hygroscopic [Gassó et al., 2000] properties as well as some
composition measurements were available [Schmeling et al.,
2000]. Of the 23 flights, only 6 were dedicated to studies of
clear sky columnar aerosol optical properties. In these cases,
the Pelican encountered different aerosol masses. They were
identified according to their origin and composition: marine
aerosol influenced by continental anthropogenic sources,
marine aerosols originated from unpolluted areas in the
North Atlantic, dust and free tropospheric aerosols. The
first two were always encountered in the marine boundary
layer whereas the latter two were always detected above the
BL. As will be explained later, only data from the profiles in
dust were utilized in this study.

2.4. Processing of Data

[17] The data used from TARFOX were obtained aboard
the University of Washington’s (UW) C-131A research. A
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comprehensive description of the C131 instruments is given
by Hobbs [1999]. The data relevant for the analysis pre-
sented here follows the same data adjustments and proce-
dures of Hartley et al. [2000] and Hartley [2000]. In this
section we briefly describe the instruments of particular
importance to this study and we emphasize the adjustments
that differed to those applied by Hartley et al. [2000].
[18] The NASA-Ames six-channel, Auto-Tracking Sun-

photometer (AATS-6) was mounted on top of the fuselage
of the UW C131-A. The instrument operates by tracking the
Sun and measuring the intensity of the solar beam at central
wavelengths of 380, 451, 526, 861, 940, and 1021 nm, with
narrow channel full widths at half maximum (FWHM) of 5
nm [Matsumoto, 1987]. Comparison of the intensity at any
height with the known intensity at the top of the atmosphere
determines the total optical depth (i.e., due to the combined
effects of gases, aerosols, and clouds) of the atmospheric
layer between the aircraft and the top of the atmosphere.
Russell et al. [1993] discusses the mechanics of deducing
aerosol optical depth from measurements of total optical
depth. During TARFOX there were mechanical problems
with the 861 nm channel. Hence, the data from that channel
was unusable for analysis. The 940 nm channel is centered
on a water vapor absorption band and was used to infer
column water vapor, rather than aerosol properties. The four
remaining channels (380, 451, 526, and 1021 nm) were
used for deducing aerosol optical depth in TARFOX.
[19] The MODIS Airborne Simulator (MAS) is an air-

borne version of MODIS carried on-board a NASA ER-2
high-altitude research aircraft. The instrument is described
by King et al. [1996]. It is a scanning spectrometer with 50
channels but only the 5 channels centered at l = 549, 655,
867, 1643 and 2105 nm, equivalent to the MODIS/Terra
channels, were used during TARFOX. The instrument is
flown at an altitude of 20 km and it scans in the across-track
direction. The swath width is 36 km. The spatial resolution
is 50 m at nadir and pixels are aggregated into boxes of 10	
10 pixels in order to derive the aerosol parameters on a scale
of 0.5 	 0.5 km2. The cloud mask algorithm [Ackerman et
al., 1998] is applied to each pixel in the box and if the
number of noncloud pixels per box are above a threshold
value, the mean radiance of the box is used for retrieval of
aerosol properties. The ER-2 usually flew along a ‘‘race-
track’’ pattern over open water, approximately 160 km in
length, in which the two legs of the track were separated by
10 km.
[20] Mounted under the wing of the C131 aircraft, the

Particle Measuring Systems’ (PMS) PCASP-100X was the
instrument utilized to measure particle size distributions.
The PCASP, which sizes particles between about 0.1 and
3.0 mm (diameter), operated well in TARFOX. Since the
deicing heater was always on, the PCASP first dried the
particles, then pumped them through the instrument at a
constant flow rate of 1.0 cm3/sec. There are uncertainties
associated with conservation of number of particles because
the airflow is decelerated and then pumped through the
instrument. Strapp et al. [1992] have shown these uncer-
tainties to be of minor importance, and they are assumed
negligible in this study. However, the instrument was
calibrated with glass spheres, and thus will have some
uncertainty in the sizing of aerosols due to the difference
in refractive indices of this material from the measured

aerosols. Hartley et al. [2000] found that an adjustment to
the bin boundary was necessary in order to achieve closure
between Mie-derived scattering coefficients and measured
ones. Based on Hegg et al. [1997] and Novakov et al.
[1997] compositional analysis, Hartley [2000] determined
the mean dry index of refraction of the aerosols studied
during TARFOX (1.46-0.0086i) and applied it to obtain the
corresponding corrected bin limits for the PCASP.
[21] The aerosol size distributions from the ACE-2 data

set are the ambient composite distributions derived from
three aerosol sizing instruments [Collins et al., 2000]:
differential mobility analyzer (DMA, size range 9–190
nm), PCASP-100X (with deicers off) and the forward
scattering spectrometer probe (FSSP-100, size range 0.5–
8.0 mm diameter). The combined measurements from the
three instruments characterize the size range critical for
optical properties. Numerous corrections have to be applied
to the raw data as thoroughly discussed by Collins et al.
[2000]. Furthermore, the FSSP instrument functioned only
in the first 9 flights and, thus, was not operational during the
flights where dust was sampled. In those cases, Collins et al.
[2000] extrapolated PCASP size distribution to the coarse
mode range. This extrapolation was validated with compar-
isons of coarse mode measurements made by another air-
craft (the Merlin [Brenguier et al., 2000]).
[22] The AATS-14 (Ames Airborne Tracking 14-channel

Sunphotometer) was onboard of the Pelican and measures
the transmission of the direct solar beam in 14 spectral
channels (380 to 1558 nm). AATS-14 is an extended and
improved version of the AATS-6 instrument. With the
increase in number of bands, the newer instrument has the
ability to correct more precisely for the effects of water
vapor and ozone. From the measured transmission, the
spectral optical depth is derived in 13 bands and total
columnar water vapor and ozone. During ACE-2, the
AATS-14 acquired data in 14 flights [Schmid et al.,
2000]. The uncertainty in optical depths is due to uncer-
tainties in calibration, signal measurement, air mass com-
putation and corrections for molecular scattering and
absorption and is computed following Russell et al.
[1993].
[23] Since the aim of this work is to utilize these in situ

data in the derivation of the mse, and since no remote data
from MODIS are available in the fields experiments here
studied (note that MAS was flown during TARFOX and
some limited data is available, see section 4), we derived reff
and h from the in situ data as proxies of the remotely sensed
parameters defined by Tanré et al. [1997]. The in situ
columnar effective radius was derived as the weighted
integral of the volume to surface ratio measured in each
profile:

reff columnð Þ ¼

P
i

reff zið Þssp zið Þ�ziP
i

ssp zið Þ�zi
ð9Þ

where the weight ssp(zi) is the synthetic aerosol scattering
coefficient (from measured distributions) at l = 0.55 mm at
each height zi.
[24] Similarly, the parameter h was derived as the

weighted integral over the column of the ratio of accumu-
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lation mode scattering to total scattering derived by Mie
calculations:

h columnð Þ ¼

P
i

h zið Þssp zið Þ�ziP
i

ssp zið Þ�zi
ð10Þ

where h(zi) is computed at zi as the ratio of synthetic
scattering coefficients computed from the PCASP size
distributions for particles below 1 mm diameter and the
whole distribution respectively. The wavelength was 0.55
mm and the index of refraction is dictated by the type of
aerosol (1.46-0.0086i average value for TARFOX, [Hartley
et al., 2000] and 1.54-i0.001 for dust in ACE-2).

2.5. Parameterization of Mass Scattering Efficiency

[25] The MODIS aerosol retrieval algorithm derives the
extinction aerosol optical depth in seven bands and, in
addition, derives aerosol effective radius (reff) and the
contribution of the accumulation mode to the total radiance
in the column [Tanré et al., 1999]:

Itotal ¼ hIacc þ 1� hð ÞIcoa ð11Þ

These parameters are representative of columnar properties
and they are partially interdependent since they are related
to the size distribution. However, reff depends exclusively
on the size distribution whereas h depends also on the
composition and wavelength through the efficiency factor.
[26] Interpretation of the meaning of reff and h as derived

by MODIS and how these parameters relate to the actual
physical properties under observation have not been clearly
assessed. A few studies carried out by researchers in the
remote sensing community have analyzed the meaning of
optical derived reff and h. For example, in the MODIS
algorithm [Tanré et al., 1999], h is defined as a free
parameter that is adjusted such that it minimizes the differ-
ence between the measured and the precalculated radiance. It
is assumed to be independent of wavelength. Recent studies
of inversion aerosol size distributions from sunphotometer
data define also a parameter h as a ratio of optical depths at
different wavelengths but it has been was applied only to
reconstruct the observed spectral dependence of optical
depth (Angstrom coefficient) [O’Neill et al., 2001]. In order
to be able to compare the AERONET derived h, the next
version of the MODIS aerosol algorithm will redefine h as
tacc/ttotal (Y. Kaufman, personal communication, 2001).
Only a handful of studies have been dedicated to comparing
these retrieved properties with in situ measurements. In fact,
validation studies of MODIS data with collocated in situ
profiles are in progress (ACE-Asia (March 2001), PRIDE
(Puerto Rico Dust Experiment, summer, 2000), CLAMS
(Chesapeake Lighthouse and Aircraft Measurements for
Satellites, summer 2001)). More recently a study by Remer
et al. [2002] compared sunphotometer retrievals with
MODIS derived reff and determined that MODIS retrievals
are within the expected retrievals errors calculated by Tanré
et al. [1997]. A few studies have been dedicated to the
comparison of profiles of in situ data and sunphotometer
derived size distributions [Fouquart et al., 1987; Remer et
al., 1997; Reid et al., 1999; Campanelli et al., 2001] that
showed agreement between columnar retrieved parameters

