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Introduction

The extinction optical thickness of the atmosphere can be computed by measuring the attenuation of
direct solar radiation (DSR).  The aerosol extinction optical thickness in selected wavelength regions by
sun photometry (Shaw 1983) is the residual optical thickness after the molecular scattering optical
thickness and the ozone and nitrogen dioxide absorption optical thicknesses are subtracted from the
extinction optical thickness.  Since there is no other absorber known to have large cross sections and
high concentrations in the wavelength region coinciding with regions of large aerosol extinction cross
sections, this appears to be a reasonable assumption.  However, whether this residual optical thickness
(aerosol optical thickness [AOT]) is equal to the extinction optical thickness of particles needs to be
examined.  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 absorption photometer (PSAP) with the aerosol extinction optical thickness derived from a
ground-based (GB) Multifilter Rotating Shadowband Radiometer (MFRSR) (Harrison et al. 1994).  Few
attempts have been made to compare these two optical thicknesses, largely because there are not many
aircraft measurements collocated with GB measurements.  In addition, the scattering coefficient of
particles is typically measured under lower relative humidity (RH) rather than ambient conditions
because of instrumental heating (Ogren et al. 1996; Bergin et al. 1997).  Therefore, a humidity
correction is necessary to the scattering coefficient measured by an integrating nephelometer.
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Data

Aircraft Data

The Gulfstream-1 measured aerosol properties over the Southern Great Plains (SGP) central facility
(CF) (Lat. 97.48W, Long. 36.69N, Alt. 318m) during intensive operational periods (IOPs) in April 1997
and September 1997.  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
pattern before spiraling down over the CF.  The lowest altitude at which the aircraft took measurements
was approximately 100 m above the ground.  The scattering coefficient was measured by an integrating
nephelometer (TSI 3563, Anderson et al. 1996; Anderson and Ogren 1998; Heintzenberg and Charlson
1996) at the three wavelengths of 450 nm, 550 nm, and 700 nm.  We estimate that the uncertainty in the
measured scattering coefficient under dry conditions is less than 10%.  During the April 1997 IOP, the
integrating nephelometer experienced problems associated with the in-flight measurement of the
scattering coefficients of filtered air (zeroing check).  As a consequence, zero checks were performed
only during pre- and post-flight.  Therefore, we treat the difference between pre- and post-flight values
(7.59 M m-1 at 550 nm) as an additional uncertainty in the measured scattering coefficient for April 14.

Surface Data

While the aircraft took measurements over the CF, GB instruments were operated at the site.  The
extinction optical thickness of the atmosphere was computed from the direct irradiance measured by a
MFRSR at wavelengths of 415 nm, 499 nm, 610 nm, 665 nm, and 862 nm.

In order to compute the extinction optical thickness of aerosol from MFRSR data, we subtract an ozone
absorption optical thickness that is based on data taken at Boulder, Colorado, by the Climate Monitoring
and Diagnostic Laboratory (CMDL) of the National Oceanic and Atmospheric Administration (NOAA).
The monthly mean column amounts of ozone were 348 DU and 273 DU for April and September 1997.
We used an amount of 300 DU for August 1998.  These ozone amounts correspond to the absorption
optical thickness of approximately 0.01 at 500 nm.  However, we do not consider the absorption optical
thickness of nitrogen dioxide.  The absorption optical thickness of nitrogen dioxide is no more than 0.01.
We also neglect stratospheric aerosols.  Based on this and the error in the calibration, we estimated that
the uncertainty in the aerosol extinction optical thickness derived from the MFRSR is ±0.01.

The scattering coefficient was also measured at the CF by an integrating nephelometer (TSI 3563) at
approximately 20% RH (Bergin et al. 1998).  In addition to this integrating nephelometer, a second
integrating nephelometer was installed in December 1998 to measure the scattering coefficient as a
function of RH.  This is done by controlling RH 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 PSAP at the CF.  Further, a Raman Lidar
(Goldsmith et al. 1998) was operated during IOPs in September 1997 and August 1998.  The Raman
Lidar measures the extinction coefficients profile at 355 nm, which can be integrated with respect to
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height in order to estimate the extinction optical thickness of aerosol at 355 nm.  Among these data
taken during IOPs in April 1997, September 1997, and August 1998, we select data taken on April 14,
September 27, and September 29, 1997.

