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A comparison of the aerosol thickness derived
from ground-based and airborne measurements
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Abstract. The extinction optical thickness of particles obtained from scattering
and absorption coefficients measured by an airborne integrating nephelometer and
particle soot absorption photometer, respectively, is compared with the aerosol

optical thickness derived from a ground-based multifilter rotating shadowband

radiometer, a Sun photometer, and a Raman lidar for 9 days. These 9 days are se-
lected from intensive operation periods of the Atmospheric Radiation Measurement
in April 1997, September 1997, and August 1998 at the southern Great Plains. For
April 1997 and September 1997 cases the difference between the extinction optical
thickness of particles estimated from vertical profiles and the extinction optical

thickness of aerosol derived from the multifilter rotating shadowband radiometer is
not significant. For August 1998 cases when the boundary layer relative humidity is
higher than April 1997 and September 1997 cases, the extinction optical thickness
of particles is 0.03 to 0.07 less than the extinction optical thickness of aerosol. The
difference corresponds to 25% to 31% of the extinction optical thickness of aerosol.
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Based on these comparisons, the upper and lower limits of the single-scattering
albedo of particles present in the lower part of troposphere are 0.97 and 0.84,

respectively.

1. Introduction

The extinction optical thickness of the atmosphere
can be computed by measuring the attenuation of direct
solar radiation. The aerosol extinction optical thick-
ness in selected wavelength regions by Sun photometry

1Center for Atmospheric Sciences, Hampton University,
Hampton Virginia.

2Also at Atmospheric Sciences, NASA Langley Research
Center, Hampton, Virginia.

3School of Civil and Environmental Engineering and School
of Earth and Atmospheric Sciences, Georgia Institute of
Technology, Atlanta.

4Pacific Northwest National Laboratory, Richland, Wash-
ington.

5 Atmospheric Sciences, NASA Langley Research Center,
Hampton, Virginia.

6Department of Meteorology, The Pennsylvania State Uni-
versity, University Park.

"Department of Applied Science, Brookhaven National
Laboratory, Upton, New York.

8Department of Meteorology, University of Utah, Salt
Lake City.

9 Atmospheric Sciences Research Center, State University
of New York at Albany.

Copyright 2000 by the American Geophysical Union.

Paper number 2000JD900013.
0148-0227,/00/2000JD900013$09.00

[e.g., Shaw, 1983] is the residual optical thickness af-
ter the molecular scattering optical thickness and the
ozone and nitrogen dioxide absorption optical thick-
nesses are subtracted from the extinction optical thick-
ness. Since there is no other absorber known to have
large cross sections and high concentrations in the wave-
length region coinciding with regions of large aerosol
extinction cross sections, this appears to be a reason-
able assumption. However, whether this residual optical
thickness (aerosol optical thickness) is equal to the ex-
tinction optical thickness of particles needs to be exam-
ined. Such comparison is crucial to understand aerosol
optical properties and radiative transfer under clear-sky
conditions.

For this reason we compare the extinction optical
thickness of particles estimated from vertical profiles of
scattering and absorption coefficients measured by an
airborne integrating nephelometer and particle soot ab-
sorption photometer with the aerosol extinction optical
thickness derived from a ground-based multifilter ro-
tating shadowband radiometer [Harrison et al., 1994].
Since the former is estimated explicitly by measuring
scattering and absorption by particles we consider that
the extinction is by particles in this paper. The latter
is defined as the aerosol extinction optical thickness in
this paper because an aerosol is defined as a suspension
of particles in a gas; an aerosol refers to the particles
and gas [e.g., Prospero et al., 1983].
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Few attempts have been made to compare these two
optical thicknesses largely because there are not many
aircraft measurements colocated with ground-based mea-
surements. In addition, the scattering coefficient of
particles is typically measured under lower relative hu-
midity than ambient conditions because of instrumentat
heating [Ogren et al., 1996; Bergin et al., 1997; Remer
et al., 1997]. Therefore a humidity correction is neces-
sary to the scattering coeflicient measured by an inte-
grating nephelometer. The magnitude of the correction
depends on the dry particle size distribution and chem-
ical composition, as well as the state of particles [e.g.,
Hinel, 1976; Hegg et al., 1993; McInnes et al., 1998).
In addition, the heating process, which lowers relative
humidity, can evaporate condensed-phase volatile and
semivolatile chemical species such as ammonium nitrate
[Bergin et al., 1997]. Therefore without knowing the
chemical composition, size distribution of dry particles,
and state of particles the uncertainty in the corrected
scattering coefficient can be significant. Measurements
by Rood et al. [1987] show that the scattering coef-
ficient can increase by as much as 70% by increasing
relative humidity from 30% to 70%. To reduce the
uncertainty in the extinction optical thickness of par-
ticles due to the relative humidity correction, Hegg et
al. [1997] used an airborne integrating nephelometers to
measure the vertical profile of the scattering coefficient
at 30% and 85% relative humidity during the ascent
and descent of the aircraft, respectively. They found
that the extinction optical thickness of particles was
systematically low by 0.04 (=~ 14%) compared with the
aerosol extinction optical thickness derived from an air-
borne Sun photometer. Clarke et al. [1996] computed
extinction optical thicknesses of particles from vertical
profiles of size distributions measured for particles be-
tween 0.15 and 7.5 pm in diameter and compared them
with measured aerosol extinction optical thicknesses.
The resulting optical thicknesses agree within measure-
ment uncertainties when the particles were a mixture of
ammonium sulfate, sea salt, and soot. However, when
dust particles were present, the discrepancy of the op-
tical thicknesses is greater than the uncertainty in the
measurements. Schmid et al. {2000] compared the ex-
tinction optical thickness of particles derived from two
airborne integrating nephelometers operated at differ-
ent humidity conditions and a particle soot absorption
photometer, with the aerosol extinction optical thick-
ness derived from an airborne Sun photometer. They
found that the extinction optical thickness of particles
integrated from the extinction coefficient was smaller
by 24 to 35% in the marine boundary layer. For dust
particles that were present above the marine boundary
layer, the difference is less than 20% when they took
into account extinction by particles larger than 1.5 um
in diameter that were not sampled by the integrating
nephelometers. Remer et al. [1997] found that the ex-
tinction optical thickness of particles derived from air-
borne measurements of scattering and absorption co-
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efficients was approximately 50% less than the aerosol
extinction optical thickness derived from ground-based
instruments during the Sulfate Clouds and Radiation-
Atlantic experiment. However, since the maximum al-
titude of the aircraft was 2.5 km, particles above 2.5 km
might be responsible for the difference.

