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Abstract. Aerosol optical properties were measured by 1 Introduction
NOAA's Airborne Aerosol Observatory over Bondville, 1lli-
nois, during more than two years using a light aircraft. Mea-Aerosol particles directly affect the Earth’s radiative bal-
sured properties included total light scattering, backscatterance both directly, by scattering and absorbing solar radia-
ing, and absorption, while calculated parameters includedion (Charlson et al., 1991, 1992; Kiehl and Briegleb, 1993),
aerosol optical depth (AOD)Angstiom exponent, single- and indirectly, through their action as cloud condensation nu-
scattering albedo, hemispheric backscatter fraction, asymelei (CCN)in cloud formation (Kaufman et al., 2005), having
metry parameter, and submicrometer mode fraction of scatbeen identified as one of the greatest sources of uncertainty
tering. The in-situ aircraft measurements are compared her# the interpretation of the Earth’s climate, on both global and
with AERONET measurements and retrievals of the aerosoregional scales (Intergovernmental Panel on Climate Change,
optical properties at the same location, although it is difficult IPCC, 2007).
to verify the AERONET retrieval algorithm at a site that is  The key aerosol optical properties needed to estimate the
not highly polluted. The comparison reveals discrepanciesaerosol radiative forcing of climate are the relative amounts
between the aerosol properties retrieved from AERONETOf light scattering and absorption by the aerosol, the frac-
and from in-situ aircraft measurements. These discrepancieon of the incident solar radiation that is scattered upward
are smaller for the AOD, while the biggest discrepancies ardo space by the suspended particles (upscatter fraction), and
for the other derived aerosol properties. Possible sources dhe aerosol optical depth. The knowledge of these properties
discrepancy between the AOD measured by AERONET andhlong with estimates of solar, atmospheric, and surface prop-
the one calculated from the in-situ aircraft measurements arerties permits calculation of cloud-free sky direct aerosol ra-
investigated. The largest portion of the AOD discrepancy isdiative forcing effects (Haywood and Shine, 1995).
likely due to an incorrect adjustment to ambient RH of the Aerosol optical properties relevant for direct radiative
scattering coefficient. Another significant part (along with forcing calculations can be obtained in various ways includ-
uncertain nephelometer truncation corrections) may comeéng in-situ and remote sensing measurements based at the
from the possibility that there might be less aerosol belowsurface, aloft or in space. The globally distributed AErosol
the lowest flight altitude or that the aircraft inlet excludes RObotic NETwork (AERONET) consists 68680 Sun and
aerosol particles larger than 5-7 um diameter. sky-scanning ground-based automated radiometers and pro-
vides column measurements of aerosol optical properties,
with up to ten years of observations in some locations (Hol-
ben et al., 2001). In-situ measurements of aerosol optical
properties and composition are made by numerous ground-
based networks around the world (e.g. Delene and Ogren,
2002; VanCuren, 2003). However far fewer in-situ vertical
profile measurements of the entire suite of aerosol optical
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properties needed to calculate aerosol radiative forcing hav@ Experimental approach
been made (Hegg et al., 19964, b; Kotchenruther et al., 1999;
Sheridan and Ogren, 199@stbm and Noone, 2000; Rus- 2.1 Airborne aerosol observatory
sell and Heintzenberg, 2000; Sheridan et al., 2002; An-
drews et al., 2004; Osborne and Haywood, 2005; Taubmarl he data are obtained by flying an instrumented light aircraft
et al., 2006). Of these in-situ profile measurements mos{Cessna T206H) near NOAA's regional monitoring station at
have been made during short-term field campaigns on the oBondville, lllinois, (400312 N, 88°2219" W, 229 m above
der of weeks to months, with the exception of Taubman etsea level, a.s.l.). This site is an anthropogenically influenced,
al. (2006) and Andrews et al. (2004), who presented in-situcontinental station located at the lllinois State Water Sur-
aerosol vertical profile results from the first 2yr of an 8yr vey's Bondville Environmental and Atmospheric Research
measurement program over the Southern Great Plains (SGRjte. It is located 6.5 km south of Bondville, 16 km west of
cloud and radiation test bed site. Results from Andrews etChampaign-Urbana (population 200 000), and is surrounded
al. (2004) showed that long-term surface aerosol measurgdy corn and soybean fields. A climatology of aerosol proper-
ments at SGP statistically capture the column aerosol propetties observed at Bondville has been reported by Koloutsou-
ties, but may not be as representative of day-to-day variation¥akakis et al. (2001) and Delene and Ogren (2002).
in the column. The comparison of aerosol optical depth cal- The aerosol system on the AAO aircraft is similar to the
culated from the vertical profiles with other measurementssystem operating on the In-situ Aerosol Profiles (IAP) air-
of AOD made at SGP (i.e. by the Cimel Sun photometercraft, described in detail in Andrews et al. (2004). The
and the multifilter rotating shadowband radiometer, MFRSR)airplane is instrumented with an integrating nephelome-
showed fair correlation, but the AOD derived from the col- ter (TSI Model 3563, three-wavelength (450, 550 and
umn measurements made at SGP was typically about 409800 nm), total and hemispheric backscatter capabilities),
higher than the AOD calculated from the in-situ vertical pro- three single-wavelength nephelometers (Radiance Research
files, with most of the difference due to an offsetre.04 (at ~ Model M903, 1 =545 nm) downstream of an impactor with
550 nm wavelength) between the two approaches. a 1 um cut diameter, and a filter-based light absorption pho-
Aircraft profiling can be a relatively inexpensive method tometer (Radiance Research PSAP, three-wavelength, 467,
to measure in-situ aerosol properties in the vertical over théb30 and 660 nm). A heater upstream of the instrumenta-
long term when using a dedicated light aircraft. In 2006 tion ensured that measurements were made at low relative
NOAAs Airborne Aerosol Observatory (AAO) began fly- humidity (RH) conditions (RH< 40 %), except for two of
ing routine profiles over central lllinois using a small aircraft the Radiance Research nephelometers that were operated
similar to that described in Andrews et al. (2004) but with at 65% and 85% RH (Covert et al., 1972; Gast al.,
an enhanced payload. Flights occurred 1-2 times per weeR000). Particle losses due to ammonium nitrate volatiliza-
with the tandem goals of making climate measurements andion in the heated nephelometer were estimated to reduce
verifying satellite observations. AAO measurements relevaniight scattering by 1-8 % (maximum in winter), based on
to this paper include: vertical profiles of spectral aerosolthe measured sample temperature in the nephelometer, the
scatteringosp(), hemispheric backscatteringysp(2), and ~ measured loss of ammonium nitrate in the nephelometer as
aerosol absorptiomap(1). Unless otherwise noted, values of a function of temperature and residence time (Bergin et al.,
spectral aerosol optical properties, including AOD, discussedl997), and the seasonally-averaged fraction of light scat-
in this paper all refer to a wavelength of 550 nm. tering attributable to ammonium nitrate derived from IM-
The objective of this paper is to investigate the sources ofPROVE chemical composition measurements at the surface
the observed discrepancies between the AAO’s in-situ meaat Bondville (Hand et al., 2011; J. Hand, personal communi-
surements and the AERONET AOD measurements and aleation, 2012).
mucantar inversion products. This kind of validation has The shrouded inlet on the AAO aircraft is a copy of the
been limited to a few case studies, mostly under conditiongnlet used on the NASA DC-8, which was characterized by
of high AOD (Remer et al., 1997; Ramanathan et al., 2001;McNaughton et al. (2007). The DC-8 aerosol inlet system
Bergstrom et al., 2003; Haywood et al., 2003; Reid et al.,was determined to have an overall sampling efficiency (the
2003; Smirnov et al., 2003; Chand et al., 2006; Leahy et al.product of the efficiency with which particles enter the in-
2007; Osborne et al., 2008; Schafer et al., 2008; Atkinson etet and the passing efficiency of the sample tubing between
al., 2010; Johnson et al., 2009). the inlet and the instruments) of 50 %) for particles of
5um aerodynamic diameter, and was largely controlled by
the sampling efficiency of the shrouded inlet, which can be
used as the basis for estimating the overall efficiency of the
AAQ inlet system. The DC-8 tests were done at an airspeed
of 100m s, twice as fast as the sampling speed of the AAO
aircraft. Assuming that inertial effects control the sampling
efficiency of the shrouded inlet, the valueg should scale
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as the inverse square root of airspeed, yieldimsgof 7 um using the humidity measured with the RH sensor on the air-
at the AAO airspeed of 50 nT$. At this size, losses in the craft and the hygroscopic growth equation for the aerosol de-
downstream tubing are calculated to be only 5 %, suggestingived from 12 months of data at Bondville surface site by
that the effectiveDsg of the overall AAO inlet systemis close Koloutsou-Vakakis et al. (2001). No correction is applied
to 7 um. A Dsg for this inlet and air speed of 7 um diameter to account for the possible contribution of unsampled par-
however implies that some fraction of particles smaller thanticles above the highest flight level or larger than the 5—
7 um are also excluded from or removed in the inlet. Based? um upper cutoff diameter. Moreover, the 10 level legs
on scaling the results of the McNaughton et al. (2007) studyof each profile flight are assumed to be representative of
to our air speed, it is reasonable to conclude that there wouldhe air immediately above and below them. The scatter-
be minor losses of particles in the 5-7 um diameter range iring and absorption column averages are calculated from the
our inlet system and that particles smaller thahum diam-  sum of the products of layer thickness and the aerosol scat-
eter efficiently pass the inlet at 95-100 % efficiency. tering or absorption coefficient in that layer for each of the

