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ABSTRACT: This paper presents aircraft measurements of aerosol optical properties and radiative effects from the
Dust and Biomass-burning Experiment (DABEX) over West Africa. On 19 January 2006 cloud-free skies and high
aerosol loading provided ideal conditions for an intercomparison of aircraft, satellite and ground-based remote sensing
instruments. Aerosol size distributions, optical properties, aerosol optical depth (AOD) and downwelling solar radiation
were measured by the UK FAAM aircraft in the region of Niamey, Niger. The aircraft in situ measurements showed a
mixture of dust and biomass-burning aerosols and indicated an AOD of 0.79 (at 550 nm) that compared well against
AODs from the Banizoumbou Aerosol Robotic Network (AERONET) site (0.74) and a Microtops sunphotometer (0.72).
AERONET size distributions showed a good degree of similarity with the aircraft in situ measurements. AERONET
single-scattering albedos were also in fairly close agreement with the aircraft, having values of 0.85 and 0.87, respectively
(at 550 nm). Measurements of downwelling solar radiation from the aircraft compared well with measurements from the
Atmospheric Radiation Measurement (ARM) Mobile Facility (AMF) at Niamey. Radiative transfer modelling suggested a
130–160 W m−2 instantaneous reduction of downwelling solar radiation by the aerosol column (15–18% of the total flux).
Measurements of downwelling solar radiation compared reasonably well against radiative transfer modelling based on the
aircraft in situ data. Satellite retrievals of AOD from MISR and MODIS Deep Blue were within 0.05 of the ground-based
sunphotometers measurements although there were discrepancies in optical properties retrieved by MISR, as compared to
AERONET and the aircraft. Copyright c© Royal Meteorological Society, Crown Copyright 2009
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1. Introduction

Aerosols scatter and absorb solar radiation and have a
direct effect on the Earth’s radiative energy budget. The
scattering of solar radiation back to space leads to a
cooling of the climate system whereas absorption by
aerosols leads to a local heating of the atmosphere. Glob-
ally, aerosols are understood to exert a cooling influence
since scattering is the more dominant process (IPCC,
2007). However, model estimates of the direct radia-
tive forcing by aerosols vary depending on many factors,
including the global distribution of aerosol optical depth
(AOD), the representation of aerosol optical properties,
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and the vertical distribution of aerosols in the atmos-
phere. The development of satellite remote sensing and
ground-based sunphotometer networks such as Aerosol
Robotic Network (AERONET) over the past ten years
has greatly increased opportunities for the validation of
global aerosol transport models and observation-based
constraints on the total direct radiative forcing by aerosol.
With a growing reliance on remote-sensing methods for
quantifying the impact of aerosols on climate, it is impor-
tant to assess the performance of such retrieval algorithms
against independent field measurements, including in situ
measurements from aircraft.

Intensive measurements of dust and biomass-burning
aerosol were made by the UK Facility for Airborne
Atmospheric Measurements (FAAM) aircraft during the
Dust and Biomass-burning Experiment (DABEX). This
experiment took place from 13 January to 3 February
2006, in the region surrounding Niamey, Niger (West
Africa). DABEX was part of the African Monsoon
Multi-disciplinary Analysis (AMMA) dry season special
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observation period (SOP0) (Haywood et al., 2008) and
also coincided with the deployment of the Atmospheric
Radiation Measurement (ARM) Mobile Facility (AMF)
at Niamey (Miller and Slingo, 2007; McFarlane et al.,
2009). A common aim of these measurement campaigns
was to improve the understanding of aerosols in West
Africa, and their influence on the radiation budget and
climate of the region (see Haywood et al., 2008; Slingo
et al., 2008 and references therein).

Aircraft measurements during DABEX showed that the
biomass-burning aerosol was strongly absorbing, with
a single-scattering albedo of around 0.81 at 550 nm
(Johnson et al., 2008a). This compares with values
of 0.85–0.90 measured during the Southern African
Regional Science Initiative (SAFARI-2000) (Eck et al.,
2003; Haywood et al., 2003a; Leahy et al., 2007). In
contrast, the dust aerosol was very weakly absorbing
with single-scattering albedos of around 0.98 at 550 nm
(Osborne et al., 2008). AERONET retrievals from the
Banizoumbou site (version 2 of the inversion algorithm)
gave column-average single-scattering albedos in the
range 0.81–0.92 but these were 0.03–0.08 lower than
column-mean estimates from the aircraft in situ measure-
ments (Osborne et al., 2008). Interestingly, version 1 gave
closer agreement with the aircraft single-scattering albe-
dos.