such as reff, volume and Angstrom coefficient, and in situ
measurements. These studies have all in common that the
remotely sensed and in situ data compared is representative
of measurements taken within only hours with the common
assumption that the aerosol layer does not change its proper-
ties significantly between the in situ sampling and the remote
sensing measurement. Comparisons of aerosol retrievals
using measurements that span shorter periods of time are
scarce and difficult to achieve. For example, Gassó and
Hegg [1997] showed a detailed comparison in fresh smoke
where the time difference between the remote sensing and in
situ measurements was of the order of minutes.
[27] In order to derive a mse customized to the pixel

under observation, a parameterization of the scattering
efficiency in terms of the quasi-independent variables (reff
and h) has then been derived. Thirty bilognormal size
distributions were used along with a Mie code to generate
the corresponding mse’s. The geometric mode radius (rg),
logarithm of the geometric standard deviation (ln(sg)) and
effective radius (reff) are the MODIS algorithm size distri-
butions [Tanré et al., 1997]. Three indexes of refraction
where assumed with no absorption (n = 1.54-0.0i, 1.45-0.0i
and 1.34-0.0i), density (r = 1.7 g/cm3) and different degrees
of mixing of the accumulation mode and coarse mode. In
order to span a reasonable range of reff and h, the concen-
tration of both modes was kept constant (Naccu = 1000 part/
cc and Ncoarse = 10 part/cc) but the contribution of each
mode to the total volume was varied such that Vtot = E * Vacc
+ (1 � E) * Vcoa where 0 < E < 1. A few test runs with 10
values of E for each of the bilognormal distribution spanned
all values of h and the reff of the resulting distributions
ranged from 0.05 to 5.5 mm. For the Mie computations, h
was computed as h = ssp,small/(ssp,small + ssp,large) at l =
0.55 mm (small and large are the labels defined in Tanré et
al. [1997] for accumulation and coarse modes). The effec-
tive radius was computed as the ratio of the third and second
moment of the bilognormal distribution. The bilognormal
distributions combined each of the coarse mode distribu-
tions with each of the accumulation mode distributions (30
combinations). The mass scattering efficiency was com-
puted as the ratio of the scattering coefficient divided by the
amount of mass contained in a unit volume of air at l = 0.55
mm. Particles were assumed to be spherical and internally
mixed.
[28] The variable domain generated by the Mie code is

shown in Figure 1 and illustrates the relationship between
the mass scattering efficiency (a) and the two selected
predictors. It is clear that the dominant presence of large
particles (high reff) results in a small mse regardless the
composition. However, when there is a significant contri-
bution of accumulation mode particles (h > 0.6), mse is
more dependent on composition and the number of coarse
mode particles in the active optical region. The dependency
of mse as a function of h indicates that when the contribu-
tion of the accumulation mode is small or moderate, mse is
fairly constant and independent on composition. A non-
linear fit was derived to relate h and reff to a for the three
different indexes of refraction:

a h; reffð Þ ¼ 0:1þ 2* exp � reff � c1ð Þ2

c2
� c3

reff

" #
* exp c4*h2

� 	
ð12Þ
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where reff is in mm, a is in m2/g and the constants are given
in Table 1.

3. Retrievals of Aerosol Mass

[29] In this section, we show retrievals of aerosol mass
from measurements of aerosol optical depth and compare
with simultaneous measurements of aerosol volume derived
from in situ size distributions.
[30] The error apportionment indicated by equation (7)

suggests that, in conditions of low ambient humidity, the
uncertainty in the retrieved mass is reduced. In dry ambient
conditions, the factor F(RH, RHo, g) in equation (6) is near
unity and the corrections to the other factors in the equation
are minimal. Hence a first test of the value of equation (6)
to remote retrievals of aerosol mass is applied to dust
measurements.

3.1. Retrieval of Aerosol Mass in Dry Ambient
Conditions

[31] The data selected for comparisons are from two
flights during ACE-2 where the Pelican encountered dust.
These measurements were made in the free troposphere
during Pelican flights 15 (8 July) and 20 (17 July)
(Figures 2a and 2b, top panels) and exhibited low levels
of ambient humidity [Collins et al., 2000]. The thickness
of the layers sampled ranged from 0.7 to 1.3 km. Hence,
although the optical particle counters operated on the
Pelican were running without the heaters on, which implies
that particles entering the OPC went through only modest
drying (1–2
C) [Collins et al., 2000], the known low

hygroscopicity of dust implies that, no correction to ambient
conditions was necessary.
[32] In each profile, the mean in situ aerosol volume

(Vtrue) was computed by converting the measured number
distributions into volume distributions. Then an average
over the layer was computed and multiplied by the column
thickness. Since the distributions reported by Collins et al.
[2000] are a combination of distributions from different
instruments and no uncertainties were reported in their data,
the error in Vtrue was computed by assuming that the error in
each bin is proportional to the square root of the counts
(Poisson statics). This results in an uncertainty equal to:

dVin-situ zð Þ ¼
X15
i¼1

dni zð Þ 1
6
pD3

i

where Di is the mean geometric diameter of each of the 15
bins and dni(z) is the uncertainty due to counting statistics
(dni = ni

1/2).
[33] The retrieved volume (Vret) was calculated by apply-

ing equation (3) (Fraser method) and using the following
assumed parameters: i) Dust mass scattering efficiency of

Figure 1. Computed mse at l = 0.55 mm for 3 indexes of refraction (nimg = 0.0) and assumed density of
1.7 g/cm3 as a function of reff and h.

Table 1. Coefficients of the Fit of equation 12

Refractive Index c1 c2 c3 c4

1.34-i0.0 0.050 0.977 0.187 1.015
1.45-i0.0 0.050 0.918 0.131 1.215
1.54-i0.0 0.010 1.041 0.108 1.293
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0.4 m2/g with uncertainty of 0.3 m2/g [Carlson and Caverly,
1977] ii) Dust single scattering albedo of 0.8 with an
uncertainty of 0.2 [Öström and Noone, 2000] iii) Dust
density of 2.5 g/cm3 with an uncertainty of 0.5 g/cm3

[Fraser, 1976; Clarke et al., 1996]
[34] References available with measurements of mse for

Saharan dust [Li-Jones et al., 1998; Maring et al., 2000]

indicate that it can be quite variable (0.2–1.0 m2/g). Thus,
the uncertainty used in the retrieval is based on the varia-
bility of mse reported in these studies rather than an actual
measured variability. The uncertainty in the density was
chosen in a similar fashion. Note that in order to determine
the error in Vret, the corresponding uncertainty term in
density was included in equation (7). In the case of the

a)

b)

c)

d)

Figure 2. Flight 15 during ACE-2. (a) Altitude of aircraft, the profiles used for retrievals are indicated
by the arrows. (b) Ambient RH (solid line) and Total Volume (dashed line). (c) Flight 20 during ACE-2:
Altitude of aircraft, the profiles used for retrievals are indicated by the arrows. (d) Ambient RH (solid
line) and Total Volume (dashed line).
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single scattering albedo, we used the values derived during
ACE-2 from measurements taken onboard the Pelican
[Öström and Noone, 2000].
[35] The retrieved and in situ volumes are displayed in

Figure 3a and Table 2. A Pearson ordinary least squares
regression yielded a high r2 of 0.86, a slope of 1.105 (±
0.519) and a zero bias of 0.005 (± 0.036). When considering
the uncertainty in the retrieval, the bias is well within the
error measurement. As a test, we applied a humidity
correction by using the mean measured RH and an assumed
g (= 0.12); the correlation does not change significantly.
This is reasonable because of the low ambient humidity (all

measurements were made in a dry FT) and low hygrosco-
picity of the dust.
[36] Table 2 shows that there is a significant contribution

of the coarse mode to the total volume (more than 90% in
all cases). Also, note that the magnitude of the coarse mode
volume and the poor statistics in the OPC for large particles
results in a large contribution of the coarse mode error to the
total error. As a reference and for comparison purposes with
in situ measurements of mass, Table 2 includes the mass
concentration equivalent to the Vin situ for the respective
layer assuming an aerosol density of 2.5 g/cm3.
[37] If the integrated volume is used, instead of the

average volume, divided by the layer thickness as Vtrue in
the fit, the parameters of the fit remain practically
unchanged (slope = 1.059). This is because the plane
sampled a relatively homogenous layer and descended at
constant speed.
[38] There are no filter measurements available for these

dust layers. However, comparison with published literature
on Saharan dust reveal that our derived mass concentrations
are clearly within reasonable ranges [Campanelli et al.,
2001; Li-Jones et al, 1998]. Figure 3a demonstrates that
an estimation of mean columnar mass (i.e., retrieved volume
times assumed density) can be obtained just by assuming
reasonable estimations of the parameters involved (the
Fraser method). However, as noted above in an operational
satellite retrieval there is rarely a priori information on the
aerosol event under observation and thus, there is no reason
to prefer a particular mse for application of equation (3).
Given that, with MODIS, estimations of reff and h are
derivable, we apply the parameterization developed in
section 2.5 to obtain an improved estimation of the mse in
each pixel. We use in situ derived reff and h as entry values
in formula (12). In this case, we defined h as in equation
(10) using the measured distributions with an index of
refraction of 1.54-i0.001 and reff computed from equation
(9) (see Table 2). The assumed index of refraction used as
an entry value in equation (9) was 1.54. Figure 3b displays
the retrieved volume using the parameterized mse.
[39] The parameters of the fit are as follows: the slope is

1.184 (± 0.294) and the intercept = 0.008 (± 0.023) with r2 =
0.99. The improvement in the correlation indicates that by
choosing a mse that it is customized to the scene under
observation, the Vret is only slightly improved. However,
note in Table 2 that the data utilized for the fit spans a very
limited range of reff (0.88–1.08 mm) and h (0.27–0.33)
which resulted in mse’s in the range of 0.38–0.42 m2/g, i.e.,

Figure 3. Retrieved Volume (Vret) using different retrieval
methods versus In situ derived dry volume (Vin situ) for dust.
Best fit (solid line) and one to one line (dash). Panel A:
retrieved volume using the Fraser method. Panel B:
Retrieved aerosol volume using mse derived from reff and h.