The aircraft flew 286 vertical profiles between June 200610 level legs. The layer thickness; is defined as the dis-
and October 2008. The flights were made 1-2 times eachance from the midpoint between the current lei/ednd the
week, randomizing the day of week and the time of day!level below up to the midpoint between the current level and
but limited to daylight hours only. The profiles were flown the levelaboved; =[(¢;+1 — £:)/2]+[(¢; — £i-1)/2]). Later,
15km northwest of the Bondbville site, due to flight safety the wavelength of the absorption coefficient is adjusted to
restrictions resulting from the proximity of the Bondville 550 nm by power law interpolation. Finally, the column aver-
site (8km) to the Champaign Willard Airport. For each age scattering coefficient is added to the column average ab-
profile flight, the Cessna flew 10 level legs at altitudes of Sorption coefficient to determine the ambient AOD at 550 nm
457, 610, 914, 1219, 1524, 1829, 2438, 3048, 3658, andor the profile. The ambient column average intensive pa-
4572 ma.s.l. (these altitudes correspond to flight altitudes ofametersngstidm exponenty, g, b) are calculated from
1500, 2000, 3000, 4000, 5000, 6000, 8000, 10000, 12 0octhe column average absorption, scattering, and hemispheric
and 15000 feeta.s.l.). The plane spent approximately 10 mifackscattering coefficients.
at the five highest levels and then 5min at each of the five
lower levels. In addition to the 10 stair step profile levels, the2-2 AERONET sun photometer

plane flew an additional Ieve_l leg at 457 ma.s.l. directly OVer \ERONET sun photometer measurements are also made
the surface measurement site so that the surface and Ioweg . . : .
the Bondville site. For the comparison of aerosol opti-

flight level leg measurements could be directly compared. cal properties, the “level 2.0” almucantar inversion products

Measured aerosol optical properties include light absorp+or 2006—2008 were downloaded from the AERONET web-
tion (oap), light scattering ¢sp) and hemispheric backscat- sjte nttp://aeronet.gsfc.nasa.gohe almucantar inversion
tering Ebsp) coefficients at three wavelengths p <7pm,  products include, among other things, column-average sin-
and light scatteringdsp) coefficient at one wavelength for e scattering albedo, asymmetry parameter, phase function
Dp<1lum. Fromogp and osp the extinction coefficient  (which allows the calculation of the hemispheric backscat-
oext=0ap* osp Can be calculated. Several climatically im- ter fraction), and Fine Mode Fraction (FMF) (Dubovik and
portant aerosol optical parameters also can be calculatecking, 2000; O'Neill et al., 2001). AERONET data were
including: single scattering albedo, = osp/(osp+ oap); the  matched with AAO data using the criteria that the single
asymmetry parameter, estimated with the empirical relation;AERONET measurement to be used in the comparison was
ship g = —7.143%° +7.4644)? — 3.9636 +0.9893, where  yithin +/—2 h of the end of the corresponding AAO flight.

b is the hemispheric backscatter fractid=obsgosp) (AN- For those cases where there was more than one AERONET
drews et al., 2006); and the submicrometer mode scatteringseasurement within that time period, the closest to the end
fraction, calculated as FMEaelXLtlm/ogX‘tim. of the AAO flight was the one used in the comparison.

Measurements from the nephelometers were corrected for The aerosol properties obtained from AERONET differ
angular nonidealities using the algorithms described by An-in wavelength, altitude range covered, humidity conditions
derson and Ogren (1998). Measurements from the PSARNd particle size cut from those observed using the in-situ
were corrected for sample area, flow rate and nonidealitiegnstruments on the aircraft. Nonetheless, by adjusting the
in the manufacturer’s calibration (Bond et al., 1999; Ogren,in-situ measurements to ambient conditions, adjusting the
2010). Measurement uncertainties for the PSAP and nephwavelength of the AERONET measurements to 550 nm by
elometer have been described in detail elsewhere (Bond etower law interpolation, and integrating over the column we
al., 1999; Anderson et al., 1999). can quantitatively compare the two sets of measurements. In

To calculate ambient AOD from the AAO measurements the following discussion, all observayons are adjusted to a
the following procedure was used. First, the flight data arevavelength of 550 nm, unless otherwise noted.
adjusted to ambient temperature, pressure and relative hu-
midity. Scattering coefficients are adjusted to ambient RH
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Fig. 2. Comparison of AAO aircraft calculated aerosol optical depth
with AERONET optical depth (adjusted to 550 nm).

Fig. 1. Daily average of the AAO aircraft calculated aerosol opti-
cal depth and of the AERONET optical depth (at 440 nm) during ) ) R )
the study period, and indicators of the days when AAO data are'égression), with the AERONET column-averalyegstiom

available. exponent being lower than that calculated using the AAO
measurements. Becaubegstiom exponent is inversely pro-
portional to particle size, one possible reason for this discrep-

3 Results ancy is the differences in the size of aerosols detected by each

measurement technique.