While earlier studies are primarily for marine aerosols,
our study is based on data taken at the southern Great
Plains. In this study we first derive a relation for the
scattering coefficient as a function of relative humidity
from data taken by two integrating nephelometers oper-
ated at the surface. Second, we compare the extinction
optical thickness of particles with the aerosol extinc-
tion optical thickness derived from a multifilter rotat-
ing shadowband radiometer, a Sun photometer, and a

.Raman lidar for 9 days. Third, we derive the upper

and lower limit of the single-scattering albedo from the
result of the comparison. We then use the range of the
single-scattering albedo in a sensitivity study of the top
of the atmosphere albedo.

2. Data
2.1. Aircraft Data

The Gulfstream-1, which is a twin turboprop aircraft
owned by the Battelle Memorial Institute, measured
aerosol properties over the southern Great Plains cen-
tral facility (latitude 97.48°W, longitude 36.69°N, al-
titude 318 m) of the Atmospheric Radiation Measure-
ment program (operated by the Department of En-
ergy) during intensive operation periods in April 1997,
September 1997, and August 1998. The aircraft flew
successive horizontal legs at different altitudes. Each leg
was approximately 5 km in length. The aircraft went up
to an altitude of approximately 5 km in a stacked pat-
tern before spiraling down over the central facility. The
lowest altitude at which the aircraft took measurements
was approximately 100 m above the ground. The scat-
tering coefficient was measured by an integrating neph-
elometer (TSI 3563 [Anderson et al., 1996; Anderson
and Ogren, 1998; Heintzenberg and Charlson, 1996]) at
the three wavelengths of 450, 550, and 700 nm.

One error in the scattering coefficient measured by an
integrating nephelometer is associated with the integra-
tion of scattered light over angle. The integrating neph-
elometer measures light scattered in the angle between
7° and 172° from the forward direction [Heintzenberg
and Charlson, 1996]. Based on Mie theory, approxi-
mately 5% (10%) of the light is scattered outside of this
detection range when the mode radius of an assumed
lognormal number distribution is 0.3 gm (0.5 pm) and
the geometric standard deviation of the distribution is
1.4. According to Anderson et al. [1996], when the er-
ror due to the nonlambertian property of the diffuser
is taken into account, the instrument error is approxi-
mately +5% for submicron size particles. Considering
an additional uncertainty of 5% in the scattering coeffi-
cient due to volatization of dry particles [Bergin et al.,
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1997], we estimate that the uncertainty in the measured
scattering coeflicient under dry conditions is less than
+10%.

The scattering coeflicients measured by the integrat-
ing nephelometer were above the detection limit given
by Anderson et al. (1996) except for 700 nm on April
14, 1998. During the April 1997 intensive operation
period, the integrating nephelometer experienced prob-
lems associated with the in-flight measurement of the
scattering coefficients of filtered air (zeroing check). As
a consequence, zero checks were performed only during
preflight and postflight. Therefore we treat the differ-
ence between preflight and postflight values (7.59 M
m~! at 550 nm) as an additional uncertainty in the
measured scattering coefficient for April 14.

The integrating nephelometer also measured the hemi-
spherical backscattering coefficient at the three wave-
lengths. The absorption coefficient was measured by
a particle soot absorption photometer (Radiance Re-
search) at the wavelength of 565 nm. The study by
Bond et al. [1999] indicates that a particle soot ab-
sorption photometer over-estimates absorption by 22%.
Therefore we divide the absorption coefficient estimated
from the particle soot absorption photometer by 1.22
for the correction. An impactor was operated upstream
of both the integrating nephelometer and particle soot
absorption photometer to remove particle larger than 1
pm in diameter. Therefore scattering and absorption
coeflicients represent for submicron particles.

2.2. Surface Data

While the aircraft took measurements over the cen-
tral facility, ground-based instruments were operated at
the site. The extinction optical thickness of the atmo-
sphere was computed from the direct irradiance mea-
sured by a multifilter rotating shadowband radiometer
at wavelengths of 415, 499, 610, 665, and 862 nm. A
multifilter rotating shadowband radiometer has a rotat-
ing shadow arm, which is a strip of metal formed into
a circular arc. The angular width of this shadow arm
is 3.27°. When the shadow arm blocks the direct radi-
ation, the multifilter rotating shadowband radiometer
measures the downward diffuse irradiance in the dis-
crete spectral intervals, each with a width of 10 nm.
It also measures the downward total irradiance at the
same wavelength intervals when the rotating shadow
arm is removed from the field of view. The difference
between these two values is the direct irradiance, which
is used to derive the aerosol extinction optical thickness
[Harrison and Michalsky, 1994].