Table 2. In Situ (Including Accumulation Mode Contribution) and Retrieved Aerosol Volume With Respective Uncertaintiesa

Vin situ,
cm3/m2

�Vin situ,
cm3/m2

Vin situ-acc,
cm3/m2

�Vin situ-acc,
cm3/m2

Vret,
cm3/m2

�Vret,
cm3/m2

Mass,
mg/m3

reff,
mm h

0.0417 0.0119 0.0034 0.0005 0.0478 0.0289 66.1 0.9445 0.3061
0.069 0.0299 0.0045 0.0007 0.0612 0.0363 94.2 1.0598 0.2717
0.1263 0.0122 0.0109 0.0007 0.1614 0.0911 135.5 0.9715 0.3203
0.1892 0.0276 0.0135 0.0009 0.1938 0.1092 194.1 1.0345 0.2852
0.0987 0.0166 0.0079 0.0008 0.1368 0.0772 125.9 0.9801 0.303
0.0403 0.0237 0.0036 0.0007 0.0598 0.034 102.9 0.8889 0.3289
0.1224 0.0437 0.0095 0.0013 0.1436 0.0809 141.6 0.9736 0.2981
0.0903 0.0324 0.0081 0.0013 0.1306 0.0735 106.1 0.9276 0.3263

areff and h are the effective radius and the ratio of saccu/stot averaged over the column (computed from measured distributions with a Mie
code for n = 1.54-i0.001 and l = 0.55 mm). Mass (mg/m3) is the equivalent mass concentration corresponding to Vin situ for an assumed
r = 2.5 g/cm3 and respective layer thickness.
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very close to the constant value used in Figure 3a. Also, if
the assumed index of refraction in the parameterization had
been lower, for example 1.43, the resulting range of mse
would be 0.22–0.35 m2/g which results in a change of slope
(an increase, in this case) but the correlation remains
unchanged.
[40] This suggests that the use of a customized mse in the

pixel under observation potentially much improves the
accuracy of the retrieval. However, the degree of accuracy
is dependent on the index of refraction used in the param-
eterization. Obviously, a previous knowledge of the aerosol
type under observation will help to constrain the retrieval.
The validity of this method needs to be further explored
with measured data that spans the natural range of varia-
bility of reff and h.
[41] In the next section, data that spans a different range

of reff and h will be studied under conditions of high
ambient humidity.

3.2. Retrievals of Aerosol Mass in High-Humidity
Conditions

[42] The most common scenario in the marine environ-
ment is the one of high humidity in the boundary layer.
Also, it is in the boundary layer where most of the aerosol
extinction occurs. In this section, we apply equation (6) to
the retrieval of aerosol volume where the ambient humidity
is high (RHamb > 50%). In this case, we utilized data from
the TARFOX campaign.
[43] During TARFOX, the UW aircraft acquired in 20

profiles. The criterion for selecting the data was based on
the variability of sunphotometer optical depth (tsunp)
when the plane changed altitude by more than 0.5 km.
The tsunp of the layer was derived by taking the differ-
ence between the tsunp’s at the beginning and end of the
profile. As was pointed out by Russell et al. [1999], there
were cases were the optical depth increased as the plane
ascended during the profile. No clear justification exists
for such behavior but the most plausible reasons are either
the presence of thin cirrus aloft or a change of aerosol
mass above the plane. It is assumed that these effects can
be removed by taking the difference between tsunp’s at
the top and bottom of the layer. In this study, the PCASP
size distributions were adjusted; calibration obtained by
Hartley et al. [2000] is used. The uncertainty in the total
volume at each point of the column (dVin situ(z)) was
computed from the propagation of error in the counting
statistics of the OPC. All in situ data utilized in validating
equation (6) were corrected to the PCASP relative humidity
(RHpc).
[44] First, the retrieved dry volume was computed by

applying the Fraser method, i.e., by assuming all the
parameters in equation (6) but the optical depth. The
magnitude of the parameters chosen have been reported in
previous TARFOX studies: i) Mass scattering efficiency of
2.8 m2/g with an uncertainty of 0.3 m2/g (e% = 100*uncer-
tainty/value = 15%) [Hegg et al., 1997] ii) Single scattering
albedo of 0.95 with an uncertainty of 0.03 (e% = 9.97)
[Hartley et al., 2000] iii) Density of 2.0 g/cm3 with an
uncertainty of 0.3 g/cm3 (e% = 15) [Hegg et al., 1997] iv)
Aerosol hygroscopic g exponent of 0.6 with an uncertainty
of 0.1 (e% = 17) (based on Kotchenruther et al. [1999]) v)
Constant ambient RH = (69.1 ± 17.5)% and a reference

RH = 30 ± 7.5 % (mean and standard deviation of ambient
RH and PCASP RH for all profiles).
[45] The values of mse, r and wo listed above were

reported at dry conditions (below 40%). The uncertainty in
the retrieved volume is computed by applying equation (7).
[46] Second, the retrieval of dry volume was attempted by

considering the impact of using an F(RH, RHo, g) and mse
customized to the case under observation. For example, in
each profile, an estimated mse can be obtained by using
equation (12) and an estimation of mean RH in the column.
Two retrievals were attempted with customized parameters,
one where the hygroscopic exponent (g) was assumed
constant and another where it was assumed variable. The
constant g was equal to 0.6 (± 0.1) and a variable g was
obtained in each profile from the measured hygroscopicity
available in each flight [Kotchenruther et al., 1999]. Note
that the Kotchenruther et al. study determined the ratio
f(80%) = ssp(RH = 80%)/ssp(RH = 30%) at specific
altitudes. For this study, g was derived from the Kotch-
enruther et al. measurements as g = �log(f(80%))/log((1–
80%)/(1–30%)) and when multiple measurements of
f(80%) were available in the same flight, the one closest
to the boundary layer was chosen.
[47] Since no MODIS measurements were available for

this experiment, we utilized the in situ integrated and
scattering weighted reff and h defined by equations (9)
and (10) respectively. The mse used in the volume deriva-
tion and its uncertainty were obtained by considering the
uncertainties in reff and h as estimated by Tanré et al.
[1999]:

a1 ¼ � reff *0:75; h*0:5ð Þ a2 ¼ � reff *1:25; h*1:5ð Þ
a ¼ a1 þ a2ð Þ*0:5 da ¼ abs a1 � a2ð Þ

where � is given by equation (12) and da is the uncertainty
in a. The index of refraction used in equation (12) is 1.43-
i0.0. If a different index is used, the mean mse value does
not change significantly because of the range of variability
assumed in reff and h.
[48] In this case, the average RHamb in the factor

F(RHamb, RHpc, g) was estimated from the in situ measure-
ments as the average ambient RH and the uncertainty was
estimated as the standard deviation over the column.
[49] Figure 4 displays the retrieved volume following the