Lidar and aircraft in situ measurements revealed an
interesting vertical structure, with dust aerosol at low
altitudes (typically below 2 km) and biomass-burning
aerosol mixed with some dust aerosol in elevated layers
between 2 and 5 km (Heese and Weigner, 2008; Johnson
et al., 2008b). Aircraft-observed size distributions in
the biomass-burning layers were similar to those from
SAFARI-2000 except that the concentration of coarse
particles (e.g. radii >0.35 µm) was up to ten times higher,
due to the mixing with dust. Comparisons of AERONET-
retrieved size distribution and aircraft data gave mixed
results during dusty conditions (Osborne et al., 2008).
Version 1 gave spuriously high concentrations of very
fine particles (radii <0.1 µm), but this problem was
corrected in version 2, as described by Dubovik et al.
(2006). However, the relative proportions of coarse-
and fine-mode volumes from AERONET version 2 still
differed significantly from the aircraft observations during
dust events. These differences were not fully reconciled
by considering known errors in the aircraft optical
measurements (e.g. assumptions on particle shape and
refractive index).

One of the objectives of DABEX and AMMA-
SOP0 was to assess the performance of satellite-based
aerosol retrieval products over West Africa. Christo-
pher et al. (2008) showed that Multi-angle Imag-
ing SpectroRadiometer (MISR) AOD compared very
well with AERONET stations over North Africa dur-
ing 2005–2006. MISR AODs were therefore used to
form empirical relationships between AOD and Aerosol
Index (AI) from the Total Ozone Mapping Spectrome-
ter (TOMS). This regression technique allows AOD to
be estimated from TOMS AI, which has much better
spatial–temporal coverage than MISR. AODs were also

retrieved from the Moderate Resolution Imaging Spec-
troradiometer (MODIS) on board the National Aeronau-
tics and Space Administration (NASA) Terra and Aqua
satellites. Myhre et al. (2008) showed there was a good
correspondence between MODIS and MISR in the Jan-
uary 2006 monthly-mean AOD patterns over West Africa.
However, the standard MODIS algorithm (Remer et al.,
2005) was often unable to make retrievals over the
bright surfaces surrounding and northwards of Niamey
(13.3◦N). A new MODIS algorithm called Deep Blue
has shown success in retrieving AODs over bright desert
surface (Hsu et al., 2004, 2006), although there have
not yet been any comparisons or validations during the
DABEX/AMMA-SOP0 period.

A so-called ‘golden-day’ case-study occurred during
DABEX on 19 January 2006. On this day clear skies
were combined with high loadings of biomass-burning
aerosol over the DABEX region. Nearby overpasses of
NASA’s Terra and Aqua satellites also provided excellent
coverage from the MISR and MODIS instruments. The
FAAM aircraft flew on the morning of 19 January making
measurements of the vertical distribution of aerosols and
their optical properties at a range of altitudes above
Niamey (13.3◦N, 2.1◦E) and the AERONET site of
Banizoumbou (13.5◦N, 2.7◦E) located just 50 km to the
east of Niamey.

This paper compares the FAAM aircraft measurements
against a variety of radiometric/remote-sensing measure-
ments made within the Niamey and Banizoumbou region.
These include the Banizoumbou AERONET sunphotome-
ter, a hand-held Microtops sunphotometer operated at
Niamey, MISR (from the Terra satellite), MODIS Deep
Blue (from the Aqua satellite), and measurements made
by the AMF at Niamey, including the Micro-Pulse Lidar
(MPL), the Multi-Filter Rotating Shadow-band Radiome-
ter (MFRSR) and the SKYRAD broadband radiometer
system.