A summary of the AERONET AOD observations during the ~ The comparison of the ambient, column-average, single
study period is shown in Fig. 1, along with indicators of the scattering albedo yielded only a single point (out of 157 can-
days when AAO data are available. Figure 2 shows the Com.didate ﬂlghtS) that met the AERONET “level 2.0” inversion
parison of the AOD measured by the AERONET sun pho_criteria. The single comparison point was 0.93 for AAO vs.
tometer with that calculated from the AAO aircraft measure-0-91 for AERONET (at 550 nm wavelength). The low per-
ments for ambient conditions of temperature, pressure, an§entage of “level 2.0 retrievals points out the difficulty of
relative humidity. Only complete flights, i.e. flights with Vvalidating the AERONET retrievals in regions that are not
valid oap andosp data for all ten levels were used in this com- highly polluted, as the “level 2.0” product requires AOD to
parison. A total of 157 flights met these criteria. The com- be greater than 0.4 at 440 nm wavelength (Dubovik et al.,
parison shows good correlation for both fits us@d 4 0.80 ~ 2000), a value that is rarely observed at Bondville (see the
for the standard linear regression not forced through zero anforizontal line in Fig. 1). The AERONET “level 2.0” screen-
R2~0.72 when the line is forced through zero), although iNg includes other criteria in addition to AOD0.4, which
the AERONET AOD values are higher than the calculated€xplains the points in Fig. 1 above the horizontal line that
AAO AOD by nearly a factor of 1.5 on average, based on thedid not yield single-scattering albedo retrievals. If we in-
slope of the line forced through zero. Moreover, the standarcfluded in our comparison the highly uncertain, low reliabil-
regression line had a significant offset#0.05, similar to ity AERONET “level 1.5” single scattering albedo data the
the offset observed by Andrews et al. (2004) over Oklahomanumber of points would increase to 30, but we would observe
Other studies have also observed that aerosol optical deptigat the values for AERONET and AAO are very poorly cor-
measured by remote sensing and in-situ instrumentation aréelated &%~ 0.23 for the standard linear regression).
well correlated, and that AOD retrieved from remote sensing Figure 4 shows the comparison of the aerosol backscatter
measurements are typically higher than the AOD calculatedraction and the asymmetry parameter. For these two param-
from in-situ measurements (e.g. Schmid et al., 2000, 2009€ters, AAO has a wider range of values than AERONET. The
Hartley et al., 2000; Sheridan et al., 2002; Andrews et al.,high AAO values of the backscatter fractianx 0.13) were
2004). obtained on relatively clean days (AGP0.07), i.e. days
Figure 3 shows the comparison of thegstibm expo- when the signal/noise ratio of the nephelometer data was low,

nent calculated from the AERONET measurements with thaland thus less reliable. These variables are closely related to

calculated from the AAO aircraft measurements for ambi-‘:"]‘:"chh other ?”d_' like thA_nrg])srt]rgm exponent, are indicators
ent conditions of temperature, pressure, and relative humid?® the particle size. As with thangstibm exponent compar-

ity. The wavelength of the AERONET retrievals has been ison, these plots suggest that the AERONET measurement

adjusted to 550-700nm by power law interpolation. TheMaY include more large particles than does AAO.
data are poorly correlate®? ~ 0.40 for both types of linear

Atmos. Chem. Phys., 12, 2982003 2012 www.atmos-chem-phys.net/12/2987/2012/



>
Py

N
o

+ AERONET

2.0 * - *
TS .
* e e
. e . :“‘ .
153 R S
*.0 PR R
15 *s .
* o P 3 *
- i®
LA -
-
1.0 *
MRS

AERONET Angstrém exponent (550-700 nm)
g !
*

4
o

0.0 0.5 1.0 15 20 25
AAO Angstrém exponent (550-700 nm)

Fig. 3. Comparison of AAO aircraft calculatelihgstom exponent
with AERONET Angstidm exponent (adjusted to 550—-700 nm).

. Esteve et al.: Sources of discrepancy between AOD from AERONET and in-situ aircraft profiles

2991

AAO asymmetry parameter (550 nm)
0.50 0.55 0.60 0.65 0.75

0.75

0.40 0.45 0.70

+ backscatter fraction
= asymmetry parameter
---- mean

mean=0.53

o
3
=)

o
kY
a

o
Y
S

0.15

o
o
a

.
o
o
o

AERONET backscatter fraction (550 nm)
o
&

(wu 0gs) Jerewesed AnswwAse | INOYIY

mean=0.16

o
Y
S

0.10 0.15 0.20
AAO backscatter fraction (550 nm)

o
N
o

Fig. 4. Comparison of AAO aircraft calculated hemispheric
backscatter fraction and asymmetry parameter with AERONET
hemispheric backscatter fraction (calculated from the phase func-
tion and adjusted to 550 nm) and asymmetry parameter (adjusted to
50 nm).

The spectral AOD from AERONET measurements is used5
to calculate the Fine Mode Fraction (FMF) of aerosol optical
depth (O'Neill et al., 2001). Figure 5 shows a comparisonon investigating potential causes of the differences between
of the FMF calculated from the AERONET measurementsthese two sets of measurements, in particular the differences
with the submicrometer mode scattering fraction (FMfal-  jn AOD. Possible sources of discrepancy between the AOD
culated from the AAO scattering measurements. Althoughmeasured by AERONET and that calculated from the AAO

AERONET jUSt prOVideS “level 1.5” FMF, for our compar- gajrcraft measurements include:

ison we have only used those FMF data with “level 2.0”

AOD data. AERONET calculates the FMF at 500 nm, while 1. incorrect adjustment afsp and opsp vValues to ambient

AAQ’s submicrometer Mode Fraction (FMHs calculated

at 545 nm. Surface data from Bondville show that the aver-
age FMFE at 500 nm is 0.84, compared to an average value
of 0.82 at 550 nm, so that the bias due to the different wave-
lengths for FMF and FMFis minimal. Moreover, FMFis
calculated from scattering only, since the submicrometer ab-
sorption coefficient was not measured on the airplane. This
difference is minor, however, because scattering accounts for
about 90 % of extinction. We can observe that AAO values
are slightly higher than the AERONET values, with a nar-
rower range of values. Differences in this comparison may

3.

4,

5.

RH due to choice of hygroscopic growth parameteriza-
tion or uncertainties in measured RH;

. aircraft inlet excludes larger aerosol particles, while

AERONET sun photometer measures all particles;

aerosol layers below, between or above the fixed flight
altitudes;

incorrect correction of the nephelometer data for angu-
lar nonidealities, including truncation effects;

incorrect AERONET AOD cloud screening method;

partly be due to the different definition of “Fine Mode”: the
airplane impactor has an aerodynamic diameter of 1 um, cor- g
responding to a geometric diameter of about 0.7 um, while
the AERONET fine mode is not defined on the basis of a spe-
cific particle size, but rather on an optical definition relying 7.

on the spectral response of the coarse mode aerosol. L
P p . . 8. bias in the AAO and/or AERONET measurements.
Table 1 summarizes the main results of the comparison of

the aerosol properties calculated from AERONET with thosegg|ow we explore the viability of each of these hypotheses.
calculated from AAO.

. incorrect adjustment of the wavelength of the
AERONET sun photometer to 550 nm;

temporal variability of the aerosol optical properties;

4.1 Correction to ambient RH

A possible cause of the discrepancy between the AOD mea-
sured by AERONET and the one calculated from the AAO
The comparisons presented in Figs. 2-5 suggest discrepamircraft measurements is the method used to adjust the AAO
cies (in some cases quite large) between the two approacheseasurements made at low RH to ambient RH conditions.
for determining AOD and column average intensive parame-As described earlier, the ambient RH sensor on the air-
ters such as single scattering albedo. In this section we focuplane was used in conjunction with the Koloutsou-Vakakis

4 Discussion
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Table 1. Mean values of the AOD§ngst@m exponent, single scattering albedo, hemispheric backscatter fraction, asymmetry parameter,
and FMF for AAO and AERONET, along with results of least-squares linear regressions and correlation coefficients for the comparison

between AERONET and AAO.