Fraser method (Panel a) and the retrieved volume utilizing a
variable mse with variable RH and g (Panel b) with
respective regression fits (solid line). Note that in contrast
to the dust case of section 3.1, the magnitude of the derived
volumes are about one order of magnitude smaller, that is,
they have equivalent mass concentrations in the 6–50 mg/
m3 range (for an assumed r = 1.7 g/cm3 and �z = 1 km),
consistent with the ranges found in the Hegg et al. [1997]
study.
[50] Table 3 displays the parameters of the fit including

the case of variable mse and rh with constant g. In this case,
the correlation coefficient indicates that the new method
does not improve the retrieval significantly as it did with the
dust case. However, it is interesting to note that if one
applies the Fraser method with the addition of a variable
mse (and constant F(RHamb, RHo, g)), the r2 is 0.61.
Moreover, if the Fraser method is applied with a variable
F(RHamb, g = constant) and constant mse, the corresponding
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r2 is 0.54. In contrast, when retrieving Vret with both
variable mse and F(RHamb, RHpc, g), the resulting r2 is
0.70. This suggests that the retrieval is improved by the
combined customized parameters compared to the use of
just one of the customized parameters.
[51] The lack of significant improvement in the new

method is not surprising and we can distinguish two issues
that may justify why there is no significant improvement:
precision of the data used and the quality of the method in
retrieving the columnar volume. As was mentioned before,
the adjustment of in situ data to ambient conditions requires
a number of corrections that may lead to errors, such as the
assumed composition of the particles and specifically, the
hygroscopicity. Among the in situ measurements, it is
possible that the optical particle counter used (PCASP-
100) is not measuring all particles. This is suggested by
the positive bias (i.e., nonzero ordinate) in the fits shown in
Figure 4. Also, if a mse is derived from equation (6) using
Vin situ instead of Vret (i.e., mse = text*wo/(Vin situ*r*FRH)),
the derived mse <1.0 m2/g which is not realistic for the
aerosol type studied here. Indeed, the Hartley et al. [2000]
study concluded that two of the possible problems in
comparing synthetic scattering coefficients derived from
measured dry distributions with measured scattering coef-
ficients are, an incorrect assumed hygroscopicity and par-
ticles not sampled by the OPC. Also, the Hartley et al.
[2000] study found that in comparing integrated measured
scattering coefficients (corrected to ambient conditions)
with measured optical depths, the in situ measurements
consistently underestimated (by 10% on average) the sun-
photometer measurement. So, there are indications that the
in situ sampling biases and the correction to ambient

conditions are important when comparing columnar meas-
urements of aerosol volume. The selection of the PCASP
calibration also clearly plays a role in retrieval accuracy
because, in comparing the Vret with Vin situ derived with the
factory calibration (1.53-i0.0), the bias and the slope of the
fit are both about 50% larger.
[52] Finally, it is possible that the magnitudes of the

optical depths are not correct. It was assumed that the
aerosol layer in the column remained unchanged during
the profile. As was suggested by Hartley et al. [2000] and
verified later by the Ames research group in charge of the
photometer (NASA Ames group, J. Livingston personal
communication, 2000), it was possible that cirrus clouds or
aerosol layers unsampled by the plane moved into the field
of view of the sunphotometer while the profile was being
obtained.
[53] With respect to the new method, it is possible that a

correction with a constant F(RHamb, RHpc, g) is not suffi-
cient to correct the ambient optical depth to dry conditions.
That is, the nonlinear effect of aerosol hygroscopicity on the
optical properties cannot be accounted for by the simple
correction proposed here. Specifically, the implicit assump-

Figure 4. Retrieved Columnar dry values (Vret) using the Fraser method (constant RH and mse, panel a)
and using adjustable mse, RH and g (panel b) versus Vin situ. Solid line is the fit to the data and dashed
line is the one to one line.

Table 3. Parameters of the Fit to Vin situ versus Vret for Using

Different Assumptions (See Text)

No. Slope (± Error) Ordinate (± Error) r2

1 Fraser method 0.948 (0.171) 0.00526 (0.00365) 0.63
2 Variable mse, RHamb

and constant g
1.016 (0.160) 0.00369 (0.00342) 0.69

3 Variable mse, RHamb

and g

0.973 (0.149) 0.00324 (0.00318) 0.70
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tion in using equation (6) to correct the optical depth is that
RH and g are constant throughout the column and certainly
this will not always be true. For example, Figure 5 shows
profiles of RHamb, F(RHamb, RHneph, g) = (1 � RHamb/1 �
RHneph)

�g and measured dry ssp(neph) and derived
ssp(amb) for profiles taken during flights 1724 (bottom
row) and 1728 (top row). Flight 1728 shows a fairly
constant humidity profile with two layers (�0.25 km thick-
ness each) above 75% RH. ssp(amb) is decreasing with
altitude and follows approximately an exponential function
in the bottom of the profile. It is significantly higher than
ssp(dry) in the bottom layer. Flight 1724 shows a case of
high levels of RH aloft in an extended layer (�0.8 km
thickness) and the corrected ssp(amb) are significantly
higher. Table 4 shows the derived optical depth computed
from the two flights using different methods. In Table 4, �z
is the difference between the top and bottom of the profile
and the parameters in brackets are the respective mean
values over the column. It is clear that in the case of flight
1724, the discrepancies between the integrated scattering

coefficients and the mean values are large, whereas in the
case of flight 1728 the differences are low (particularly in
Case #2, which is essentially equation (2)). These examples
show that in cases where the humidity profile is highly
variable within the range 80–99% RH in a relatively thick
aerosol layer, the corresponding ssp(amb) cannot be approxi-
mated well by its average value due the high sensitivity of
scattering to relative humidity in this range. In contrast,
when the humidity profile is approximately constant with
RH’s below 80%,

R
ssp(amb, z)dz is well approximated by

the product hssp(dry, z)i. hF(RHamb(z), RHo(z), g)i even
when small layers of high RH (>80%) are present.
[54] Thus, the use of average values of optical properties

fails in reproducing integral ambient values when extended
and variable high humidity levels collocated with high
aerosol concentrations are present in the column.
[55] In summary, the analysis in this section suggests

that the retrieval of aerosol mass under conditions of high
humidities can be achieved only relatively crudely by the
Fraser method. The average error in the cases listed in

Figure 5. Profiles of RHamb, f(RHamb,g) = (1 � RHamb/1 � RHneph)
�g (g derived from the respective

flight) and measured dry ssp(neph) and derived ssp(amb) for profiles taken during flights 1724 (bottom
row) and 1728 (top row).
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Table 2 is 50% but the error in individual cases can go up
as high as 130%. The use of the same retrieval technique
using parameters customized (i.e., mass scattering effi-
ciency and humidity correction) to the scene under obser-
vation did not improve the retrieval as much as was the
case with Saharan dust. The mean error was 61% with
individual cases going up to 180%. When high levels of
humidity are present, the new method seems to better
predict aerosol mass than the Fraser method, as is indicated
by the slight improvement in the correlation coefficient.
However, the analysis presented does not clearly indicate
that the addition of a variable humidity correction improves
the retrieval significantly.

4. Two Case Studies of Retrievals of Aerosol
Properties

[56] While useful, the above analysis is not a validation of
the method. A proper validation requires comparisons with
data obtained from a spaceborne platform with simultane-
ous measurements in situ. There are very few data sets
available where such comparisons can be performed. Field
campaigns specially devised to compare satellite or an
airborne satellite prototype measurements with in situ plat-
forms are extremely difficult to implement. For example,
during TARFOX there were only four instances where the
ER-2 flew while the C131 plane was profiling the same
volume scanned by MAS. Furthermore, only two of the four
flights are suitable (see below) for comparisons. In this
section, we use the MAS data from those two flights and
compare with in situ data. Our goal is to show the difficulty
of performing a comparison of retrieved aerosol properties
with the actual aerosol properties derived from in situ data.
However, we also show that even when not all the osten-
sibly necessary information is available such a comparison
can be made.

4.1. Coordinated Flights During TARFOX

[57] In the following analysis, the same cases studied by
Tanré et al. [1999] are revisited. The same algorithm was
used with one important modification. After the publication
of Tanré et al. [1999], the MODIS team found that the glint
rejection angle (i.e., the threshold angle below which pixels
are influenced by solar specular reflection) in the MAS
algorithm was too low and it resulted in spurious optical
depths (see, e.g., Plate 2 in the work of Tanré et al. [1999]).
Thus, the algorithm was modified by increasing the threshold
angle (from 30
 to 40
) and this is the version used in this
study. The main consequence of the change in angles is the
significant reduction in the number of pixels available for
retrieval. The aerosol retrieval algorithm was developed by
Tanré et al. [1997] and tested in several field experiments
[Gassó and Hegg, 1997; Chu et al., 1998; Tanré et al., 1999].

[58] The ER-2 flew on nine days in TARFOX and four
of them in coordination with the UW C131 (17, 20, 24,
and 25 July). Out of the four cases, two cases (17 and 24
July 1996) were selected for comparison with in situ data
measured by the C131. The 20 July case was not selected
because it was a very clean day with low optical depths
and the in situ instrumentation was operating near noise
level. In the 25 July case, the C131 flew briefly at constant
altitude in the region scanned by MAS nearly synchronous
in time but most of the C131 transect is in the glint of the
picture. Also, the C131 did not profile the column in the
vicinity of the ER-2.
[59] Of the two cases left, neither of them are ‘‘perfect’’

cases and they illustrate the difficulty of coordinating such
comparison experiments. In the case of 17 July, there was
good coordination between the aircrafts. However, in the
processing of the MAS data, it became clear that the C131
was in the Sun glint while doing the profile. So, in order
to compare in situ data with data retrieved from MAS, the
pixels adjacent to the profile were used. In the case of 24
July, there was good coordination between the two aircraft
and the C131 is in the picture while doing a profile.
However, the C131 was not profiling for the specific
purpose of comparing with MAS retrievals. As a result,
the in situ data in the profile were gathered in a period of
�10 min (compared to a regular planned profile which
takes about 20–40 min) resulting in a greater uncertainty
in the in situ data due to the shorter time spent in each
layer in the column.
[60] Unfortunately, no retrievals of water vapor profiles

were available from MAS during TARFOX. Thus, the mean
average RH in the column derived from the in situ profile
was used.
[61] There is one last element for which it is difficult to

account. Because the ER-2 flies at an altitude of 20 km, the
size of the boxes (groups of 10 	 10 pixels = 0.5 	 0.5 km)
selected for retrievals are smaller than the size of a complete
360
 turn of the C131 when doing a profile. This results in
an in situ measurement which is representative of different
boxes at different altitudes. We will later discuss how we
dealt with these issues. However, note that this problem
arises only in a situation like this where the detector is at
low altitude. In a validation study with coordinated meas-
urements made by plane and the actual satellite, the size of
the boxes is 10 	 10 km.
[62] Finally, an extra aerosol parameter is computed from

the remotely sensed data and compared with in situ meas-
urements. The parameter is the columnar CCN concentra-
tion. Cloud Condensation Nuclei active at supersaturations
characteristic of marine stratocumulus (the clouds most
important from the standpoint of indirect forcing) would
have dry diameters of the order of 0.1 mm or larger
(corresponding to �0.2% supersaturation [Fitzgerald,
1973]). This size range most closely corresponds to that
measured by the PCASP-100X instrument and it is easily
obtained from in situ measurements. The remotely derived
CCN concentration is computed by three different methods.
One is the standard operational output of the MODIS
aerosol algorithm. It is calculated by integration of the
accumulation mode size distribution found by the MODIS
algorithm [Tanré et al., 1997, Appendix A]. This distribu-
tion is obtained from the modeled radiance that best