2. Data collection methods

2.1. Flight patterns

Figure 1 shows the flight track of the UK FAAM aircraft
during flight number B159 on 19 January 2006. The plot
only shows the track between 0925 and 1050 UTC when
the aircraft flew a specific pattern of profiles and runs
over Niamey and Banizoumbou. This pattern of profiles
and runs is shown schematically in Figure 2. The pattern
starts with a profile ascending from an altitude of 15 m
above the runway at Niamey airport to 4.5 km. The
aircraft then performed a series of four runs at altitudes
of 3 km, 2.4 km, 1.8 km and 150 m, as shown in
Figure 2. These runs were roughly aligned in the vertical
following a southwest–northeast track over Niamey and
Banizoumbou.

2.2. Aircraft in situ sampling

Aerosol size distributions were measured by the Parti-
cle Measuring Systems (PMS) Passive Cavity Aerosol
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Figure 1. Track of the FAAM aircraft during the flight on 19 January
2006. The track during the profile is highlighted with a thicker line.

Spectrometer Probe 100X (PCASP), which sizes aerosols
with radii in the range 0.05–1.5 µm. The PCASP is cal-
ibrated using latex spheres of known sizes that have a
refractive index of 1.588 + 0.0i. Corrections for refrac-
tive index have been applied to the PCASP size bin radii
following the method of Liu and Daum (2000) (see John-
son et al., 2008a for more details). The sizing algorithm
of the PCASP instrument assumes spherical particles,
whereas dust is known to exist in irregular shapes produc-
ing different scattering properties from spheres. Osborne
et al. (2008) performed T-Matrix calculations using pro-
late cylinders and prolate spheroids to assess the likely
sizing errors resulting from the spherical assumption. This
showed typical sizing errors of around 10% for cylinders
with an aspect ratio of 1.7 and smaller errors for spheroids
with the same aspect ratio.

Aerosol scattering coefficients were measured at wave-
lengths of 450, 550 and 700 nm by a TSI 3563 neph-
elometer. The nephelometer data were corrected using
Anderson and Ogren (1998) sub-micron corrections.

The aerosol absorption coefficient was measured by a
Radiance Research Particle Soot Absorption Photometer
(PSAP), which operates at a wavelength of 567 nm. The
PSAP absorption coefficient was corrected for errors in
filter exposure area, air-flow rate, the influence of scat-
tering by aerosols collected on the filter, and multiple
scattering within the filter, following Bond et al. (1999).
A small adjustment was made to convert the absorp-
tion coefficient from 567 nm to 550 nm – the central
wavelength of the nephelometer. This adjustment was
estimated using Mie calculations based on the aircraft size
distributions (Johnson et al., 2008a). No corrections are
made for evaporation of water within the aerosol instru-
ments because the ambient relative humidity was quite
low (∼40%) and did not exceed 70% during the flight.
At these low relative humidities the water content of the
aerosol is expected to be small and have little impact on
the scattering or absorption cross-sections of the aerosol.

2.3. Aircraft measurement of downwelling radiation

The total downwelling solar flux was measured by
an Eppley pyranometer mounted on the top of the
aircraft. This was fitted with a clear glass dome that
transmitted radiation across the wavelength range of
0.3–3.0 µm. The pyranometer is calibrated annually by
intercomparison with a transfer standard pyranometer.

The instrument mounting is pitched approximately
3◦ forward relative to the aircraft to partially offset
for the 5–6◦ pitch of the aircraft during straight and
level flight. Although corrections are made for the pitch
and roll of the aircraft during flight, uncertainties of
±0.5◦ in the pitch and roll of the instrument mounting,
relative to the aircraft, may have contributed to errors
of ±2% in the measured flux (depending on solar
zenith angle and aircraft heading). When combined with
basic instrumental uncertainty we consider the aircraft

Figure 2. Schematic of the measurement platforms used in this case-study and the aircraft flight pattern during the flight on 19 January 2006.
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pyranometer measurements to have an uncertainty of
around 3%.

2.4. Radiative transfer modelling

The Edwards and Slingo radiative transfer model
(Edwards and Slingo, 1996) was used to calculate radia-
tive fluxes across the solar spectrum. A high spectral res-
olution version of the model was used with 220 spectral
bands covering wavelengths from 200 nm to 10 µm. The
model calculated radiance using a series of 21 spherical
harmonics and integrated over angles to compute vertical
fluxes.