In order to compute the extinction optical thick-
ness of aerosol from multifilter rotating shadowband ra-
diometer data, we subtract an ozone absorption optical
thickness that is based on data taken at Boulder, Col-
orado by the Climate Monitoring and Diagnostic Lab-
oratory of the National Oceanic and Atmospheric Ad-
ministration. The monthly mean column amounts of
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ozone were 348 and 273 DU for April and September
1997. We use an amount of 300 DU for August 1998.
These ozone amounts correspond to the absorption op-
tical thickness of approximately 0.01 at 500 nm. How-
ever, we do not consider the absorption optical thickness
of nitrogen dioxide. Estimating the column amount of
nitrogen dioxide at the central facility for no more than
2.0%10'® cm~2 from Luke et al. [1992] and the cross sec-
tion per molecule to be of the order of 5.0 x 10~1° ¢m?
[Brasseur and Solomon, 1984], the absorption optical
thickness of nitrogen dioxide is no more than 0.01. We
also neglect stratospheric aerosols because the optical
thickness of stratospheric aerosols is probably less than
0.01 at 500 nm based on Stratospheric Aerosol and Gas
Experiment II data [Thomason et al., 1997a, b]. Based
on this and the error in the calibration, we estimated
that the uncertainty in the aerosol extinction optical
thickness derived from the multifilter rotating shadow-
band radiometer is +0.01.

In addition to the multifilter rotating shadowband
radiometer, a Sun photometer (Cimel Sun photometer)
was operated at the site as a part of the Aerosol Robotic
Network. The Sun photometer measures the extinction
of the direct irradiance in the 1.2 degree full angle field
of view at wavelengths of 340, 380, 440, 500, 670, 870,
and 1020 nm each with a width of 10 nm [Holben et al.,
1998]. We also estimate the uncertainty in the extinc-
tion optical thickness derived from the Sun photometer
is £0.01.

The scattering coefficient was also measured at the
central facility by an integrating nephelometer (TSI
3563) at ~ 20% relative humidity [Bergin et al., 2000].
In addition to this integrating nephelometer, a sec-
ond integrating nephelometer was installed in December
1998 to measure the scattering coefficient as a function
of relative humidity. This is done by controlling relative
humidity at upstream of the integrating nephelometer
ranging from 40% to 90% using a procedure described
by Rood et al. [1987].

The absorption coefficient at 565 nm is measured by a
particle soot absorption photometer at the central facil-
ity. Further, a Raman lidar [Goldsmith et al., 1998] was
operated during intensive operation periods in Septem-
ber 1997 and August 1998. The Raman lidar measures
the extinction coefficients profile at 355 nm, which can
be integrated with respect to height in order to estimate
the extinction optical thickness of aerosol at 355 nm.
Among these data taken during intensive operation pe-
riods in April 1997, September 1997, and August 1998,
we select data taken on April 14, 1997, September 27
and September 29, 1997, and August 14, 15, 17, 18, 19
and 20, 1998.

2.3. Meteorological Conditions

A cold front passed over the central facility on April
11, 1997, early in the morning, which produced approx-
imately 60 mm of precipitation at the site. A high-
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pressure system over Arizona moved to the east, and
the center passed over Qklahoma on April 13 before
it moved to the east of Oklahoma on April 14. April
14 was a cloudless day. The atmospheric profile at 1800
UT (local time is 5 hour behind universal time) on April
14 shows that the potential temperature and dew point
were nearly constant from the surfaceto ~ 1.2 and ~ 1.5
km, respectively. These data indicate that the height of
the boundary layer was 1.2 to 1.5 km. Surface isobars
were oriented southwest to northeast at 1200 UT on
April 14, and we regard the air mass as maritime [i.e.,
Ryan et al., 1992). The surface wind was southerly on
April 14, with a maximum 30 min averaged wind speed
of about 9 ms™?! in the afternoon.

On September 26, 1997, 1200 UT, a high-pressure
system was located over Texas. The high moved to the
east of Oklahoma on September 27, which was a clear
day with southerly winds at the surface. The maxi-
mum 30 min averaged wind speed of about 10 ms™1!
occurred in the afternoon. The atmospheric profile at
1700 UT on September 27 shows that the potential tem-
perature was nearly constant from the surface to =~ 0.5
km altitude. Surface isobars were oriented southwest
to northeast at 1200 UT on September 27 and we also
regard this air mass as maritime. A weak front passed
over the site on September 28 but no precipitation was
reported at the site. After the front passed, a high-
pressure system moved from the northwest over Okla-
homa on September 29. September 29 was clear with
southwesterly winds at the surface. The maximum 30
min averaged wind speed was about 8 ms~!, which oc-
curred in the afternoon. The atmospheric profile at
1900 UT on September 29 shows that the potential tem-
perature is a minimum at = 0.75 km.

Between August 14 and 20, skies were cloudless in the
early morning with fair weather cumulus clouds forming
in the late morning or early afternoon. The wind was
predominantly southerly with a maximum 30 min aver-
aged wind speed of about 9 ms~! for the period. For
most of nine cases selected from these intensive opera-
tion periods, the relative humidity increases with height
in the boundary layer as indicated by three independent
measurements (Figure 1). The relative humidity of the
atmosphere for all nine cases is less than 70% except at
the upper part of the boundary layer.

3. Method and Results

3.1. Scattering Coefficient as a Function of
Relative Humidity

As previously discussed, scattering coefficients were
measured at lower relative humidity than ambient con-
ditions (Figure 1). When a particle is hygroscopic, its
equilibrium size increases with relative humidity in a
range above its deliquescent point before being acti-
vated to become a droplet. In addition, since a particle
can be supersaturated with respect to salts below the

KATO ET AL.: COMPARISON OF AEROSOL OPTICAL THICKNESS

deliquescent point (metastable state), the size of the
particle can be larger than the dry particle. Therefore
the scattering coefficient of particles measured at low
relative humidity can be either significantly different or
the same compared with the actual scattering coeffi-
cient of the particles in the atmosphere even below the
deliquescent point. .