Table 4. Ambient Optical Depth Computed by Three Methods for

the Profiles Displayed in Figure 5a

No. Flight 1728 Flight 1724

1
R
ssp(dry,z). F(RHamb(z),g) dz 0.231 0.191

2 hssp(dry,z)i.hF(RHamb(z),g)i.�z 0.234 0.274
3 hssp(dry,z). F(RHamb(z),g)i.�z 0.232 0.312
aThe brackets are the average operator applied to the respective quantity.
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matches the observed radiance. The other two derivations
are based on the analysis of in situ instrumentation. Hegg
and Kaufman [1998] and Hegg and Jonsson [2000] found
that the number-to-volume concentration ratio of a size
distribution (between 0.12 and 3.8 mm diameter) can be
parameterized according to the aerosol type. Hegg and
Kaufman [1998] found that the ratio is roughly constant
for marine aerosols while the Hegg and Jonsson [2000]
study suggested that the variability in the ratio can be
parameterized as a function of the effective radius (dry
conditions):

N

V
¼ 0:75

p 1:09reffð Þ3
ð13Þ

4.2. Case 17 July 1996, Flight 1728

[63] On 17 July, about one hour of clear-sky data, starting
at around 1830 UTC, which corresponded to ER-2 flight
tracks 10, 11, and 12 [Tanré et al., 1999]. In the postpro-
cessing of the MAS data with the new glint condition, the
pictures taken during tracks 10 and 11 have very few good
retrievals, none of them near a region sampled by the C131.
Track 12, however, is suitable for a comparison with in situ
data. In this case, the C131 was still at a high altitude but
had just finished the profile in the glint of track 12. The near
surface, constant altitude passes right before the profile are
in nonglint boxes. Figure 6 displays the data from track 12
and the respective parameters derived by the MAS algo-

rithm (note the units on the axes refer to pixel number in the
along (rows) and cross (columns) track).
[64] The upper left panel of Figure 6 shows the track of

the C131 superimposed. Note that for purposes of clarity,
only those points that are closest in time to the ER-2 pass
are shown in Figure 7. The location and times where the
C131 is located in Figure 6 are listed in Table 5.
[65] Table 5 lists the MAS primary products t, reff and

h, along with the retrieved CCN columnar concentration
(	 108 particles/cm2). Also, the derived mass scattering
efficiency from equation (13), retrieved columnar volume
derived with the new method and the CCN concentrations
derived with constant and variable (i.e., dependent on reff)
N/V ratio are listed. The constant parameters (r, wo, g, RH,
mse) used in the volume retrievals are those defined in
section 3.2. Note that because equation (12) was defined
for aerosol in dry conditions, the retrieved MAS reff has to
be corrected. In this case, because no RH estimation is
available from MAS, we assumed such a correction from
the ratio between the MAS reff and the in situ dry column
average reff (shown in Table 6). The correction for this
flight is 1.25.
[66] In Table 5, note that the optical depth between

columns 7 and 2 remains basically unchanged and the same
occurs for reff and h. The retrieved CCN concentration
mimics approximately the optical depth since the concen-
tration is essentially proportional to tsmall/sx,small (normal-
ized). The aerosol concentration measured by the PCASP
instrument between 1819:35 and 1822:05 h UTC (i.e., when

Figure 6. Parameters derived by MAS (track 08) during C131 flight 1728. Retrieved parameters by
MAS. t(0.55 mm) (upper left including C131 track), CCN concentration (	 1010) (upper right), reff
(bottom left) and h (bottom right).
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the C131 was flying at constant altitude) is rather constant
(�3100 part/cm3) at 0.2 km altitude. So, the constancy of
the optical depths correlates well with the constancy of the
aerosol concentration during the low altitude pass and it
appears that there is no significant change of aerosol
concentration above the C131. The C131 starts a profile
at 1830:00 h UTC and we assume that optical depths
adjacent to the glint area are the same as the optical depths
in the glint.

[67] The data representative of the column measured
during the profile are in Table 6 and the profiles of
measured scattering coefficient, aerosol concentration,
ambient RH and temperature are in Figure 7. Note that in
the left hand side panel, data from a nephelometer running
at almost ambient condition is shown. The only heating
known to be affecting the sample is the heating in the tubing
from the inlet to the instrument. Unfortunately, no RH
measurements inside the nephelometer are available nor

Figure 7. Profile of dry and almost-ambient ssp (left panel, solid and dash lines respectively), ambient
T and RH (center) and total aerosol concentration in flight 1728 used for comparison with MAS data.

Table 5. MAS Retrieved Parametersa and Derived Columnar Volumeb and CCN Concentrationc for Each Pixel Along the Track of the

C131 in the Upper Left Panel of Figure 6d

C131 Time
(h UTC) Row Column t(0.55) reff, mm h

a(reff, h),
m2/g

Vret,
cm3/m2

VFraser,
cm3/m2

CCNret,
	 108 1/cm2

CCNret2,
	 108 1/cm2

CCNMAS,
	 108 1/cm2

1815:50 7 17 0.453 0.29 0.784 2.81 0.045 0.0452 9.0 6.80 6.2
1815:50–1819:35 C131 was in glint of MAS picture

1819:35 8 7 0.471 0.168 0.933 3.51 0.0375 0.047 7.49 3.01 1.65
1820:00 8 6 0.504 0.17 0.929 3.50 0.0403 0.0503 8.06 2.66 1.76
1820:25 9 5 0.511 0.173 0.921 3.46 0.0413 0.051 8.26 2.68 1.77
1820:50 8 4 0.5 0.176 0.913 3.42 0.0409 0.0499 8.17 2.95 1.71
1821:15 9 3 0.488 0.176 0.912 3.41 0.04 0.0487 7.99 3.09 1.67
1821:40 8 2 0.465 0.175 0.915 3.43 0.0379 0.0464 7.58 3.34 1.61
1822:05 9 2 0.47 0.176 0.913 3.42 0.0384 0.0469 7.68 3.36 1.61

1822:05–1828:45 C131 was in glint and out of MAS picture
1828:45 9 2 0.47 0.176 0.913 3.43 0.0384 0.0469 7.68 3.32 1.61
1829:10 9 3 0.488 0.176 0.912 3.41 0.04 0.0487 7.99 3.09 1.67
1829:35 9 4 0.494 0.177 0.908 3.39 0.0407 0.0493 8.14 3.09 1.68
1830:00 9 5 0.511 0.173 0.921 3.46 0.0413 0.051 8.26 2.68 1.77
1830:25 9 6 0.505 0.169 0.932 3.51 0.0402 0.0504 8.04 2.62 1.77
1830:50 8 7 0.471 0.168 0.933 3.51 0.0375 0.047 7.49 3.01 1.17

aMAS retrieved parameters include t, reff, h, and CCNMAS.
bDerived columnar volume is expressed as cm3/m2.
cCCN concentration is expressed as the amount multiplied by 108 1/cm2.
dCCNret = N/V is constant, CCNret2 = the N/V is a function of reff, and CCNMAS is the standard output from MAS algorithm.
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are possible shifts in calibration documented since the
instrument ran automatically throughout the whole experi-
ment (D. Covert, personal communication, 2000). However,
it is shown here to give a qualitative idea of the amount of
drying in the scattering coefficient.
[68] The retrieved values of columnar volume, which are

representative of pixels adjacent to the point where the
profile was made, compare reasonably well with the in situ
columnar volume. In particular, the volume derived with the
new method is somewhat closer to the true value than
the volume derived with the Fraser method. With regards
to the CCN columnar concentrations, note that all three
retrievals are within the same order of magnitude. This is
notable given that the concentration is derived from simple
relationships. More quantitatively, the constant N/V ratio
method is a factor of 2 higher, the MAS derivation is a
factor 2.4 smaller and the variable N/V ratio derivation is a
factor of 1.2 smaller. Note that given that the in situ
measurements do not sample all the particles in the column,
whereas the MAS optical depth is sensitive to all particles, it
is seems more reasonably to favor the CCN columnar
concentration derived with the constant N/V ratio (CCNret).
[69] For reference, the in situ dry reff and h (from

equations (9) and (10)) are listed in Table 6. Note that reff
is computed by two methods: the ratio of 0.75*Vtot(z)/Stot(z)
averaged over the column and as the integration of reff(z)
over the column. They yield essentially the same result
because the constant speed of the plane during the profile.
The contribution of the accumulation mode was also com-
puted by two methods: the average ratio of volumes and
average of accumulation scattering to total. Note that both
computations give similar results. We verified also that the
integration of the same parameters over the column are
essentially the same as the average h shown in Table 6.
[70] In addition, note that the in situ h compares very well

with the retrieved h even though the former is measured in
dry conditions, whereas the latter is in ambient conditions.
One explanation for this agreement is that the hygroscopic

effects cancel out partially when considering the ratio
Iaccumulation/Itotal. The in situ effective radius is about a factor
1.25 smaller that the MAS reff .