Profiles of atmospheric temperature and humidity were
derived via a combination of aircraft data (for altitudes
up to 4 km) and sonde data (for altitudes above 4 km).
The sonde data were from a launch made at 1041 UTC
on 19 January 2006 at the AMF in Niamey. The profile
of ozone was derived from the aircraft data for altitudes
up to 4 km, and from climatological data (McClatchey
et al., 1972) for altitudes above 4 km. The surface albedo
was estimated as a function of wavelength using measure-
ments of upwelling and downwelling solar radiation from
the FAAM aircraft during run 4, approximately 150 m
above the ground. These suggested a broadband aver-
age albedo of 0.28 but with a strong decrease in albedo
with decreasing wavelength (strong absorption in the blue
and ultraviolet, as expected for orange-brown coloured
ground). The spectral variation of surface albedo was
estimated from nadir radiance measurements making the
assumption that the spectral dependence of the albedo was
invariant with viewing or illumination angle. Although
this assumption may not hold well for certain surfaces,
we consider it better than applying the broadband albedo
to all wavelengths (i.e. assuming a grey surface) when
visual observations were of an orange-brown landscape.

The model included representations for both dust and
biomass-burning aerosol and treated each species sepa-
rately (i.e. assuming an external mixture, which is con-
sistent with the observations from Formenti et al. (2008)
and Chou et al. (2008)). Aerosol optical properties were
derived from Mie calculations based on log-normal fits
to the aircraft PCASP data from the FAAM aircraft pro-
file. The PCASP data were also supplemented with size
distribution retrievals from the Banizoumbou AERONET
to enable a continuation of the size distribution to sizes
greater than 1.5 µm radius; the size limit of the PCASP
(see section 6). Two log-normals were used to capture the
fine mode (radii 0.05–0.35 µm) and three log-normals
were used to capture the coarse mode (radii 0.35–10 µm).
Based on detailed examination of aircraft data in Johnson
et al. (2008a), we believe the fine mode to be dominated
by biomass-burning aerosol and the coarse mode to be
dominated by dust. The 0.35 µm cut-off radius between
the fine and coarse mode corresponded to a local mini-
mum (inflexion point) in volume size distributions (see
Fig. 8b of Johnson et al., 2008a). For the purposes of
modelling we assume all particles larger than 0.35 µm
to be dust and all particles smaller than 0.35 µm to be

biomass-burning aerosol. In reality some of the fine par-
ticles are likely to be dust, so we also ran a sensitivity
test assuming that 25% of the fine mode was dust (the
remaining 75% being biomass-burning aerosol).

The biomass-burning aerosol was assumed to be a
mixture of organics and soot (black carbon) with a black
carbon volume fraction of 6%. Refractive indices for
the organics and soot were taken from WCP (1986).
This gave the biomass-burning aerosol a refractive index
of 1.54 + 0.045i and single-scattering albedo of 0.81
at 550 nm, as in Johnson et al. (2008a). This led
to good agreement with the observed single-scattering
albedo of 0.82 ± 0.04 observed during run 1 that was
strongly dominated by biomass-burning aerosol. The
refractive index of the dust aerosol was based on data
from Balkanski et al. (2007), using the low (0.9%)
haematite model. This gave the dust a refractive index
of 1.512 + 0.00092i across most of the solar spectrum
(300–2000 nm) and a single-scattering albedo of 0.98
at 550 nm, which agreed well with the single-scattering
albedo of 0.98 ± 0.02 observed in the low-level dust
layer during run 4. This is a slight adjustment from
Osborne et al. (2008) who suggest a refractive index of
1.53 + 0.0004i and single-scattering albedo of 0.99 from
different flights targeting moderate to strong dust events
during DABEX. The vertical distribution of aerosol was
scaled to the vertical distribution of aerosol scattering
measured by the nephelometer green channel. Absolute
values of aerosol mixing ratio were scaled to the AOD
from the Microtops sunphotometer to faithfully capture
the temporal variation of AOD through the day. The
outcome of the size distribution fitting and refractive
index assumptions was that 65% of the AOD in the model
was from the fine mode (biomass-burning aerosol) and
35% was from the coarse mode (dust aerosol).