The extinction optical thickness of particles inte-
grated from the scattering and absorption coefficient
Tp is given by

TP(’\v RH) =

/5 o [0sp(A, 2) Fyca (A, RH) + 035 (), 2) Faps (A, RH)]dz,
0
(1)

where o5, and o, are the scattering and absorption co-
efficients, respectively, measured under dry conditions,
Fyca and Fyps are the humidity corrections to these co-
efficients, and RH is the relative humidity of the at-
mosphere [i.e., Hegg et al., 1997; Bergin et al., 2000].
While we assume that F,pg is unity, we need to estimate
Fic, in order to compute 7,. As previously mentioned,
Fyca depends on several factors including the size dis-
tribution and chemical composition of dry particles, as
well as state of particles, which were not measured in
our study. Therefore we estimate Fyc, using two inte-
grating nephelometers operated under different relative
humidity conditions by

Osp(A, RH)
o'sp,ref(/\) ’

where 05, (A, RH) and op e (A) is the scattering coeffi-
cient measured at wet and dry conditions, respectively.
We use data taken at the surface from December 1998
to January 1999 to derive Fyea (A, RH). In order to cor-
rect the scattering coefficient measured by the aircraft,
we sort Fyca(A, RH) using bins with a 5% relative hu-
midity increment for all three wavelengths (Figure 2).
We then interpolate these values at the ambient relative
humidity for the correction. The resulting Fi.,(550, 80)
is 1.72+0.13, which is in agreement with similar mea-
surement of anthropogenic particles by McInnes et al.
[1998] at Sable Island and by Rood et al. [1987] at River-
side, California in August and September for particles
less than 2 ym in diameter.

We compute 73, by applying these relations for F., in
(1) when the ambient relative humidity is greater than
50%. Since Fyc, is based on data taken at the surface in
winter, we assume that chemical components and size
distribution of dry particles in the atmospheric column
are similar to those at the surface for all seasons by
applying this relation as a correction to the scattering
coefficient measured aloft.

Fyea(A\,RH) = (2)

3.2. April and September 1997 Case Study

We average the scattering coefficient measured by the
integrating nephelometer equipped on the aircraft over
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Figure 1. Relative humidity profile interpolated from soundings (solid line) for the nine case
study days. Open and solid circles indicate the ambient relative humidity measured at the aircraft
and the relative humidity inside the integrating nephelometer, respectively. The dashed line in
the September 1997 and August 1998 plots indicates the relative humidity profile derived from

the Raman lidar.

each flight leg. The averaged scattering coefficient at
550 nm for 3 days shows that although the maximum
scattering coeflicient occurs in the boundary layer, scat-
tering by particles in the free troposphere is not negli-
gible (Figure 3). The fraction of the scattering optical
thickness by particles in the boundary layer to that in
the entire column is approximately 0.4, 0.4, and 0.3 for
April 14, September 27, and September 29, respectively.
This result is consistent with the result of Bergin et al.
[2000] who also show significant scattering by particles
above the boundary layer at the same site. The small

standard deviation for each leg indicates that the hori-
zontal variation of the optical properties of the particles
is small compared with the variation in the vertical. An-
other feature is that the scattering coeflicient measured
at the surface is 18%, 32%, and 55% smaller relative
to the value measured by the aircraft at the lowest al-
titude for April 14, September 27, and September 29,
respectively.

The scattering optical thickness of particles estimated
from the scattering coefficient averaged over each leg
and from the values obtained by spiraling down over
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Figure 2. Ratio of the scattering coefficient measured under wet conditions to that measured
under dry conditions as a function of the relative humidity of wet conditions for the three wave-
lengths. Open circles and error bars indicate averaged values and standard deviations for every

5% relative humidity intervals.

the central facility differ by less than 10% for all 3 days.
This indicates that the optical properties of dry parti-
cles were nearly constant with time during the flight
time of approximately 2 hours.

The humidity correction by (1) and (2) increases 7,
by 7 x 1073 and 2 x 10~% at 550 nm corresponding to
6% and 4% of 7, on April 14 and September 27, respec-
tively. Since the relative humidity of the atmosphere is
less than 50% on September 29 (Figure 1), 7, is not al-
tered by applying the humidity correction to the data.
Both the single-scattering albedo w estimated from the

scattering and absorption coefficient and the ratio of the
hemispheric backscattering coefficient to the total scat-
tering coefficient b are nearly constant with height on
April 14 and September 27 (Figure 4 and 5). Note that
we used the absorption coefficient measured at 565 nm
for the computation of z at 550 nm and the values used
for Figure 4 are not including the humidity correction.
The ratios of the scattering optical thickness to 7, at
550 nm are 0.92, 0.85, and 0.83 for April 14, September
27, and September 29, respectively. These values can
be interpreted as an averaged single-scattering albedo
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Figure 3. Extinction coefficients at 550 nm, which are the sum of the scattering coefficient
measured by the integrating nephelometer and the absorption coeflicient measured by the particle
soot absorption photometer. Solid and open circles are with and without humidity corrections
to the nephelometer data, respectively. Horizontal lines through the open circles indicate the
standard deviation for each averaged value. The thin dashed line indicates the estimated height of
the boundary layer. The thick dashed lines in September 1997 plots are the extinction coefficient
profile at 550 nm estimated from the Raman lidar averaged over each flight period.

of dry particles estimated from aircraft measurements.
According to Sheridan and Ogren [1999], the single-
scattering albedo estimated from similar aircraft mea-
surements over the Great Plains varies from 0.91 to
0.96. The single-scattering albedos for September 27
and 29 cases are lower than those estimated by Sheri-
dan and Ogren [1999]. Since both the single-scattering
albedo and 7, for the September 29 case are the lowest
among the three cases and the variation of the single-
scattering albedo with height for the September 29 case
is the largest, one possible reason for the difference is
that the limitation of the instruments to estimate the
single-scattering albedo at low scattering and absorp-
tion coefficients. When the scattering and absorption
coefficients are small, the error in the single-scattering
albedo increases even if the error in these coefficients
stay the same.