AAO AERONET Standard linear R?2 Linear R?
mean mean regression y=ax+b regressiof y=ax
y=ax+b y=ax
AOD 0.09 0.15 y=1.1%+0.05 0.80 y=14% 0.72
a 1.82 1.53 y=0.92 —0.18 0.40 y=0.82 0.40
wo 09 0.9P - - - -
b 0.16 0.09 y=0.32+0.04 0.35 y=0.53x 0.18
g 0.53 0.66 y=0.24+0.53 0.26 - -
FMF 079 0.76 y70.66+0.18  0.23 y=0.8%  0.21

ax=AAO, y=AERONET.
b These are not “mean” values, they are the values for the only overlapping “level 2.0” data point from AERONET.
¢ The standard significance level & 0.05) is exceeded.
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Fig. 5. Comparison of AAO aircraft calculated submicrometer Fig. 6. Comparison of AAO aircraft calculated aerosol optical depth
Mode Fraction (at 545 nm) with AERONET Fine Mode Fraction with AERONET optical depth (adjusted to 550 nm) for flights that
(at 500 nm). have a RH< 60 % for all 11 levels.

et al. (2001) equation derived from 12 months of data at theto ambient RH; we explore the two components of that ad-
surface site to make this adjustment. Alternative hygroscopigustment (AAO RH measurement and choice fdRH) pa-
growth adjustment strategies, including a parameterizatiorfameterization) below.
based on aerosol chemistry and fitting a curve to the AAO To discuss the hypothesis of the incorrect RH measure-
humidified nephelometer measurements, which will be ex-ments on AAO, the RH data from atmospheric soundings
plored later, were not considered due to the shorter period ofrom Lincoln, lllinois, are compared with the AAO ambi-
reliable measurements available. ent RH measurements. Lincoln is located 60 km west of
For flights where the RH of all the flight segments is Bondville, and mesoscale variability of humidity is expected
less than 60 %, the adjustment to ambient RH is minimal.to make the comparison noisy. However, this variability is
Figure 6 shows the comparison of the AOD measured byunlikely to contribute a significant bias to the comparison.
AERONET with that calculated from the AAO aircraft mea- Figure 7 shows box-whisker plots of the seasonal vertical
surements for this low RH criteria and suggests that theprofiles of the RH from the atmospheric soundings corre-
agreement between the AOD measured by AERONET andponding to AAO flights and the median RH from the AAO
the one calculated from the AAO aircraft measurements isflights. This plot suggests that the AAO RH sensor tends to
significantly improved at low RH conditions (although there read lower than the soundings. Some differences in RH are
is still an offset on the order of 0.05). Figure 6 lends sup-expected, however, due to the different sampling protocols:
port to two hypotheses: (a) unsampled particles or bias in thé\AO flights avoid clouds while the soundings measure the
AERONET AOD measurement contributes a constant AODentire profile.
of about 0.05, and (b) there is a problem with the adjustment

Atmos. Chem. Phys., 12, 2982003 2012 www.atmos-chem-phys.net/12/2987/2012/



A. R. Esteve et al.: Sources of discrepancy between AOD from AERONET and in-situ aircraft profiles 2993

5000 - E 5000 g
4000 F = 4000 - - =
£ 3000 = £ 3000 - = =
[0} E [} E — =
© = © - 3
2 C 2 C 3
< 2000 < 2000 E
1000 | 1000 | = — ]
ok 0 g Summer L] ~ — : f ]

0 20 40 60 80 100 0 20 40 60 80 100

RH (%) RH (%)

5000 - - 3 5000 g — 7
4000 - — 4000 - —— .
£ 3000 - = £ 3000 - — 7
@ = 4 0] E — |
© I 3 © = Te— |
2 = o 2 = - =
< 2000 E < 2000 ]
1000 | —— 1000 | — =— ]
of fal r—) E oL winter — E

0 20 40 60 80 100 0 20 40 60 80 100

RH (%) RH (%)

Fig. 7. Seasonal vertical profiles of the RH from the atmospheric soundings at Lincoln, lllinois, corresponding to AAO flights (box-whisker
plots) and the median RH from the AAO flights (yellow line).

In order to see how an erroneous reading from the AAOPOM and S@‘ mass fractions, and a reference RH of 40 %,
RH sensor might affect the results, the AAO AOD was re- g value of gammay(=0.9— 0.6 x (POM/(POM +s(j—)))
calculated using the RH from the atmospheric sounding inof 0.67 was calculated. An identical gamma value is obtained
place of the RH from the AAO RH sensor. The result showsysing the IMPROVE (Interagency Monitoring of PROtected
that the AAO AOD adjusted to the ambient RH from the at- Visual Environments) chemistry measurements made at the
mospheric sounding is only 3% higher than the value de-Bondville surface site between January 2006 and Decem-
rived from the AAO RH sensor, with very high correlation ber 2008, assuming an organic carbon fraction, which is the
(R?=0.94). This suggests that, if the discrepancy is relatedratio of organic-mass-to-organic-carbon, of 1.4. A gamma of
to the humidity adjustment, it is more likely due to an incor- 0.67 yields an estimated(RH) (at 82.5% RH) of 2.28 us-
rect hygroscopic growth equation than to errors in the ambi-ing the Quinn et al. (2005) parameterization compared to the
ent RH measurements on AAO. f(RH) value of 1.5 ¢ =0.33) derived from the Koloutsou-

Next, alternative hygroscopic growth adjustment strate-Vakakis parameterization for the same RH.
gies, including a parameterization based on aerosol chem- A third gamma value can be derived from the three Ra-
istry and fitting a curve to the AAO humidified nephelometer diance Research nephelometers on the AAO aircraft. These
measurements, are explored. Quinn et al. (2005) derived aephelometers measured the submicrometer scattering coef-
parameterization for the hygroscopic growth factéfRH), ficient as a function of RH€40 %, 65 %, and 85 %), but reli-
based on the relative amounts of particulate organic matteable data are only available for a subset (12) of the flights. A
(POM) and sulfate (ng) in the aerosol. Simultaneous mea- median value of gamma of 0.51 is derived by fitting a curve
surements of POM and SO are not available from the AAO ~ Of the form f(RH) =[(1 — RHweo/(1 — RHary)] ™ to the hu-
aircraft, however, they were both measured during limited-midified nephelometer measurements on AAO. This value of
duration campaigns as part of the Koloutsou-Vakakis etdammaresultsin an estimat¢@RH) (at 82.5% RH) of 1.87,
al. (2001) study off (RH) at Bondville. For those campaigns, intermediate to the values derived from the chemical compo-
POM and SG~ were 22.3% and 36.6 % of the submicrom- Sition and Koloutsou-Vakasis approaches.
eter aerosol mass, respectively. Using those values of the
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Fig. 8. Hygroscopic growth factor for light scattering;(RH), ®
for Koloutsou-Vakakis et al. (2001) parameterization, Quinn et o ¥ = (1,999 £ 0,004 A
al. (2005) parameterization, and the limited AXDRH) analysis. '

Figure 8 shows the scattering hygroscopic growth fac-
tor, f(RH), for both gamma parameterizations and the
Koloutsou-Vakakis f(RH) analysis. We note that the
Koloutsou-Vakakis et al. (2001) parameterization used to ad-
just the AAO data to ambient RH is consistent with the re- o
sults obtained for the FAAM BAe146 aircraft over the UK
for the period 2006—2007 (Haywood et al., 2008). It is be- oo