2.5. ARM Mobile Facility

The ARM Mobile Facility (AMF) was stationed at
Niamey Airport throughout 2006 (Miller and Slingo,
2007; Slingo et al., 2008). AODs were estimated by the
MFRSR which measures solar irradiance at six wave-
lengths (415, 500, 615, 673, 870 and 940 nm). Direct
normal irradiance is derived from the four shadow-band
measurements made at each data point (Harrison and
Michalsky, 1994). The MFRSR irradiances were cali-
brated by multiple Langley regressions throughout the
deployment, and then AOD at each measurement wave-
length was derived from the calibrated direct normal
irradiance. The AOD at 550 nm is calculated using the
Ångström exponent derived from the AODs at 415 nm
and 673 nm, for consistency with the AERONET pro-
cessing described below. A Micro-Pulse Lidar (MPL)
was used to derive profiles of aerosol extinction coeffi-
cient. The backscatter-to-extinction ratio was assumed to
be constant with height and was estimated using AODs
from the MFRSR. The preferred method for measur-
ing total downwelling short-wave flux is to combine the
direct and diffuse beam measurements from two separate
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instruments. However, initial analysis of the radiome-
ters at the AMF sites indicates a potential problem in
the solar tracker during January, which may affect the
direct and diffuse beam measurements. Thus, while this
issue is under investigation, we use the total downwelling
short-wave radiation measured by an unshaded Eppley
pyranometer as part of ARM’s Sky Radiation (SKYRAD)
system. This was corrected for thermal offsets following
the procedure of Younkin and Long (2003) and using
regression coefficients obtained from the full year of
radiometer data at Niamey. The fluxes from the cor-
rected unshaded pyranometer measurements differ from
the sum of the diffuse and direct beams by <8 W/m2.
Further details on the AMF instruments are available at
http://www.arm.gov/sites/amf.stm.

2.6. AERONET and Microtops sunphotometers

AERONET data from the Banizoumbou site were
obtained from http://aeronet.gsfc.nasa.gov. Direct sun
measurements were used to estimate AODs. These were
interpolated to a wavelength of 550 nm using the data at
438 nm and 675 nm and assuming a constant Ångström
exponent across that wavelength range. Ångström expo-
nents were calculated from the AODs at 438 nm and
675 nm. Almucantar scans were used in conjunction with
the version 1 and version 2 inversion algorithms to esti-
mate aerosol size distribution, complex refractive index
and aerosol optical properties. The version 2 algorithm
includes a representation for particle asphericity via ran-
domly orientated prolate and oblate spheroids (Dubovik
et al., 2006). The version 1 algorithm used in this study
assumed spherical particles (Dubovik and King, 2000).
Single-scattering albedos and asymmetry parameters from
these inversions were interpolated assuming a logarithmic
interpolation. The Microtops II is a handheld sunpho-
tometer, manufactured by Solar Light. This measured
AOD at wavelengths of 380, 440, 675, 936 and 1020 nm
by measuring the intensity of the direct solar beam.
Comparisons with AERONET sunphotometers showed
Microtops II AODs to be accurate to within ±0.02 when
operated correctly in cloud-free conditions (Ichoku et al.,
2002). As with AERONET, the AOD at 550 nm was
estimated via logarithmic interpolation.

2.7. Satellite data

The MISR has four spectral bands (446, 558, 672 and
866 nm) and nine cameras at different angles. The swath
width is 360 km and global coverage is achieved after
nine days. The unique multiple viewing geometries of
MISR enable a greater ability to distinguish between the
effects of aerosol scattering and surface reflectance on
upwelling radiation at the top of the atmosphere. MISR
therefore compares well with AERONET AODs over
deserts, despite their bright surfaces (Christopher and
Wang, 2004; Martonchik et al., 2004; Christopher et al.,
2008). A global comparison of MISR and AERONET
AODs shows that overall, 63% of the MISR-retrieved

AOD values fall within 0.05 or 20% of AERONET
AODs, and about 40% are within 0.03 or 10% (Kahn
et al., 2005). The MISR swath covered the Niamey
and Banizoumbou region on 19 January 2006, due to
an almost overhead passage of the Terra satellite. We
use the MISR L2 aerosol product (MIL2ASAE) for
AOD at 558 nm, which is a validated product. We
also use retrievals of single-scattering albedo, asymmetry
parameter, and the fraction of optical depth attributed to
the small (<0.35 µm radius), medium (0.35 to 0.70 µm
radius), and large (>0.70 µm radius) size categories.
These are considered beta-quality products and validation
of these products by the MISR science team are ongoing.