4.3. Case 24 July 1996, Flight 1733

[71] A stationary front, orientated east–west and crossing
the shoreline over North Carolina, was slowly moving
northward, bringing clouds to the observation area and
bands of cirrus were quickly moving over the ocean from
the continent. We analyzed ER-2 tracks that correspond to
the best parts of the flight considering the occurrence of
clouds and the presence of Sun glint during the first loops.
Track 8 (1902–1911 h UTC) is closest in space to the
region sampled by the C131. In this area, the C131 did 3
profiles: 1553–1616, 1740–1753 and 1849–1915 h UTC.
The first profile was located just at the edge of the picture
(38.8N, �74.25W), the second profile was in the glint area
(38.5,�74.3). The third profile is the closest in time to the
ER-2 pass and the C131 was in the glint-free region making
a low altitude pass. Then it ascended to 2.0 km while in
transit (starting at 1849 h UTC and reaching the top at 1914
h UTC, 38.7N, �74.3W). Figure 8 shows the parameters
retrieved by MAS with the C131 track superimposed (third
profile). The right-to-left arrow in Figure 8 indicates the low
altitude pass. After a short banking out of the picture
(column 1 in Figure 8), the plane started to go up toward
the glint area (in white, Figure 8). Table 7 lists the values
of the pixels crossed by the C131 track. Note the variability
of the retrieved parameters in the time frame 1857:52–
1859:55 h UTC.
[72] The optical depth changes rapidly as it approaches

the left edge of the picture. Assuming the variability is real
(i.e., they are not effects due to for example the cloud mask
or unaccounted glint), the in situ data can provide some
insight into possible reasons of this variability. The in situ
data from the C131 indicates that the ambient RH ranges
over 90–95% and the PCASP concentration ranges 3700–
3850 part/cm3. This suggests that the variability could be

Table 6. In situ Measurement of Several Parameters (Uncertainties in Parentheses) During Flight

1728, Time 1831–1859 h UTC

Parameters Measured Value Remark

Vin situ, cm
3/m2 0.0337 (0.0027) Integrated Dry Volume from

the PCASP instrument
RH, % 56.73 (2.12) Integrated Ambient RH

g 0.60 (0.1) Hygroscopicity measurement
from Kotchenruther et al.
[1999] for this flight

FRH(RH, g) 1.42 (0.09) Integrated hygroscopic factor
(correction from ambient to
PCASP RH)

Ntot 	 108, part/cm2 4.0130 (0.00367) All bins Total number of particles in the
column (PCASP)4.0089 (0.00593) Bins 1–8

Mass scattering efficiency, m2/g 3.45 (z = 1 km) Derived by Hegg et al. [1997]
in this flight.3.55 (z = 0.1 km)

Single scattering albedo 0.93 (z = 1 km) Derived by Hegg et al. [1997]
in this flight.0.97 (z = 0.1 km)

Ratio N/V, 1/mm3 199 (1) Derived by Hegg and Kaufman
[1999]

Dry reff, mm 0.1401 = mean(Vtot(z)/Stot(z))
0.1408 =

R
reff (z)dz/�z

Dry h 0.9279 = mean(Vacc/Vtot)
0.8936 = mean(ssp(accu)/ssp(total))

Ambient Temperature T(z = 0.083 km) = 23.5 Measured at top and bottom of
the profileT(z = 1.67 6km) = 16.5
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caused by local variation of ambient RH (remember that
scattering is highly variable at these RH’s) or the presence
of higher (or lower) aerosol concentration above or below
the C131. When the C131 starts the profile, it crosses an
area of increasing optical depth as it moves toward the glint
(starting at 1905:52 h UTC). The fact that retrieved effective
radius and h decrease and increase respectively (as seen by

the MAS) indicates that the accumulation mode concen-
tration in the column increases.
[73] The in situ data indicates that during the first 500

meters of the profile (which corresponds to the first two
crosses in Figure 8, cross track pixels 2 and 3), there is a
drop in RH to below 80% and a decrease of particle
concentration to �2000 particles/cm3. Then, between

Figure 8. Parameters derived by MAS (track 12) during C131 flight 1733. Retrieved parameters by
MAS. t(0.55 mm) (upper left including C131 track), CCN concentration (	 1010) (upper right), reff
(bottom left) and h (bottom right).

Table 7. MAS Retrieved Parametersa and Derived Columnar Volumeb and CCN Concentrationc for Each Pixel Along the Track of the

C131 in the Upper Left Panel of Figure 8d

C131 Time
(h UTC) Row Column t(0.55) reff, mm h

a(reff, h),
m2/g

Vret,
cm3/m2

VFraser,
cm3/m2

CCNret, 	
108 1/cm2

CCNret2, 	
108 1/cm2

CCNMAS, 	
108 1/cm2

1857:52 45 7 0.33 0.632 0.381 1.10 0.0839 0.0329 16.79 6.58 13.3
1858:22 46 6 0.298 0.711 0.338 0.89 0.0938 0.0297 18.75 14.11 10.7
1858:52 47 5 0.302 0.576 0.416 1.27 0.0666 0.0301 13.32 5.22 13.3
1859:22 48 3 0.178 0.129 0.188 1.46 0.0342 0.0178 6.83 0.01 74.9
1859:52 49 2 0.481 0.408 0.762 2.46 0.0547 0.048 10.93 3.83 13.8

1859:55–1902:00 C131 is out of the MAS picture
1902:22 55 2 0.224 0.204 0.566 2.12 0.0296 0.0224 5.92 3.9 13.4
1902:52 56 2 0.224 0.197 0.587 2.16 0.029 0.0224 5.8 3.4 13.9
1903:22 58 3 0.23 0.193 0.599 2.18 0.0295 0.023 5.89 3.1 14.5
1903:52 59 3 0.234 0.186 0.619 2.22 0.0294 0.0234 5.89 2.6 15.3
1904:22 60 5 0.224 0.195 0.593 2.17 0.0289 0.0224 5.77 3.3 14.1
1904:52 62 5 0.246 0.173 0.663 2.32 0.0297 0.0245 5.93 1.8 17.2
1905:22 63 6 0.261 0.156 0.729 2.48 0.0294 0.026 5.89 1.2 20.1
1905:52 65 7 0.435 0.158 0.962 3.66 0.0332 0.0434 6.65 2.7 15.7
1906:22 66 7 0.447 0.153 0.978 3.74 0.0334 0.0446 6.68 2.4 16.4
1906:52 68 8 0.307 0.111 0.956 3.22 0.0267 0.0306 5.33 0.3 31

aMAS retrieved parameters include t, reff, h, and CCNMAS.
bDerived columnar volume is expressed as cm3/m2.
cCCN concentration is expressed as the amount multiplied by 108 1/cm2.
dCCNret = N/V is constant, CCNret2 = the N/V is a function of reff, and CCNMAS is the standard output from MAS algorithm.
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1903:22 and 1905:22 h UTC (columns 4 and 5) particle
concentration goes up (�5800 #/cm3) and scattering coef-
ficient rises, too, in a layer of 300 meters. However, no
noticeable gradient is seen in the optical depth in this range,
suggesting compensating changes in aerosol vertical struc-
ture outside the C131 flight path.
[74] The integrated measurements from two of the three

C131 profiles are shown in Table 8. The profile taken at
1600 h UTC is shown because it was done in the same area
and gives an idea of the changes of columnar averages over
time. In Figure 9, two rows of panels display the respective
scattering coefficient, ambient T, RH and aerosol concen-
trations. Both profiles show large aerosol concentrations
divided into two layers (0–0.35 km and 0.35–0.9 km) in
the column with humidities above 70% (up to 1.5 km).
Note that the levels of scattering are similar in both layers
and in both profiles. In particular, in the top layer of the
first profile the ambient humidity is above 80%. However,
there is no large hygroscopic effect, as can be seen in the
left panels of Figure 9 which look similar in magnitude for
the dry and quasi-ambient ssp’s in the two profiles. As
indicated by the difference in aerosol concentrations in the
two profiles, it appears that the higher ssp expected
(because of the higher RH) is compensated by the decrease
in concentration in the first profile with respect to the
second.
[75] In the case of the profile taken closest in time with

the ER-2 pass (1902–1908 h UTC), it is difficult to
compare the profile data with specific pixels since the
profile is representative of several pixels in the MAS
picture. However, it is clear that the retrieved volumes
(new and Fraser methods, �0.029 and �0.023 cm3/m2

respectively) are close to the true value (0.0294 cm3/m2)
in the pixels corresponding to the beginning of the profile
(1902:00–1903:52 h UTC), with the new method closer to
the true value than the Fraser method. At the end of the
profile, the new method still approximates the true value
better than the Fraser method.