AOD (amb RH) (y=0.51)
°
w

¢ AOD
11
—linear
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yond the scope of this work to determine what causes the AOD (amb RH) (Koloutsou-Vakakis)
differences in these three parameterizations so we will just
utilize them to show the range of possibilities. Fig. 9. Comparison of AAO aircraft calculated AOD adjusted

As a test of the sensitivity of the calculated AOD to the © ambient RH usinga) Quinn et al. (2005) parameterization
choice of f(RH) parameterization, the calculations were re- % .20'67) ano(b).AAO f(RH) analysis ¢ =0.51) W'th AAOC AOD
peated using the Quinn et al. (2005) parameterization, with é?:r]::ttggzzignm;?fgtg; (;tsgnsgolz?gutsou-Vakakus etal. (2001) pa-
value of gamma of 0.67, and the AAQ(RH) analysis, with ' '

a value of gamma of 0.51. Figure 9 shows the comparison of

the AAO aircraft calculated AOD adjusted to ambient RH us-

ing Quinn et al. (2005) parameterization£ 0.67) (Fig. 10a) growth parameterization. Using the highest gamma value re-
and AAO f(RH) analysis ¢ = 0.51) (Fig. 10b) with the AAO sults in the best comparison between AAO and AERONET
AOD adjusted to ambient RH using Koloutsou-Vakakis et AOD, but there is still a significant discrepancy. The best
al. (2001) parameterizatiory € 0.33). Using these alterna- agreement between AAO and AERONET AOD would re-
tive £(RH) adjustments results in enhancements ofioe4 ~ quire a value ofy =0.73, which would yield a regression
percent { =0.51) or 17.8+ 0.8 percenty = 0.67) in calcu- slope of 0.99 andk?=0.80; however, the intercept of 0.05
lated AOD compared to that calculated using the Koloutsou-would remain even in this case.

Vakakis equationy = 0.33). This enhancementisintheright To see how the different adjustments and measurements
direction but is not enough to explain fully the observed dis- of ambient RH affect the contribution of humidified aerosol
crepancies between the AOD measured by AERONET andayers to the AOD calculated from the AAO aircraft measure-
the one calculated from the AAO aircraft measurements.  ments, the cumulative fraction of the aerosol optical thick-

Table 2 shows the linear regressions and correlation coness for each flight level adjusted to different ambient RH
efficients for the comparison between AERONET and AAO with different parameterizations has been analyzed against
for the three different adjustments to ambient RH and thethe RH (Fig. 10). The first observation is that half the “dry”
two different measurements of ambient RH. The comparisorAOD, i.e. the AOD not adjusted to ambient RH, comes from
shows fair correlation for all caseR? between 0.78 and 0.80 layers with RH above 63 %. When the aerosol is humidified
for the standard linear regression), although the aircraft AODusing the AAO RH sensor measurement and the Koloutsou-
tends to have a consistent offset for all cases0f05. The  Vakakis et al. (2001) parameterization£ 0.33), that value
results in Table 2 suggest that the choice of RH measuremersghifts to 66 %, and using the Quinn et al. (2005) param-
has a lower effect on AOD than the choice of hygroscopiceterization { =0.67) it shifts to 70%. A value of 60 %
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Table 2. Linear regressions and correlation coefficients for the comparison between AERONET and AAO using different measurements of
ambient RH and different adjustments to ambient RH.

Linear regressich Linear regressich
y=ax+b y=ax
AAO RH/Koloutsou-Vakakis y=(1.1940.07) +(0.047+ 0.009)R%2=0.80 y=(1.47+0.06)x R2=0.72
Sounding RH/Koloutsou-Vakakis y=(1.2140.08) + (0.042+ 0.009)R2=0.79 y=(1.47+0.06)x R2=0.73
AAO RH/y =0.67 y=(1.03+0.06) +(0.047+0.009)R2=0.80 y=(1.27+0.05) R2=0.72
Sounding RHy =0.67 y=(1.03+0.09) +(0.047+0.015)R2=0.79 y=(1.23+0.07) R2=0.73
AAO RH/AAO f(RH) (y =0.51) y=(1.1040.07) + (0.046:£ 0.009)R2=0.80 y=(1.36+0.06)x R2=0.72

Ssounding RH/AAOf (RH) (y =0.51)  y=(1.11+ 0.09) +(0.046+ 0.015)R2=0.80 y=(1.32+0.07)x R2=0.74

* x=AAO, y = AERONET.

=)

comes from using the ambient RH measured by the atmo- : S————
spheric sounding and the Quinn et al. (2005) parameteriza- os | 72 amoAST (A0 RH  klousou-vakak W
tion (y =0.67). Therefore, using different adjustmentsto am- | ~ /2/erampACT (sounding R/ gamma=0.67)
bient RH makes a bigger difference in the AOD than using
different measurements of ambient RH. .
In summary, it has been shown that the more important
changes in the results occur when using different hygroscop-3
icity parameterizations (Koloutsou-Vakakis et al., 2001, or £°*]
Quinn et al., 2005y =0.67) to adjust the values ofp and 02
opsp to ambient RH. To illustrate this, Table 3 shows the im- oz
portant effect that the different hygroscopicity parameteri- o1 {
zations have on the comparison between the aerosol optica o,
properties measured and retrieved by AERONET and those ° *° * * “ %, © © = @
calculated from the AAO aircraft measurements. We can
observe how the agreement between the AERONET AODFig. 10. Cumulative fraction of the AAO aerosol optical thickness
and that calculated from the AAQO aircraft measurements im-for each flight level adjusted to low RH measured by the AAO RH
proves when using a greater value of gamma, although theensor, the AAO aerosol optical thickness for each flight level ad-
significant differences observed for the comparison of the deiusted to the ambient RH measured by the AAO RH sensor us-

0.7 4

0.6

0.5 1

ive fraction

cum

r|Ved aerosol propertles Stay the same. |ng both Koloutsou-Vakakis et al. (2001»’ FOSS) and Quinn et
al. (2005) { =0.67) parameterizations, and the AAO aerosol opti-
4.2 AAO inlet excludes larger aerosol particles cal thickness for each flight level adjusted to the ambient RH mea-

sured by the atmospheric sounding using Quinn et al. (2005) param-
The hypothesis that larger aerosol particles were excluded b§terization { =0.67).
the aircraft inlet is consistent with the lower AOD values and

higherAngst®m exponent and FMF values on AAO aircraft _ .
(e.g. Figs. 3 and 5). Two previous observations counter thidor the aircraft submicrometer AOD. Moreover, AERONET

hypothesis: (1) at the Bondville surface site, only 15% of Fine AOD values are higher than the calculated AAO sub-
the scattering is due to coarse mode particles (Delene anghicrometer AOD, showing that the AOD discrepancy exists
Ogren, 2002); and (2) AOD calculated from the in-situ verti- even for fine mode particles.

cal profile measurements made at the Southern Great Plains One way to gain insight on whether the inlet is excluding
(SGP) cloud and radiation test bed site during the Aerosolarge patrticles is the direct comparison of AAO and surface
Lidar Validation Experiment (ALIVE) using an identical in- scattering measurements. Figure 12 shows the comparison
let as on AAO agreed with the sun photometer measureof the AAO averaged scattering coefficients from the lowest
ments (Schmid et al., 2009). Using the AERONET and AAO flight level over Bondville with the surface scattering data
data from this study we compare the Fine AOD retrieved byover the profile duration. The two lines are linear fits; one
AERONET with the submicrometer AOD calculated from being forced through zero. The comparison shows that AAO
the AAO aircraft measurements (Fig. 11). AERONET Fine is measuring 10—20 % less scattering than that measured on
AOD has been calculated at 500 nm, while the AAO sub-the ground. One explanation for this could be that the AAO
micrometer AOD is calculated at 545nm. The comparisoninlet is excluding some supermicrometer particles. Another
shows fair correlationg? ~0.86), with an offset 0f0.02 possibility, which will be analyzed later, is that the particles
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0.50

Table 3. Slopes of the linear regressions forced through zero for
the comparison between AERONET and AAO using different hy-
groscopicity parameterizations.

y=151x +0.02
R2=0.86

.