The MODIS on NASA’s Terra and Aqua satellites
has a wide swath of about 2400 km and provides near-
global coverage on a daily basis. The MODIS collection
5 operational algorithm provides AOD retrievals over
global oceans and dark land areas. A complementary
algorithm called MODIS Deep Blue provides AODs
over bright surfaces such as deserts. It matches the
measured 412, 470 and 650 nm channel reflectances with
theoretical radiative transfer calculations to retrieve AOD.
Comparisons between the Deep Blue and AERONET
AODs are generally within 20–30% of each other (Hsu
et al., 2006). We used collection 5.1 of the Deep Blue
product over the area of interest. Because Deep Blue
data have currently only been processed for the AQUA
platform, the comparisons that we present use composite
standard/Deep Blue retrievals from AQUA.

To derive the MISR and MODIS Deep Blue AODs
over Banizoumbou and Niamey we took a mean of all
valid retrievals within a 0.5◦ × 0.5◦ box centred over
those locations. The standard deviation of AOD within
these boxes was taken as an indication of the uncertainty
of the mean AOD value (see section 4). The same
averaging process was applied to derive MISR single-
scattering albedos over Banizoumbou and Niamey.

3. Vertical distribution of aerosol and thermo-
dynamic variables

Figure 3(a) shows the vertical profile of aerosol scat-
tering coefficient measured by the nephelometer during
the aircraft profile (0925–0940 UTC). This suggests
a shallow layer of dust aerosol from the surface to
about 1 km and a deep layer of biomass-burning aerosol
and dust from 1 to 3 km. The variation of scattering
coefficient with wavelength is very small in the lower
layer indicating dominance by coarse particles, which are
likely to be dust. The scattering coefficient is stronger
at the shorter wavelengths in the upper aerosol layer
indicating the presence of fine particles, which we
assume to be biomass-burning aerosol. Evidence from
the PCASP suggested these were also mixed with dust
in the upper layer (Johnson et al., 2008a). The top of
each aerosol layer is marked by a small increase in
potential temperature and a change in the dew-point
temperature (Figure 3(b)). The biomass-burning layer
has a higher potential temperature and is more humid
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Figure 3. (a) Vertical profiles of nephelometer scattering coefficients (km−1) from the FAAM aircraft at wavelengths of 450 (black line), 550
(dark-grey line) and 700 nm (light-grey line) and lidar extinction coefficient (km−1) at 523 nm from the AMF MPL (dark-grey dotted line).
(b) Temperature (solid line) and dew-point temperature (dotted line) from the FAAM aircraft, with lines of constant potential temperature (dashed

lines) at intervals of 10K.

than the dry dusty layer near the surface. The dust layer
originated from the north (the Sahara Desert) whereas
the biomass-burning aerosol layer originated from the
southwest, as shown by back-trajectory modelling in
Figure 7 of Johnson et al. (2008a). This kind of vertical
distribution and atmospheric flow pattern was typical of
DABEX, as illustrated in Haywood et al. (2008).

The vertical distribution of aerosol was also retrieved
by the MPL lidar at the AMF in Niamey. The lidar extinc-
tion coefficient (at 523 nm) is shown in Figure 4 as
a function of time and height during 19 January 2006.
This shows a broad layer of aerosol between 1 and 3 km
that persists throughout the day but becomes thinner and
more diffuse in the afternoon. The lidar extinction profile
averaged over 0900–1000 UTC is shown in Figure 3(a)
alongside the nephelometer data from the aircraft pro-
file (made at 0925–0940 UTC). The lidar shows a broad
agreement with the aircraft nephelometer profile although
some differences are apparent, particularly in the pro-
file below 1 km. The lidar extinction peaks at around
2.5 km, as shown in both Figures 3(a) and 4, whereas the
nephelometer scattering peaks at around 1.8 km. These
slight differences in profile may be due to the spatial
variability within the aerosol layer that is encountered
during the long slant path of the aircraft profile. Inhomo-
geneity of the aerosol field is reflected to some degree
by the temporal variability in lidar extinction data. Fur-
thermore, a direct comparison of absolute values can not
be made since the nephelometer measures only scatter-
ing and not extinction, plus there is a small difference
in wavelength between the nephelometer green channel
(550 nm) and the lidar (523 nm). The MPL also assumed
the backscatter-to-extinction to be constant with height,
neglecting any vertical variability in aerosol scattering
properties.