The single-scattering albedo w measured at the sur-
face are greater by 0.04, 0.03, and 0.04 for April 14,
September 27, and September 29, respectively, com-
pared with those measured by the aircraft at the lowest
altitude (Figure 4). Note that b is also measured un-
der dry conditions. Therefore the constant value of b
suggests that the sizes of the dry particles are nearly
constant with height. The values of b measured at the
surface are greater by 0.05, 0.04, and 0.06 for April
14, September 27, and September 29, respectively, com-
pared with those measured by the aircraft at the lowest
altitude (Figure 5).

The Raman lidar operated at the central facility mea-
sured the extinction coefficient at 355 nm. In order
to compare the extinction coefficient derived from the
Raman lidar with the extinction coefficient of particles
at 550 nm derived from the aircraft measurements, we
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Figure 4. Single-scattering albedo @ profile obtained from the scattering coefficient n.~asured by
the integrating nephelometer and the absorption coefficient measured by the particle soot absorp-
tion photometer using aircraft data (open circles) and surface data (solid squares), respectively.
There are no surface data available for August 1998.

scale the extinction coeflicient derived from the Raman
lidar osp,11 by
7(500)

Tsp,11(550) = 7(340)

Usp,rl(355)’ (3)
where 7(340) and 7(500) is the aerosol optical thickness
derived from the Sun photometer at wavelengths of 340
and 500 nm, respectively. When the Sun photometer
was not operated during the flight period (August 18),

we use the relation

550

355 4)

~l
up(550) = (322)  upn(355),
where [ is the exponent fitted to the aerosol optical
thickness 7 derived from the multifilter shadowband ra-

diometer by the Lundholm relation
(5)

where A is the wavelength. The Lundholm relation is
often referred to as the Angstrém relation, although

T=a)\",
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Figure 5. Ratio of the backward hemisphere

scattering to the total scattering b at 550 nm

estimated from aircraft data (solid circles) and surface data (solid triangles), respectively. There

are no surface data available for August 1998.

Angstrom [1929] acknowledges that the idea was not
his original.

In order to estimate the extinction optical thickness
7p at 450 and 700 nm, we assume that the absorption co-
efficient is constant with wavelength; we use the absorp-
tion coefficient measured at 565 nm for the value at 450
and 700 nm. Comparisons of 7, with the aerosol extinc-
tion optical thickness derived from the multifilter ro-
tating shadowband radiometer (7msrsr hereinafter) show
that 7, is smaller for the 3 days (Figure 6). The differ-
ences at 550 nm are 0.01, 0.02, and 0.01 for April 14,

September 27, and September 29, respectively, which
correspond to 10%, 32%, and 28% of Tifrse.

3.3. August 1998 Case Study

The averaging procedure for the scattering and ab-
sorption coeflicients is the same as for the previous three
cases (section 3.2); the scattering coefficient is averaged
over each flight leg. Figure 7 shows the profile of the
extinction coefficient of particles with and without the
humidity correction by (1) and (2). The extinction coef-
ficient corrected for ambient relative humidity is signif-
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Figure 6. Aerosol extinction optical thickness obtained from the multifilter rotating shadowband
radiometer (MFRSR) (open circles) and the Sun photometer (squares) as a function of wavelength
averaged over flight periods. Solid circles indicate the extinction optical thickness obtained by
summing the particle scattering and absorption coefficients measured by the airborne integrating
nephelometer and particle soot absorption photometer, respectively. The error bar indicates
the estimated uncertainty in the nephelometer-derived extinction optical thickness and +0.01
uncertainty for the MFRSR-derived extinction optical thickness. The solid and dashed line are
the result of fitting a Lundholm relation to the MFRSR and aircraft data, respectively. The
extinction optical thickness derived from the Raman lidar at 355 nm on September 27, 1997, is
also plotted (cross) with a vertical bar indicating the variation during the flight period.

icantly greater than the extinction coefficient measured
at low relative humidity, especially at the top of the
boundary layer where ambient relative humidity tends
to be the highest.

The extinction coefficient derived from the Raman li-
dar shown in Figure 7 is the value averaged over each
flight period after the values are scaled using (3) or (4).
Both aircraft- and Raman lidar-derived profiles have
maxima approximately the same height above ground
level. However, the profiles derived from the airborne
integrating nephelometer have not resolved a sharp in-
crease in the extinction coefficient near 2 km above
ground level on August 14 and 15. The leg-averaged
extinction coeflicients do not capture the increase at
2.5 km on August 17 because the aircraft did not fly
at that level. The leg-averaged extinction coefficient on
August 19 has a maximum at 2 km above ground level.

However, the value is smaller than that derived from
the Raman lidar.

The aerosol extinction optical thickness derived from
the multifilter rotating shadowband radiometer 7mgrsr
during flight periods on 4 of the 6 days does not ap-
pear to be affected by clouds based on the cloud screen-
ing process given by Harrison end Michalsky [1994].
Assuming the absorption coefficient is constant with
wavelength, we are able to obtain the extinction op-
tical thickness of particles at three wavelengths. For all
4 days, the extinction optical thicknesses of particles 7,
is smaller than 7iger (Figure 8). The difference varies
from 0.03 to 0.07, which corresponds to 25% to 31% of
Tmfrsr- Lhe value of 7, at 550 nm is 72% of Tigs: When
those are averaged over the 4 days (Table 1).