Koloutsou-Vakakis ~ AAOf(RH) analysis  Quinn et al. (2005)

§ AERONET FMF*AOD (500 nm)

(y=0.33) ¢/ =0.51) ¢ =0.67)

AOD 1.47 (R?=0.72) 1.36 R2=0.72) 1.27 R2=0.72)

a 0.82 ®2=0.40) 0.81 £2=0.43) 0.80 £2=0.43)

wo - - -

b 053 (R2=0.18)  0.56 £2=0.11) 0.58 R2=—0.04) R

g — -_— —_— - mean

FMF  0.89 R2=0.21) 0.96 £2=-0.1) 1.00 R2=-0.4) — linear
---linear_zero

0.20 0.30 0.40 0.50
AAO AOD D,<1um (545 nm)

at the surface are different (size, amount, composition, etc.)

than those measured on the lowest flight level. Fig. 11. Comparison of AAO aircraft calculated submicrometer
Another way to gain insight on whether the inlet is exclud- AOD (at 545 nm) with AERONET Fine AOD (at 500 nm).

ing large particles is to compare the submicrometer scattering

fraction, Rsp, measured on the airplane with that measured at

the surface. Figure 13 is a frequency distribution plot usingAOD. Then, the cumulative AOD values were calculated as

the Rsp calculated for flight segments over Bondville. The @ function of particle diameter, and we determined the di-
frequency histogram was calculated two ways: (a) for allameter where the cumulative AERONET AOD matched the
flight segments over Bondville, and (b) for flight segments AAO measured AOD. Figure 14a illustrates the calculation
where the scattering coefficient wa$ Mm~1. Limiting the ~ for a flight where the matchup diameter was 0.5 pm.

data to>5 Mm~! biases the data somewhat toward the lower Figure 14b provides a summary of the results for all the
flight altitudes (about 30% of the flight segments are ex-flights where the AERONET size distribution retrievals were
cluded), but this plot should closely represent data collectedvithin +/—2h of the end of the AAO flights. The figure
in the mixed layer over Bondville. For the limited case, the shows the size distribution of AOD (the AOD in a particu-
most common observation range is 0.90-0.95. The mediaf@r size bin, dAOD/dlogD) for all AERONET retrievals dur-
of the distribution is 0.88, with a mean value of 0.86, which ing this study, with asterisks marking the matchup diameter

agrees well with the long-terRs, reported for Bondville of ~ for each AAO flight, and a box-whisker diagram indicating
0.85+0.09 (Delene and Ogren, 2002). statistics for the diameter for which the calculated cumula-

Observing Sim“a[Rspvajues between AAO and Bondville tive AOD from the AERONET size distribution matches the
surface measurements suggests that the aerosol size distAAO AOD. Typically, the AAO AOD matches the cumula-
bution was similar at the different altitudes. The compari- tive AOD values where the maximum diameter is less than
son shown in Fig. 8 however, suggests that there is eithet HM, and usually less than 0.5 pm. The AERONET size dis-
less aerosol at the lowest flight altitude or that not all of tributions suggest that, if the discrepancy between the AOD
this aerosol is reaching the nephelometer. Unfortunately, itmneasured by AERONET and that calculated from the AAO
is not possible to separate these two possibilities with thisircraft measurements is due to particle losses in the AAO
data set, making difficult to completely rule them out. Thus, inlet system, the aircraft instrumentation is missing a lot of
we cannot reject the hypothesis that the AAO inlet is exc|ud-sub-micr0meter partiCIeS. The Comparison with surface data
ing larger aerosol particles, but comparison with surface datdrom Bondville (Fig. 12) suggests that this is not the case,
suggests that this hypothesis can only account for a smaknless the observing system at the Bondville surface also has

portion of the discrepancy between the AERONET AOD andsimilar losses for sub-micrometer particles. Since it is un-
the AAO aircraft calculated AOD. likely that both in-situ systems have such similar losses, this

The effect of the aircraft inlet on the AOD calculated @nalysis of the effect of the aircraft inlet on the AAO calcu-
from the AAO measurements can also be investigated uslated AOD is inconclusive, and we cannot reject the hypoth-
ing the volume particle size distribution, which AERONET esis that the AAQ inlet is excluding larger aerosol particles,
provides over the diameter range 0.1-30 pm as one of its inalthough it can only account for a small portion of the dis-
version products (Dubovik et al., 2000) (size distributions crepancy between the AERONET AOD and the AAO aircraft
on the aircraft were only measured up to 0.5pum diame-calculated AOD.
ter). For this analysis, Mie theory was first used to calcu-
late the AERONET AOD for 4 different values of the refrac-
tive index (RI) (real RI=1.35, 1.40, 1.45, or 1.50; imaginary
RI1=0.004). We chose the Rl that provided the best match be-
tween the AERONET measured AOD and the Mie calculated
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Fig. 13. Frequency distribution of AAQRs, for all flight segments
over Bondville (red) and for flight segments where the scattering
coefficient was=5 Mm~1 (blue).

Fig. 12. Comparison of AAO averaged scattering coefficient from
the lowest flight level over Bondville with the surface scattering
coefficient averaged over the time of each profile.

4.3 Aerosol below, between or above the profile a possible source of discrepancy between the AOD measured
flight altitudes by AERONET and the one calculated from the AAO aircraft
measurements.

Up to this point only the averaged aerosol optical values mea- 10 test the hypothesis that aerosol layers between the fixed
sured during the 10 level flight legs have been utilized. Thesampling levels are missed, an analysis similar to that used
instruments also record 1-s resolution data as the aircraft del0 test for missed aerosol layers below the lowest flight level
scends between levels and as it lands after the profile is finis done. Figure 16 shows the comparison of the scattering
ished. Here we investigate the poss|b|||ty of missing aerosoiAOD calculated from the 1-s resolution data from the aircraft
layers below the lowest flight level. We calculated scatter-descent between flight altitudes with the scattering AOD cal-
ing AOD between the surface and 1750 feet (533 m) in tWOculated from the 10 ﬂlght level measurements. The data from
ways. First we assumed that the Scattering measured duphe 10 ﬂlght level |egS has been excluded in the 1-s resolution
ing the lowest flight level leg was representative of scatter-descent calculation. Again, a slope greater than 1 would indi-
ing in the entire layer below 1750feet. Second, we usedcate that aerosol was missed by only using the 10 flight alti-
the 1-s resolution data obtained during the aircraft descentudes, while a slope less than 1 indicates that AOD is not un-
from 1750 feet to landing. The PSAP absorption coefficientsderestimated by just using the averaged flight level measure-
were not used because this instrument does not perform wefnents to calculate AOD. The comparison shows very good
with fast changes in altitude. If there was a consistent patCorrelation ®%~0.97), with the scattering optical depth for
tern of aerosol layers below the lowest flight level the slopethe descent data being almost the same as that for the fixed
relating these two AODs would be greater than 1. Figure 15flight altitudes. Therefore, we can state that the presence of
shows that while there is a fair amount of scatter in the datef€rosols layers between the fixed sampling layers is not sig-
(R?~0.70) the slope (1.01) suggests that the lowest f|ightnificant, and that the chosen fixed flight altitudes are repre-
level is representative of the 01750 feet layer. However, thesentative of the column.