[76] The in situ h is significantly higher than the MAS h
for most of the profile. The ratio between in situ and
retrieved reff varies, depending on the selected pixel,
between 0.8 and 1.5 mm. Since the MAS reff is in ambient
conditions, it was corrected by a factor of 1.15 to dry
conditions prior to obtain the parameterized mse for the
pixel. The same correction was applied to reff before uti-
lization in equation (13). Similarly to the case of flight 1728,
the CCN concentrations derived with the constant N/V ratio
and the variable N/V method fared better than the MAS
retrieval, in this case much more decisively.

5. Application on MODIS Pictures

[77] Terra was launched on 19 December 1999 and some
of the operational Level 2 Atmospheric products (i.e.,
radiances that have been processed by the different atmos-
pheric algorithms) have become available to the scientific
community for general evaluation and testing. The aerosol
(labeled MOD04L2) and column water vapor (MOD05L2)
products became available starting on 22 August 2000 and
temperature and moisture profiles (MOD07L2) became
available on 20 October 2000. The retrieval algorithms for
all these products are still considered to be in the devel-
opmental stage and the products are considered as beta
versions that may be reprocessed a posteriori. We take
advantage of some of this data to further explore the
viability of our retrievals, specifically we show retrievals
of aerosol dry mass and CCN concentration for an episode
of Saharan dust advecting to the Atlantic ocean.
[78] At the time of this write-up, validation tests of the

aerosol products are being conducted [Chu et al., 2002;
Ichoku et al., 2002; Remer et al., 2002]. For example, it has
been established that the aerosol over land products are
accurate to within their calculated uncertainties (± 0.05 ±
0.20*t [Chu et al., 2002]), except in situations with
possible cloud contamination over surfaces with subpixel
surface water such as coastal areas and marshes, and over

Table 8. In situ Measurement of Several Parameters for Two Profiles (1600–1616 and 1902–1908 h UTC) During Flight 1733

Parameters

Measured Value

Remark1600–1616 h UTC 1902–1908 h UTC

Vin situ, cm
3/m2 0.0341 (0.002) 0.0294 (0.0015) Integrated Dry Volume from the

PCASP instrument
RH, % 77.47 (2.37) 76.97 (2.37) Integrated Ambient RH

g 0.71 0.71 Hygroscopicity measurement
from Kotchenruther et al.
[1999] for this flight

FRH(RH, g) 2.16 (0.28) 2.11 (0.26) Integrated hygroscopic factor
(correction from ambient to
PCASP RH)

Ntot 	 108, part/cm2 5.1792 (0.0043) All bins 4.3732 (0.0031) All bins Total number of particles in the
column (PCASP)5.1730 (0.0042) Bins 1–8 4.3695 (0.0031) Bins 1–8

Mass scattering efficiency, m2/g 2.1 2.1 Derived by Hegg et al. [1997]
in this flight.

wo 0.95 0.95 Derived by Hegg et al. [1997]
Ratio N/V, 1/mm3 218 (1) 218 (1) Derived by Hegg and Kaufman

[1999]
Dry reff, mm 0.1391 0.1348 = mean(Vtot(z)/Stot(z))

0.1382 0.1355 =
R
reff (z)dz/�z

Dry h 0.8899 0.9178 = mean(Vacc/Vtot)
0.8596 0.8967 = mean(ssp(accu)/ssp(total))

Ambient Temperature T(z = 0.03 km) = 22.2 T(z = 0.07 km) = 22.2 Measured at top and bottom of
the profileT(z = 1.84 km) = 14.7 T(z = 1.26 km) = 17.1
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surfaces with subpixel snow or ice cover. In addition, the
aerosol over ocean optical thickness products are accurate
to within their calculated uncertainties (± 0.03 ± 0.05*t
[Remer et al., 2002]). Since the deployment of Terra, a
number of experiments have been conducted (ACE-Asia,
PRIDE, CLAMS) with coordinated flights between in situ
platforms and Terra passes.
[79] On 12 February 2001 a large low pressure center

developed over the central region of the North Atlantic
ocean, coupled along with a high pressure centers located
over the Mediterranean sea and a second one located over
the Azores Is. A resultant large region of constant east-
erly winds extending from approximately 28
 to 13
N
(Figure 10, bottom panel) transported a large dust cloud
from the Saharan desert over the Atlantic. The METEO-
SAT visible picture indicates the extension of the plume
and it shows that it is transported northward by the
Azores high. The dust is remarkably bright, indicating the
presence of heavy aerosol loading (Figure 10, top panel).

The dry air coming off the Saharan desert results in little
cloud formation downwind, which makes it a good case for
satellite analysis. Additionally, the high-pressure center
located over the Mediterranean Sea possibly transported
European pollution and dry air from the north coast of Africa
toward the Iberian Peninsula.
[80] Terra pictures (1135 and 1140 h UTC) corresponding

aerosol products are shown in Figure 11. Note that the
color-coding is in logarithmic scale to facilitate the display
of the gradients in the low aerosol loading near Spain.
Optical depths higher than 1.5 are all color coded with the
same color black. The dust cloud appears to be well
localized west of 17
 longitude with a transition region
over the Canary Islands. The low optical depths in the
Spain–Canary Is. corridor is typical of small aerosol load-
ings and frequently found in marine environments [Durkee
et al., 2000]. Notice the east–west streak of high OD’s in
the Gibraltar Strait. Given the synoptic situation outlined,
the higher OD can be caused by pollution advected from

Figure 9. Profile of dry and almost-ambient ssp (left panel, solid and dash lines respectively), ambient
T and RH (center) and total aerosol concentration in flight 1733 used for comparison with MAS data. Top
row is the profile taken at 1660–1616 h UTC and bottom row is the profile taken at 1902–1908 h UTC.
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Europe, sea salt or continental dust from North Africa. It is
at this point that the additional parameters retrieved by the
MODIS aerosol algorithm can help to distinguish the
aerosol type. Figures 11b and 11c display the retrieved
effective radius and h for the same scene. As expected, the
suspected dust reff’s are high (i.e., above 0.4 mm), with
increasing values toward the areas of higher burden, along
with a small h (0.3–0.4) consistent with an aerosol with
large coarse mode contribution. Outside the dust cloud, the
reff ranges from 0.12 to 0.4 mm and the corresponding h
ranges 0.85–0.99. The east–west streak in the Gibraltar
strait has values of h � 0.3–0.4 and reff �0.5–0.7 mm.
These values are more consistent with aerosol size distri-
butions that have an important contribution of coarse mode
particles, i.e., wind generated sea salt aerosols or continental
dust rather than advected pollution.

[81] Figure 11d displays the hygroscopic correction factor
(FRH = ((1�RH)/(1�RHo))

�g for reference RHo = 30%
and g = 0.7) and it was derived from the mean RH for the
bottom four layers in the BL (approximately 2.0 km). The
factor FRH is computed only where t < 0.4 and it is set to 1
in pixels with higher OD’s under the assumption that these
higher OD’s correspond to dust and dust plumes tend to
advect in the free dry troposphere as in the cases observed
during ACE-2 [Collins et al., 2000; Gassó et al., 2000]. The
correction for humidity would thus be minimal.
[82] Figure 12 shows the retrieval of ambient (i.e., no

correction for humidity applied) mass burden from the
MODIS operational product (panel A), the new method
developed here (panel B) and the Fraser method (panel C).
Since the focus of this section is to illustrate the qualitative
features and differences of the two methods for dry mass

Figure 10. METEOSAT picture (visible) taken on 12 February 2001 at 1135 h UTC (top panel).
Bottom panel is the NCEP model forecast for the surface winds and pressure for the same day.
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retrieved that arise from the use of RH correction and a
parameterized mse, all the retrievals assumed a single
scattering albedo (wo) of 1.0 and an aerosol density of 1.7
g/cm3. The MODIS aerosol algorithm computes the ambient
total burden (or total columnar mass, mass/area) as a function
of the size distribution parameters retrieved, reff and h but
assumes a constant density of 1 g/m3 (Note that we have
corrected the MODIS algorithm for a missing 4p/3 factor).
[83] The center panel of Figure 12 displays the ambient

columnar mass derived with a variable mass scattering
efficiency (using equation (12)). In panel C, the columnar
ambient mass is computed with a constant mass scattering
efficiency (Fraser method). The latter considered two mass
scattering efficiencies depending on whether the pixel was

thought to contain dust or not. Pixels with high OD (t > 0.4)
were considered as dust and the respective dry mass
scattering efficiency was set to 0.2 m2/g, whereas in pixels
with low OD (t < 0.4), the dry mass scattering efficiency
was set to 2.0 m2/g. In the case of variable mse, the
humidity effect is considered since mse is computed as a
function of the ambient reff and h. Note the sharp contrast of
mass retrieved between dust and nondust pixels for the
Fraser method (from red to yellow in the right panel), a
consequence of assuming a constant mse in the scene.
[84] Comparison of the three panels indicates that the

MODIS operational retrieval is about two orders of magni-
tude smaller relative on the other hand, the Fraser method
and the new method are within the same magnitude range.