Since fair weather cumulus clouds formed during the
later part of all these flights, the particle sizes at the
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Figure 7. Same as Figure 3, but for August 1998.

top of the boundary layer changed rapidly during these
flights. Larger standard deviations, indicated by thick
horizontal bars at the top of the boundary layer in Fig-
ure 7, suggest a larger horizontal variability in the scat-
tering property of the particles. These spatial and, per-
haps, temporal variations can contribute to the differ-
ence between the airborne- and Raman lidar-derived ex-
tinction coefficient profiles. In addition, the integrating
nephelometer samples submicron particles and misses
particles the diameter of which is greater than 1 pm;
this can also be responsible for the difference. Further-
more, if the particles in the atmosphere contain more
hygroscopic material than the particles present at the
surface, we will underestimate Fgc,.

4. Discussion

4.1. Comparison of Extinction Optical
Thicknesses

The agreement between Tmss: and 7, depends largely
on the correction of the scattering coefficient measured
under lower relative humidity conditions. If particles
are completely hygroscopic, the size can change by up
to approximately 20% when they are dried from 60%
relative humidity to 20% relative humidity depending
on the state (dry or metastable) of particles [e.g., Tang
and Munkelwitz, 1994]. When a particle is small com-
pared with the wavelength, the scattering cross section
is proportional to the sixth power of the radius; when



14,712

August 17, 1998

Extinction Optical Thickness

. 0:6 0.I8 1
Wavelength (u m)

04

August 19, 1998

o
w

0.25r

o
[N

0.15}

Extinction Optical Thickness

o
o

06 08 1
Wavelength (u m)

0.4

KATO ET AL.: COMPARISON OF AEROSOL OPTICAL THICKNESS

August 18, 1998

0.5

Extinction Optical Thickness

ois 0:8 1
Wavelength (u m)

0.4

August 20, 1998

0351 \

o
w

0.25¢

o
[
v

0.15¢

Extinction Optical Thickness

°
o

026 0j8 1
Wavelength (u m)

0.4

Figure 8. Same as Figure 6, but for August 1998.

a particle is large compared with the wavelength, the
scattering cross section is proportional to the square of
the radius [Bohren and Huffman, 1983). Therefore a
20% increase in size corresponds to a factor of 1.4 to 3
increase in the scattering coefficient depending on the
size distribution of the dry particles. In order to reduce
the uncertainty in the humidity correction, we empiri-
cally estimate Fycy. The relation of Fy., estimated from
two integrating nephelometers operated under two dif-
ferent relative humidity conditions at the surface in-
dicates that the water uptake by particles is less than
that for purely hygroscopic particles. This suggests that
some fraction of particles are either dry or not hygro-
scopic.

Given instrumental errors and uncertainties in the
retrieved extinction optical thicknesses, the difference
between 7, and Tmesr On April 14, September 27, and
September 29 is not significant (Figure 6). However, the
larger differences obtained during August 1998 cannot
be explained by these uncertainties.

There are several possible reasons for the discrepancy
between 7, and Tmgrsr for the August cases including (1)
the fact that the sampling efficiency of the aircraft sam-
pling inlet is not known and exclude particles greater
than 1pm upstream of the integrating nephelometer and
particle soot absorption photometer, (2) cloud contam-
ination in the multifilter shadowband radiometer data,
(3) large temporal and spatial variations of the particle



KATO ET AL.: COMPARISON OF AEROSOL OPTICAL THICKNESS

14,713

Table 1. Comparison of the Extinction Optical Thickness at 550 nm

Boundary Layer
Average Relative

Date Time, UT MFRSR  Cimel Aircraft Raman Lidar Humidity, %
April 14, 1997 1730 - 1900 0.125 - 0.113 - 51.5
Sept. 27, 1997 1600 - 1800 0.066 0.058 0.045 0.047 (0.092) 45.9
Sept. 29, 1997 1830 - 2030 0.032 0.034 0.023 - 34.1
Aug. 14, 1998 1830 - 2030 - 0.379 0.321 0.497 (0.737) 72.8
Aug. 15, 1998 1900 - 2100 - 0.315 0.230 0.396 (0.593) 61.3
Aug. 17, 1998 1800 - 1940 0.183 0.185 0.127 0.182 (0.319) 51.5
Aug. 18, 1998 1700 - 1845 0.116 - 0.087 0.092 (0.186) 61.0
Ayg. 19, 1998 1600 - 1800 0.183 0.204 0.135 0.208 (0.338) 66.1
Aug. 20, 1998 1600 - 1800 0.249 0.250 0.178 0.187 (0.311) 59.8

Numbers in parentheses indicate the aerosol optical thickness at 355 nm.

extinction coefficients, and (4) errors in the humidity
correction to the integrating nephelometer data given
by (2).

When we fit the wavelength-dependent optical thick-
ness by (5), we can infer the size of particles by the
Lundholm exponent I. In order to find whether the
nephelometer missed large particles, we compute { from
the wavelength-dependent extinction optical thickness
derived from the multifilter rotating shadowband ra-
diometer and Sun photometer (Table 2) and compare
with [ derived from 7. If the integrating nephelome-
ter missed larger particles, ! derived from 7, should
be larger than that derived from the multifilter rotat-
ing shadowband radiometer and Sun photometer. The
result, however, does not support the hypothesis (Ta-
ble 2). In order to investigate the error in the Lundholm
exponent g1 due to the error in the extinction optical
thickness, we use [ Wilks, 1995]

Z?=1 e’
(n—2)Y ", (InX —In})2 ’

1/2

o) = (6)
where ¢; is the error of the Lundholm relation, n is the
number of wavelengths A; used to fit the Lundholm re-
lation, and In XA is the average of the logarithm of the
wavelengths. When we use € /7 for e; and the uncer-