Results

Scattering Coefficient as a Function of Relative Humidity

Scattering coefficients were measured at lower RH than ambient conditions.  The extinction optical
thickness of particles integrated from the scattering and absorption coefficient, τp is given by
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where σsp and σap are the scattering and absorption coefficients, respectively, measured under dry
conditions, Fsca and Fabs are the humidity corrections to these coefficients, and RH is the RH of the
atmosphere (i.e., Hegg et al. 1997; Bergin et al. 1998).  While we assume that Fans is unity, we need to
estimate Fsca in order to compute τp.  Fsca depends on several factors including the size distribution and
chemical composition of dry particles, as well as state of particles, which were not measured in our
study.  Therefore, we estimate Fsca using two integrating nephelometers operated under different RH
conditions by
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where σsp (λ,RH) and σsp,ref(λ) is the scattering coefficient measured at wet and dry conditions,
respectively.  We use data taken at the surface from December 1998 to January 1999 to derive
Fsca(λ,RH).  In order to correct the scattering coefficient measured by the aircraft, we sort Fsca(λ,RH)
using bins with a 5% RH increment for all three wavelengths (Figure 1).  We then interpolate these
values at the ambient RH for the correction.

We computed τp by applying these relations for Fsca in Eq. (1) when the ambient RH is greater than 50%.
Fsca 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.

The April and September 1997 Case Study

We averaged the scattering coefficient measured by the integrating nephelometer equipped on the
aircraft over each flight leg.  The averaged scattering coefficient at 550 nm for three days shows that
although the maximum scattering coefficient occurs in the boundary layer, scattering by particles in the
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Figure 1.  The ratio of the scattering coefficient measured under wet conditions
to that measured under dry conditions as a function of the RH of wet conditions
for the three wavelengths.  The relation is obtained by fitting second order
polynomials to data.  Open circles and error bars indicate averaged values and
standard deviations for every 5% RH intervals.

free troposphere is not negligible (Figure 2).  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.

The Raman Lidar operated at the CF measured 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 scaled the extinction coefficient derived from the
Raman Lidar, σsp,rl, by
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Figure 2.  The extinction coefficients at 550 nm, which are the sum of the
scattering coefficient measured by the integrating nephelometer and the
absorption coefficient measured by the PSAP.  Closed and open circles are with
and without humidity corrections to the nephelometer data.  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.

where l is the exponent fitted to the AOT, τ, derived from the multifilter shadowband radiometer by the
Lundholm relation

-l  αλ=τ (4)

where λ is the wavelength.

In order to estimate the extinction optical thickness, τp, at 450 nm and 700 nm, we assume that the
absorption coefficient is constant with wavelength; we use the absorption coefficient measured at
565 nm for the value at 450 nm and 700 nm.  Comparisons of τp with the aerosol extinction optical
thickness derived from the MFRSR (τmfrsr hereinafter) show that τp is smaller for the three days
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(Figure 3).  The differences at 550 nm are 0.01, 0.02, and 0.01 for April 14, September 27, and
September 29, respectively, which correspond to 8%, 30%, and 31% of τmfrsr.

Figure 3.  The aerosol extinction optional thickness obtained from the MFRSR
(open circles) as a function of wavelength averaged over flight periods.  Closed
circles indicate the extinction optical thickness obtained by summing the particle
scattering and absorption coefficients measured by the airborne integrating
nephelometer and PSAP, 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 lines 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 (x) with a vertical
bar indicating the variation during the flight period.
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Conclusion

We obtained the ratio of the scattering coefficient measured under wet and dry conditions as a function
of RH, Fsca, from two integrating nephelometers operated under different RH conditions at the surface in
order to correct the scattering coefficient measured by an airborne integrating nephelometer.  The
differences between the extinction optical thickness of particles, τp, and the aerosol extinction optical
thickness derived from the MFRSR, τmfrsr, at 550 nm are 0.01, 0.02, and 0.01 for April 14,
September 27, and September 29, respectively; τp is smaller for all three cases.  If we take into account
the uncertainties of both optical thicknesses, these differences are not significant.
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