comparison shown in Fig. 12 suggests that there is either less Although the hypothesis of aerosol layers above the high-
aerosol at the lowest flight altitude, compared to the surfaceest flight level is unlikely since the aircraft samples up
or that not all of this aerosol is getting in to the nephelome-to 4.6 km, the contribution of those layers can be esti-
ter. As previously explained, it is not possible with this data mated using the CALIPSO (Cloud-Aerosol Lidar and In-
set to separate these two possibilities, making it difficult tofrared Pathfinder Satellite Observation) satellite observa-
completely rule them out. Therefore, there might be a realtions, which provide the vertical structure and properties of
difference between what is sampled at ground level and whathin clouds and aerosols over the globe. A detailed evalu-
is sampled in the air over the site, since the aerosol at alation of the CALIPSO data above Bondville is beyond the
titude may have been cloud-processed to a greater degresgope of this paper, but the summary of CALIPSO data re-
with relatively higher fractions of hydrophobic (e.g. soot, ported by Yu et al. (2010) shows that negligible extinction
smoke, dust) particles there, which might not grow as easilywas observed at altitudes of 4.6—10 km over the Eastern US
when exposed to high RH as the mixed sulfate-rich aerosoln 2007. An examination of the CALIPSO “level 3" mean
at the surface. Thus, the possible presence of unsampleektinction profile for June 2006—October 2008 in a 2 degree
aerosols in the 230 m below the lowest flight altitude remainslatitude by 5 degree longitude grid box, roughly centered on
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2008.5 2007.0 2007.5 2008.0 20085

el cal depth adjusted to ambient RH for the levels of the descent data

below 1750 feet with AAO scattering optical depth adjusted to am-
bient RH for the sampling flight level at 1500 feet (at 550 nm).

10.0

4.4 Nephelometer truncation correction

|
1 Another possible source of discrepancy between the AOD
measured by AERONET and the one calculated from the
AAQ aircraft measurements is an incorrect correction of the
nephelometer data for truncation effects. The nephelome-
| ter truncation error is less than 5% for submicrometer par-
\ aﬂl ' ticles (Anderson and Ogren, 1998), so the main contribu-
20065 2007.0 2007.5 20080 20085 2009.0 tion to this error will be from coarse mode particles. These
o cae 1oz a3 oo 1o iy s o ia particles only contribute 15% of the scattering at the sur-
face at Bondville (Delene and Ogren, 2002) and 10-20 % of
Fig. 14. (a)Cumulative AOD calculated from the AERONET mea- the scattering measured on the AAO aircraft (Fig. 8). Even
surements as a function of diameter for one AERONET size distri-if the uncertainty of the truncation correction is a factor of
bution retrieval. Vertical line represents the diameter where cumulatwo for supermicrometer particles, the overall uncertainty in
tive AERONET AOD matches AAO AOD(b) Time series contour  the nephelometer truncation correction is only about 30 %.
plot of AOD size distribution (dAOD/dlogD) as a function of di-  Therefore, an incorrect correction of the nephelometer data
ameter. The color contours are based on AERONET volume sizgq trncation effects for supermicrometer particles may be a
distribution retrievals and assumed refractive index as described iinor source of discrepancy between the AERONET AOD

: o .
text. The asterisks ( ) represent the diameter where the AAO.AO.Dand the AAQ aircraft calculated AOD, but cannot explain the
matches the cumulative AOD derived from AERONET size distri- .

factor of 1.5 average difference.

butions (assuming =0.67 for RH adjustment). The box-whisker

diagram indicates statistics for the diameter for which the calculated

cumulative AOD from the AERONET size distribution matches the 4.5 Cloud screening method

AAO AOD. The ends of the whiskers are the 5th and 95th per-

centiles, the ends of the box are the 25th and 75th percentiles anRecent studies have quantified the contribution of tropical

the asterisk represents the median value (same as 25th percentilekirrus clouds to AERONET AOD measurements (Chew et
al., 2011; Huang et al., 2011) as a bias of 0.03-0.05 in AOD

) . o (at 500 nm wavelength) and a shift of tﬁengstr'om expo-
Bondville, also reveals negligible extinction above 4.6 km

JIIe ' """ nent and fine mode fraction to smaller values (i.e. more large
(J. Tackett, personal communication, 2012). Finally, Vernier articles). These are clouds that were not removed by the
et al. (2011) demonstrate that the zonally-averaged AOD oP

/ ¢ " AERONET “level 2.0" screening criteria. While the same
stratospheric aerosols at 20-30km altitude at 20”6lati-  (jteria were applied to derive the “level 2.0” AOD data at
tude during the study period was less than 0.005.

Bondville, supporting lidar measurements are not available
to assess whether the findings from the tropics are applicable
to the AOD observations at Bondville. If the tropical find-
ings apply to Bondville, cirrus clouds could explain much

diomater {um)

a1
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060 4.6 Wavelength adjustment

050 1 e We employed the widely-used convention that the wave-
" length dependence of the aerosol optical depth is best de-
scribed by a power-law relationshig\rigstiom, 1929) to
adjust the wavelength of the AERONET measurements to
550 nm. To address the hypothesis that the discrepancy be-
tween the AOD measured by AERONET and that calculated
from the AAO aircraft measurements is due to an incorrect

AAO DESCENT
o o
w FN
S 3

o
N
S]

010 | . A0 choice of interpolation scheme, we repeated the comparison
o using alinear interpolation instead. The resulting slope of the

000 ‘ : : : : linear regression line, forced through the origin, changed by
000 010 O o s 0% . only 3.5%. Consequently, the power law interpolation is not

an important source of the discrepancy between the AOD re-
Fig. 16. Comparison of AAO aircraft calculated scattering optical trieved by AERONET and the one calculated from the AAO
depth adjusted to ambient RH for all the descent data with AAO aircraft measurements.
scattering optical depth adjusted to ambient RH for the fixed sam-

pling layers (at 550 nm). 4.7 Temporal variability of the aerosol

) ) Another possible source of discrepancy between the AOD
O_f the offset of 0.05 observed in the A_OD regr?S_":"On,,"’m"’“y'measured by AERONET and the one calculated from the
sis (Sect. 3) gsf_well asdthfe ob_served differencesnigstom AAO aircraft measurements is the temporal variability of the
exponecr;;an |nhe ";10 € rr]actllon. f . aerosol optical properties. The AOD comparisons presented
To address the hypothesis of an incorrect AERONETin this paper use AERONET data taken within-2/h of the

AhOD CIOUd, scr(faening method, thhe A%)D calculated ;rom end of the AAO flight. Significant temporal variability over
the AAQ aircraft measurements has been compare Wm}i two hour time period could possibly result in a discrep-

the AOD measured by NOAA's SURFace RADiation budget ancy between AERONET and AAO AOD, although it would