Table 2. Comparison of the Lundholm Exponents

Date Time, UT MFRSR  Aircraft Cimel
April 14, 1997 1730 - 1900 1.44 - -
Sept. 27, 1997 1600 - 1800 1.38 1.47 1.67
Sept. 29, 1997 1830 - 2030 1.15 1.08 1.31
Aug. 14,1998 1830 - 2030 - 1.29 1.49
Aug. 15,1998 1900 - 2100 1.51 1.33 1.48
Aug. 17,1998 1800 - 1940 1.73 1.54 1.69
Aug. 18,1998 1700 - 1845 1.63 1.52 -
Aug. 19,1998 1600 - 1800 1.63 1.48 1.51
Aug. 20,1998 1600 - 1800 1.67 1.49 1.61

tainty in the optical thickness of 0.01 for €, o is ap-
proximately 0.2. Therefore the difference between I de-
rived from the multifilter rotating shadowband radiome-
ter and integrating nephelometer shown in Table 2 is
not significant. Therefore we cannot conclude whether
the integrating nephelometer misses large particles from
the Lundholm exponent.

With regard to cloud contamination, the Raman li-
dar did not detect clouds for these periods. The vertical
lines attached to the extinction optical thicknesses de-
rived from the Raman lidar in Figure 8 indicate the
variations in the extinction optical thickness during the
2 hour flight periods. The large variability suggests that
the size of particles changed rapidly if we assume that
the number concentration did not change very much.

While we are not able to address the reason of the
difference between these extinction optical thicknesses
further, we can check whether rfrsr gives observed di-
rect irradiances by pyrheliometers when it is used for
computations of the direct irradiance. The direct irra-
diance does not depend on the chemical composition of
particles and is almost independent of their size. How-
ever, the direct irradiance does depend on the water
vapor amount in the atmosphere. We use a water va-
por profile interpolated from soundings at the site com-
bined with the k-distribution method and correlated-k
approximation in order to compute the absorption opti-
cal thickness of water vapor [Kato et al., 1999]. We use
(5) to fit Tmersr to compute the extinction optical thick-
ness of aerosol at 32 wavelengths over the solar spec-
trum from 0.24 to 4.6 um [Kato et al., 1997; Kato et al.,
1999]. We use a formula given by Hansen and Travis
[1974] to compute the scattering optical thickness of
molecules. The resulting direct irradiance is 1.3% larger
than the average of the direct irradiance measured by
two pyrheliometers located at the central facility when
their measurements between 1500 and 1700 UT are av-
eraged over 4 days. Since the Atmospheric Science Di-
vision of the NASA Langley Research Center deployed
a cavity radiometer at the central facility on August
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Table 3. Estimated Single-Scattering Albedo and Sensitivity of the Albedo of the Atmosphere

Estimation Height Range, Fraction of Albedo of the Atmosphere
Date Source km Optical Thickness w 1p0=0.867 p0=0.5
April 14 Aircraft 00-1.0 0.3 0.927
Aircraft 1.0-1.6 0.4 0.945
Aircraft 1.6-20 0.3 0.942 0.193 0.222
Surface 0.0-20 1.0 0.961 0.194 0.223
Sept. 27  Aircraft 0.0-1.0 04 0.862
Aircraft 1.0-20 0.3 0.855
Aircraft 2.0-3.0 0.3 0.881 0.178 0.200
Surface 0.0-3.0 1.0 0.853 0.178 0.200
Sept. 29  Aircraft 0.0-15 1.0 0.839 0.183 0.202
Surface 0.0- 1.5 1.0 0.867 0.183 0.203
Aug. 17 Aircraft 0.0-20 1.0 0.912 0.182 0.213
Aircraft(dry) 0.0 - 2.0 1.0 0.904  0.182 0.212
Upper limit 0.0-2.0 1.0 0.945 0.185 0.216
Lower limit 0.0-20 1.0 0.639 0.164 0.188
Aug. 18 Aircraft 0.0 -20 0.5 0.906
Aircraft 2.0-3.0 0.5 0.948 0.181 0.208
Aircraft(dry) 0.0 - 2.0 0.5 0.882
Aircraft(dry) 20-3.0 0.5 0.935 0.180 0.207
Upper limit 0.0-3.0 1.0 0.926 0.181 0.208
Lower limit 0.0-3.0 1.0 0.675 0.170 0.192
Aug. 19  Aircraft 00-1.0 0.3 0.893
Aircraft 1.0-2.0 0.7 0.954 0.184 0.216
Aircraft(dry) 0.0-1.0 0.3 0.878
Aircraft(dry) 1.0-20 0.7 0.933 0.183 0.214
Upper limit 0.0-2.0 1.0 0.968 0.186 0.219
Lower limit 0.0-2.0 1.0 0.706 0.169 0.194
Aug. 20  Aircraft 00-15 0.6 0.934
Aircraft 1.5-3.0 04 0.940 0.186 0.223
Aircraft(dry) 0.0-1.5 0.6 0.926
Aircraft(dry) 1.5-3.0 0.4 0.927 0.185 0.222
Upper limit 0.0-3.0 1.0 0.952 0.188 0.225
Lower limit 0.0 - 3.0 1.0 0.667 0.162 0.190

The surface albedo is set to 0.2 for the computation. The water vapor profile derived from soundings
and from the midlatitude summer profile [McClatchey et al., 1972] is used for the April and September

1997 cases and August 1998 cases, respectively.

14, 1998, we can check the accuracy of the direct irra-
diance measured by pyrheliometers. Direct irradiances
measured by the two pyrheliometers on August 14 agree
with those measured by the cavity radiometer within 3
W m~2. Since the cavity radiometer is known to be ac-
curate within +0.3%, these results support that 7ifesr
is within a reasonable accuracy. However, the multifil-
ter rotating shadowband radiometer measured the ex-
tinction in the direction of the Sun, while the Raman
lidar and aircraft measurements sample particles that
are not in the same direction. Therefore the agreement
of the direct irradiance does not eliminate the problem
of sampling if particles are spatially and temporally in-
homogeneous.