Figure 4. MPL lidar-derived extinction coefficient (km−1) at 523 nm
from the AMF at Niamey Airport during 19 January 2006.

4. Aerosol optical depths

Figures 5 and 6 show the regional patterns of AOD on
19 January 2006 from the MODIS and MISR satellite
instruments. The MODIS figure combines standard
retrievals made over dark surfaces to the south of
Niamey and Deep Blue algorithm retrievals over brighter
surfaces north of around 13◦N. The AODs in the
Niamey–Banizoumbou region were from the Deep Blue
algorithm. The Figures show high AODs of 0.5–0.8 in
the case-study region around Banizoumbou and Niamey
but the MISR AODs are 0.1–0.2 higher than MODIS
AODs. MODIS also shows some very low AODs of
0.1–0.3 to the south of Niamey (e.g. 11◦N, 2◦E) whereas
MISR generally does not have AODs below 0.3 in that
region. In general the spatial patterns of AOD from
MODIS and MISR are not that well matched. These
differences may be partly explained by the three-hour
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Figure 5. AOD at 550 nm, combined from MODIS collection 5 and
MODIS Deep Blue collection 5.1 from the Aqua satellite overpass at
1330 UTC on 19 January 2006. Light-grey indicates areas where no

retrieval was possible, e.g. due to cloud.

Figure 6. MISR AOD at 558 nm from Terra Satellite at 1030 UTC
on 19 January 2006. Light-grey indicates areas where no retrieval was

possible, e.g. due to cloud.

time difference between the satellite overpasses (1030
UTC for MISR on Terra, 1330 UTC for MODIS on
Aqua). The sun photometer measurements suggest a
drop in AOD of 0.05–0.07 over that time period in the
Niamey–Banizoumbou region; a 10% change, which
does not fully account for the differences in the two
images. Differences in retrieval performance therefore
seem likely. The coverage by MISR is more limited due
to the narrow swath of the instrument but also sparser,
perhaps due to more selective quality control criteria.

Figure 7 compares AODs at 550 nm from various
instruments in the Banizoumbou and Niamey area dur-
ing 19 January 2006. AODs are also listed in Table I,
along with uncertainty estimates. Where measurements
were not available at 550 nm, measurements at nearby

Figure 7. AODs versus time on 19 January 2006 from various sources
including: Banizoumbou AERONET, Microtops at Niamey, MFRSR
at Niamey, FAAM aircraft, MFRSR, and the MISR and MODIS Deep
Blue satellite retrievals co-located with Banizoumbou (B) and Niamey

(N).

wavelengths were interpolated to 550 nm using loga-
rithmic interpolation. The AERONET, Microtops and
MFRSR measurements suggest a gradual decrease of
AOD from around 0.75 in the morning (0730–1000 UTC)
to 0.60 by 1500 UTC. This occurs in parallel to a grad-
ual drop in the vertical thickness of the aerosol layer
between 1 and 3 km, as shown by the MPL measurements
(Figure 4). The AERONET and Microtops sunphotome-
ter AODs generally agree to within 0.07 and there are no
obvious systematic differences between the two instru-
ments. The differences in AOD between AERONET and
Microtops are probably due to differences in the loca-
tion of the instruments, since instrumental uncertainties
in sunphotometer AODs are not expected to be more than
0.02 (Eck et al., 1999; Ichoku et al., 2002). Figures 5
and 6 show a fair degree of variability in AOD, which
may be due to horizontal variability of the AOD since the
Banizoumbou AERONET site was approximately 50 km
to the northeast of Niamey where the Microtops measure-
ments were made. The MFRSR was located at Niamey
Airport, just 5 km from the city location where the Micro-
tops was operated. Therefore, the MFRSR ought to agree
closely with Microtops but there are significant devia-
tions, especially during mid-morning (1000 UTC) when
the MFRSR AOD is up to 0.1 higher than Microtops.