(SlIJRTRAD) network (AUQUS“”Z et ag’UZFggg’AIZDOOS)Z Spec_- e unusual if such variability resulted in a consistent posi-
tral solar measurements are made at stations with, o negative bias. Anderson et al. (2003) quantified how

a multifilter rotating shadowband radiometer (MFRSR), and ell a measurement made at one point represents the value at
the cloud screening method (Alexandrov et al., 2004) usetr;

. 4 by clouds is diff nother point, in time or space, using the autocorrelation co-
to remove measurements contammate_ y clouds IS AiMeTetricient. For the surface data at Bondville, we calculated the
ent from that used by AERONET (Smirnov et al.,

. fih db . 2000). 2-h lag autocorrelation to be 0.92, which implies the surface
Comparison of the AOD measured by SURFRAD’s MFRSR measurements are highly correlated over a two hour time pe-

(a?jufteddt? SSOQmAtR/Opoyver :aw interpolation) Vr‘g'th that ioq Thus, it is unlikely that the temporal variability of the
calculated from the aircraft measurements SNOWS ap, g optical properties at Bondville is a source of discrep-

proximately the same results as those obtained using thgrle between AERONET AOD and the AAO aircraft calcu-
AERONET measurements, with fair correlatioR?(~ 0.80 lated AOD.

for the standard linear regression), and a similar linear regres-

sion (y =1.17x +0.05) (again the consistent offsete0.05).
The 2% difference between AERONET and SURFRAD

is consistent with the results obtained by Augustine et An : :
) other possible source of discrepancy between the AOD re-
al. (2007), who showed that Bondville AERONET measure- trieved by AERONET and the one calculated from the AAO

ments are nearly 2% highe_r than those of SURFRAD_‘ Al- aircraft measurements is bias in the AAO and AERONET
though SURFRA.D uses a different instrument and a d'f.rer'measurements. Nephelometer calibration uncertainties intro-
ent cloud-screening method than AERONET, the COMPArSOy e an error of+1 %, while the nephelometer truncation er-
with the AAO AOD does' not change, so the hypothegs Ofror is less than 5% for submicrometer particles (Anderson
AERONET cloud screening method as a source of dlscrep-and Ogren, 1998). The PSAP may have a potential posi-
ancy i_s_unlik_ely. However,_the possibility still remains that tive bias due to organic aerosol (Cappa et al., 2008; Lack
sub-visible cirrus clouds might have bgen presgnt but not et al., 2008), but a positive bias is the opposite direction
moved by the AERONET cloud screening algorithm. to the observed discrepancy between AAO and AERONET.
The Bond et al. (1999) correction attributes about 2% of
the scattering as absorption (Bond et al., 1999) so using too
big of a Bond correction goes the same way as the observed
AAO/AERONET discrepancy. However, aerosol absorption

4.8 Biases in instrument measurements
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is in general a very small contributor to AOD (absorption showed discrepancies between aerosol properties retrieved
accounts for less than 10% of the scattering at the surfacbom AERONET and those retrieved from in-situ aircraft

in Bondville) and biases in the absorption data are unlikelymeasurements. These discrepancies are smaller for the AOD
to be a significant source of the differences observed. Thehan for the retrievalsdo, g, b).

uncertainty in AOD from the AERONET sun photometer is  The comparison of the AOD measured by the AERONET
~1 % for A > 440 nm (Holben et al., 1998). Since all the er- sun photometer with that calculated from the AAO aircraft
rors in the AAO and AERONET measurements are very low, measurements showed good correlatif 4 0.79), but the

it is unlikely that they are a source of discrepancy betweenAERONET AOD values were between 27 % and 47 % higher

AERONET AOD and the AAO aircraft calculated AOD. than the calculated AAO AOD. Different hypotheses for the
_ . _ . . discrepancy between the AOD measured by AERONET and
4.9 Aerosol intensive properties discrepancies the one calculated from the AAO aircraft measurements have

) been analyzed. These include an incorrect adjustment of
Ab(_)ve we have _explored multiple hypotheses to try to ex-o,sp and opsp values to ambient RH using estimates of hy-
plain the large discrepancy between AAO and AERONET g oscopic growth, the aircraft inlet excluding larger aerosol
AOD. Of these, one of the most significant was found to be g icles, aerosol layers below, between or above the fixed
the method chosen to adjust the AAO measurements to aMsampling levels, an incorrect correction of the nephelometer
bient RH. We have not investigated the reasons for the dif-qa¢5 for angular nonidealities, an incorrect AERONET AOD
ferences observed between AAO and AERONET intensivey|q,d screening method, an incorrect adjustment of the wave-
properties Angstibm exponentzyo, g, b) since it is diffi- gngth of the AERONET sun photometer to 550 nm, the tem-
cult to verify the AERONET retrieval algorithm at a site that 45| variability of the aerosol optical properties, and the bias
is not highly polluted. While adjustment to ambient RH will j, the AAO and AERONET measurements. After evaluat-
affect these comparisons as well (see Table 3), below we sugpg g)| of these hypotheses, we conclude that the largest por-
gest some additional possibilities. tion of the observed AOD discrepancy is probably due to an
incorrect adjustment of light scattering to ambient RH; im-
proved measurements of the aerosol hygroscopic growth fac-
tor would be needed to confirm this diagnosis. Another part
2. For the single scattering albedo, (a) error in the Of the discrepancy might come from either less aerosol at the

AERONET during low AOD measurements, and (c) a craft inlet excludes larger aerosol particles; however, it was
possible RH dependence of absorption. not possible to separate these two possibilities with this data

set, making it difficult to completely rule them out. Space-
3. For the hemispheric backscatter fraction and the asymborne lidar observations indicate a minimal contribution to
metry parameter, an error in the AERONET algorithm. AOD from aerosol layers above the highest flight level.
. . . Comparison of the derived aerosol propertidsgstiom
4. For the Fine Mode Fraction, (a) an errorin the Spectralexponent, single scattering albedo, hemispheric backscat-
AOD measuremeqts, (b) an error in the AERONET al- ter fraction, and asymmetry parameter) calculated from the
gorithm, and (c) difference between AAO size cut and \EFRONET measurements with those calculated from the
AERONET identification of fine mode aerosol. AAO aircraft measurements showed low correlation and sig-
qificant differences. AAO single scattering albedo could only
ebe compared with a single AERONET retrieval, illustrat-
ing the difficulty of verifying the AERONET retrieval al-
gorithm at a site that is not highly polluted. AAO asym-
5 Conclusions metry parameter and backscatter fraction values showed a
wider range than the AERONET retrievals, with the AAO-
Aerosol optical properties were measured by NOAA's Air- derived values being lower for asymmetry parameter and
borne Aerosol Observatory over Bondville, lllinois, dur- higher for backscatter fraction. Different hypotheses for the
ing more than two years using a light aircraft. Mea- discrepancy between the aerosol properties retrieved from
sured properties included total light scattering, backscatterAERONET Q&ngstrbm exponentwy, g, b) and the retrieved
ing, and absorption, while calculated parameters includedrom the AAO aircraft measurements were suggested but not
aerosol optical depttAngstidm exponent, single-scattering explored.
albedo, hemispheric backscatter fraction, asymmetry param-
eter, and submicrometer mode fraction. The in-situ air-
craft measurements adjusted to ambient conditions have
been compared with the AERONET measurements and re-
trievals of the aerosol optical properties. The comparison

1. For theAngstidm exponent, the aircraft inlet excludes
larger aerosol particles.

All these hypotheses for the retrievals discrepancies have y
to be explored.
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