4.2. Sensitivity to the Albedo of the
Atmosphere

Given the consistency between 7, and Tirsr, on April
14, September 27, and September 29 we are more con-

fident to derive the single-scattering albedo profile on
these days than the August 1998 cases. The single-
scattering albedo = varies from 0.839 to 0.945 on“these
3 days when it is averaged over the vertical layers in-
dicated in Table 3. Since the single-scattering albedo
w derived from the surface data is 0.03 to 0.04 dif-
ferent from w derived from aircraft data taken at the
lowest altitude, we address the sensitivity of the top of
the atmosphere albedo to these differences. When the
difference between 7, and Tifrsr is larger (the August
1998 cases), we treat the difference as the uncertainty
in the single-scattering albedo and perform a sensitiv-
ity study of the top of the atmosphere albedo to that
uncertainty. The highest w is given by treating the
difference between 7, and Timger as scattering. The low-
est w is given by treating the difference as absorption.
However, we believe that the low limit of @ is the value
derived from dry particles, which is @ computed with-
out the humidity correction to the scattering coefficient
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measured by the integrating nephelometer. The result-
ing w varies from 0.878 to 0.968 when it is averaged over
the vertical layers indicated in Table 3. In computing
the asymmetry parameter, we assume a lognormal num-
ber distribution for particles with a mode radius of 0.1
pm and a geometric standard deviation of 1.4, and we
use the refractive index of ammonium sulfate given by
Toon et al. [1976].

The maximum difference in the top of the atmosphere
albedo using w derived from the surface and aircraft
data is 0.001. The difference in the top of the atmo-
sphere albedo resulting from the upper and dry particle
limits of the single-scattering albedo slightly increases
with the solar zenith angle; the maximum difference is
0.003 for the four August cases (Table 3). Since the
globally and diurnally averaged downward irradiance
at the top of the atmosphere is 342 Wm™2, the dif-
ferences in the albedo of 0.001 and 0.003 correspond
approximately to 0.3 and 1 Wm™2 in the irradiance,
respectively. Therefore the difference in the top of the
atmosphere albedo for these three cases indicates that
using the single-scattering albedo measured at the sur-
face instead of using a profile derived from aircraft mea-
surements leads to a smaller perturbation of the upward
irradiance at the top of the atmosphere than the esti-
mated global averaged direct aerosol forcing perturba-
tion of -1 Wm™2 for sulfate aerosols [Charlson et al.,
1992]. When the difference between 7, and Tmfrse is
greater than the uncertainty in Tifrsr, the uncertainty
in w introduces an equivalent perturbation of the top of
the atmosphere albedo to the estimated global averaged
direct aerosol forcing perturbation. This sensitivity de-
pends on the size distribution of particles. We assumed
a mode radius of a lognormal number distribution of 0.1
pm and a geometric standard deviation of 1.4. When
the size of particles increases, we expect that the top
of the atmosphere albedo is less sensitive to w at given
extinction optical thickness because of increase of the
forward scattering by particles. Nevertheless, this sen-
sitivity analysis illustrates the difficulty in computing
the direct aerosol forcing perturbation given the uncer-
tainty in currently available data sets.

5. Conclusion

We obtained the ratio of the scattering coefficient
measured under wet and dry conditions as a function of
relative humidity feca from two integrating nephelome-
ters operated under different relative humidity condi-
tions at the surface in order to correct the scattering
coefficient measured by an airborne integrating neph-
elometer. The correction does not significantly increase
the scattering coeflicient measured under the dry con-
ditions of April 14, September 27, and September 29,
indicating that particles present on these days were
fairly dry. The differences between the extinction opti-
cal thickness of particles 7, and the aerosol extinction
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optical thickness derived from the multifilter rotating
shadowband radiometer Tmes: at 550 nm are 0.01, 0.02,
and 0.01 for April 14, September 27, and September
29, respectively; 7, is smaller for all three cases. If
we take into account the uncertainties of both optical
thicknesses, these differences are not significant.

For most of the August 1998 cases, the scattering
coefficient profile derived from the airborne integrating
nephelometer missed sharp increases in the scattering
coefficient at the top of the boundary layer, which are
shown in the Raman lidar extinction profile. The value
of 7, is 72% of Tmgrsr When these values are averaged over
four flight periods. The difference between the mod-
eled direct irradiance computed using Tmfrsr and the
measured direct irradiance by pyrheliometers is 1.3%,
which supports that Tfs, is within a reasonable ac-
curacy. Since an impactor was operated upstream of
the integrating nephelometer and particle soot absorp-
tion photometer to remove particles larger than 1 pm,
missing large particles can be responsible for the dif-
ference. Large variations in the extinction coefficient
derived from the Raman lidar and in the scattering co-
efficients measured at the top of the boundary layer
indicate a rapid change of the opticel properties of par-
ticles in these cases. This temporal and spatial variabil-
ity can contribute to the differences of these extinction
optical thicknesses. Furthermore, cloud contamination
in Toeesr and the error in the humidity correction to
the integrating nephelometer data can contribute the
difference.

Based on the comparison of the extinction optical
thickness, the single-scattering albedo for seven cases
varies from 0.84 to 0.97. When the difference between
the optical thickness of particles derived from aircraft
measurements and optical thickness of aerosol derived
from the multifilter rotating shadowband radiometer
is greater than the instrument uncertainties, the sen-
sitivity of the top of the atmosphere albedo to possible
variations in the single-scattering albedo indicates that
the uncertainty in the single-scattering albedo gives an
equivalent perturbation of the top of the atmosphere
albedo to the estimated globally averaged direct aerosol
forcing perturbation.
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