Figure 11. MODIS operational retrieval of aerosol and moisture parameters. Aerosol optical depth
(0.550 mm, average, panel A), Effective radius in um (Panel B), Contribution of the small mode to total
radiance (Panel C) and Humidity correction factor (Panel D) computed from the mean RH in bottom 4
layers and for a constant g = 0.7 (reference RHo = 30%). F(RH, g) = 1 in dust (i.e., t > 0.4).
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Unfortunately no in situ data are available for comparison
with data from this picture. However, with a few assump-
tions it is possible to compare literature values. For exam-
ple, assuming that all the aerosol mass is concentrated in a 1
km layer, the dust concentration at 30N, 16W (right west of
the Canary Is.) will be 0.5, 500–800 and above 1000–3000
mg/m3 for the three panels respectively from left to right.
Among the three retrievals, the variable mse method seems
most reasonable according to literature values for dust mass
concentrations [Li-Jones et al., 1998; Campanelli et al.,
2001].
[85] Figure 13 is an example of retrieval of CCN con-

centration computed from the retrieved dry mass and from

the standard output of the MODIS operational retrieval
shown in Figure 12. Panel B was computed by using a
constant N/V ratio (=200 1/mm3 [Hegg and Kaufman, 1998])
and panel C uses a variable N/V ratio as defined by equation
(13) (it is important to note that the utilization of the N/V
ratios implies retrievals of CCN active at supersaturation
�0.1%). Since retrievals of water vapor profiles are only
available in nondust region, the figure shows retrievals only
in the clean region.
[86] In order to compare with real concentrations, it is

useful to assume, once again, that all particles are concen-
trated in 1.0 km layer. Thus, a columnar concentration of
2 	 108 CCN/cm2 would be equivalent to a concentration of

Figure 12. Ambient Columnar aerosol mass derived by three methods. Standard output from the
MODIS operational algorithm (panel A) which assumes r = 1.0 g/cm3 and it includes a factor 4p/3
missing in the algorithm. Derivation with a variable mse (panel B, assumed r = 1.7 g/cm3) and with a
constant mse (mse = 0.4 m2/g for t > 0.4 and mse = 2.0 m2/g for t < 0.4, assumed r = 1.7 g/cm3, panel
C). Note the different scaling factor in Panel A (	 104) with respect to B and C (	 106). The color scale
is logarithmic.

Figure 13. Retrievals of columnar CCN concentration (number of particles/area) based on the volume
retrievals of Figure 12. Panel A is the standard operational product from the MODIS algorithm. Panel B
using new method with a constant N/V ratio (=200 1/mm3) and Panel C using variable N/V ratio (f(reff) as
in equation (13)).Note the change in scaling factor in Panel C. The color scale is logarithmic.
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2000 CCN/cm3, typical of polluted plumes. In inter-com-
paring the nondust region of the 3 panels, it is clear that the
retrievals using a variable N/V ratio (Panel C) underesti-
mates (by a factor of 100) the number concentration
commonly found in the marine environment. For example,
it derives concentrations of the order of 1–10 CCN/cm3 in
the Tenerife-Spain corridor. Panels A and B display values
that are slightly more in agreement with the expected ranges
in the North Atlantic i.e., concentrations ranging 10–1000
CCN/cm3. However, the values in the Canary Is-Spain
corridor for both panels A and B seem to be in the 500–
2000 CCN/cm3 range. During ACE-2, Chuang et al. [2000]
found CCN concentrations at 0.1% supersaturation in pre-
cisely this area averaged �100 CCN/cm3 and never
exceeded 550 CCN/cm3 even under polluted conditions.
Hence, it is not entirely clear which retrieval algorithm is
more accurate. Also, note that the MODIS operational
retrievals are smaller in magnitude than the new method
and that it is not as sensitive as details as the new method is.
For example, note that Panel B shows gradients in the
Gibraltar strait that are not observed in Panel A.

6. Summary and Concluding Remarks

[87] An improvement in an existing method (the Fraser
method) for the retrieval of aerosol mass was introduced.
Conceptually, the Fraser method relies on a measurement of
aerosol optical depth and a number of assumptions on
ambient humidity and aerosol composition to derive the
columnar dry mass. The Fraser method has the drawback
that it cannot be implemented in an automatic retrieval since
it requires information on the aerosol composition that can
only be incorporated during the postprocessing of the data
by the data user. The new method is geared toward
automatic retrieval. Although the new method uses the
same basic concept (i.e., proportionality between optical
depth and columnar mass), it makes use of some additional
information available from newer platforms that help to
constrain some of the parameters assumed in the Fraser
method. For example, the new method makes use of the
estimation of ambient humidity retrieved by the infrared
channel in the MODIS detector. Hence the columnar dry
mass is derived in each pixel as opposed to the Fraser
method that assumes the same humidity correction for the
whole picture. In addition we used the parameters reff and h
(standard outputs of the MODIS aerosol algorithm in each
pixel) to derive a mass scattering efficiency consistent with
those parameters. This is another improvement with respect
to the Fraser method, which assumed a constant mse for the
whole picture. These are the two major improvements in the
new method.
[88] We provided a detailed comparison of the two meth-

ods by analyzing columnar dry aerosol volumes derived
from in situ instrumentation with aerosol volumes derived
from sunphotometer optical depths. To the extent of our
bibliographical research, this is the first time that the method
has been validated with in situ measurements from aircraft.
With measurements drawn from the ACE-2 data set, we
compared retrievals of columnar volumes in Saharan dust in
conditions of low ambient humidity. We showed that the
Fraser method achieves reasonable retrievals (r2 = 0.86)
indicating that if the aerosol type is known, the retrieval can

be implemented at least in dry conditions. The new method
proposed here fared better (r2 = 0.99), indicating that the
customization of the mse to the pixel under observation
improves the retrieval. However, the data available for the
validation of dust retrievals was limited (eight profiles from
two flights, all with similar reff and h). Thus, the method
requires further validation with a more comprehensive data
set.
[89] The retrieval of aerosol dry volume in conditions of

high humidity was studied in section 3.2. In this case, a
correction factor that depends explicitly on an estimation of
the mean relative humidity in the layer was utilized to bring
the ambient optical depth to dry conditions. The TARFOX
data set, containing several profiles with aerosol layers with
high ambient humidity, was utilized to validate the retriev-
als. In this case, the retrieval of dry volumes was less
precise and the new method did not show a clear improve-
ment with respect to the Fraser method (Table 3). A number
of reasons for this were discussed. Among these, the most
notable are the reliability of the in situ measurements to
reconstruct the optical properties of aerosol and the assump-
tion of a constant humidity correction to account for the
hygroscopic effects.
[90] In section 4, we employed an algorithm on actual

remote sensing data. Specifically, we showed a comparison
of volumes derived from two flights of the MODIS Air-
borne Simulator made during TARFOX in coordination
with profiles taken by the C131 aircraft (C131 flights
1728 and 1733). Additionally, we utilized the Hegg and
Kaufman [1998] parameterization to derive the columnar
number CCN concentrations from the retrieved volumes
and compared these with the same parameters retrieved by
MAS. For both the dry mass and CCN concentration, the
new algorithm returned values closer to in situ measure-
ments than the existing techniques.
[91] The results achieved by using the new method for

mass volume and number retrieval are encouraging. How-
ever, they clearly require further validation. For example,
although the improvements proposed here seem to work
better than the Fraser method, the differences between the
two methods when comparing with the true values are not
very large. The variability of some the parameters assumed
(r, wo, g), along with the uncertainty in reff and h could shift
the retrieved values away from the true one. Additionally,
when using optical particle counters in computing in situ
columnar volumes, the calibration of the instrument is very
important in establishing the true values of aerosol volume.
[92] The assumption of constant RH and mse in the

column needs further study. We showed examples where
these assumptions work well (when there are thin layers of
ambient RH and aerosol concentrations in the column, top
panels in Figure 9). However, we showed that when the
humidity is high (above 90%) and in thick layers, the
retrievals for either of the two methods are poor. Thus, it
is necessary to explore further the conditions where the
constant RH and mse assumptions are valid and establish if
there are any flags (such as vertical profiles of humidity)
that can be used to determine the level of confidence of the
retrieval.
[93] Finally, we applied both methods to an actual MODIS

picture and retrieved aerosol mass burden and columnar
CCN concentrations and compared them against the same
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parameters derived by the MODIS operational retrieval.
Although we do not have simultaneous in situ measurements
to validate the retrievals, we showed that the proposed
methods yield more credible values than the MODIS retriev-
als of columnar mass.
[94] The analysis demonstrates how difficult validation of

aerosol airborne retrievals can be. There are not only
limitations due to the coordination of platforms, incomplete
information and instrumentation inefficiencies but also
some important limitations which go beyond the techno-
logical or logistic shortcomings. For example, until recently
validation of satellite retrievals was limited to comparisons
of optical depths. The validation of columnar retrievals such
as reff or aerosol mass pose new challenges to the scientific
community. The work shown here was an attempt to address
this issue, at least in a preliminary sense.
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