The MFRSR estimates AOD from the ratio of diffuse
to direct solar radiation using a shadow-band to block
the sun for the diffuse sky measurement. The solar aure-
ole contribution to the blocked measurement is estimated
by taking two sideband measurements. For most aerosol
conditions, errors in AOD due to the underestimate of
the solar aureole contribution are negligible; however,
they become more significant for coarse aerosols such as
dust with effective radius >1 µm, due to the larger for-
ward scattering contributions (Alexandrov et al., 2007).
Comparisons to a co-located sun photometer at Niamey
during the latter half of 2006 indicate that the MFRSR
underestimates AOD by 15–20%, due to forward scat-
tering by the large dust particles. A correction for the
forward scattering has been implemented for the AOD
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Table I. AODs and aerosol optical properties at 550 nm on 19 January 2006.

Data source Locationa Time (UTC) AOD Ångström exp. ω kext g

FAAM:
Run 1 (3km) B/N 0947–0956 – 1.13 ± 0.12 0.82 ± 0.05 1.78 0.66
Run 2 (2.4km) B/N 0949–1012 – 0.83 ± 0.12 0.86 ± 0.04 1.27 0.67
Run 3 (1.8km) B/N 1014–1028 – 0.82 ± 0.12 0.88 ± 0.04 1.23 0.68
Run 4 (150m) B/N 1037–1049 – −0.06 ± 0.11 0.98 ± 0.02 0.48 0.73
Column-mean B/N 0925–1049 0.79 ± 0.12 0.84 ± 0.12 0.87 ± 0.04 1.13 0.68
AERONET v2 B 1030 0.71 ± 0.02 0.90 ± 0.06 0.85 ± 0.03 – 0.70
AERONET v1 B 1030 0.71 ± 0.02 0.90 ± 0.06 0.91 ± 0.03 – 0.66
Microtops N 1035 0.75 ± 0.02 0.82 ± 0.06 – – –
MFRSR N 1030 0.80 ± 0.07 0.84 ± 0.03 – – –
MISR B 1030 0.76 ± 0.07 0.49 ± 0.13 0.94 ± 0.01 – –
MISR N 1030 0.69 ± 0.2 0.82 ± 0.35 0.94 ± 0.01 – –
MODIS DB B 1330 0.59 ± 0.06 – – – –
MODIS DB N 1330 0.64 ± 0.06 – – – –
a Location B refers to Banizoumbou, location N refers to Niamey, and B/N indicates that the measurements were in
the general region of B and N (see Figure 1).

retrievals (Connor Flynn, personal communication) and is
now available in the ARM archive. The corrected AOD
estimates are shown in Figure 7 and Table I. It is not
clear why the MFRSR and Microtops AODs agree dur-
ing some time periods and differ during other periods
of the day. There was no evidence for a change in the
relative abundance of coarse particles between 0900 and
1030 UTC; the column-mean Ångström exponent from
Microtops and AERONET varied little during the morn-
ing, with values ranging from 0.8 to 0.9 (estimated from
AODs at 440 and 675 nm).

The FAAM AOD estimate was calculated by integrat-
ing the aerosol scattering profile, shown in Figure 3,
over height and adding a contribution for aerosol absorp-
tion based on the column-average single-scattering albedo
(0.87) estimated from the PSAP and nephelometer data
during the four runs (see section 5). This method gave
an AOD of 0.79 at 550 nm, as shown in Figure 7 and
listed in Table I. Based on the instrumental uncertain-
ties with the nephelometer and PSAP we estimate an
uncertainty of 15%, or ±0.12. At the time of the pro-
file (0925–0945 UTC), Microtops indicated an AOD of
0.72 and AERONET indicated an AOD of 0.74. Thus the
FAAM AOD estimate is no more than 10% above the
sunphotometer AODs, which is well within the instru-
mental uncertainty. It is also important to recognise that
the aircraft covered a horizontal path of about 100 km
during the profile (see the bold line in Figure 1) so the
FAAM AOD estimate is not a true column measure-
ment. On four other flights during DABEX, FAAM AODs
were also within 10% of AOD estimates from Banizoum-
bou (Johnson et al., 2008b). The comparison here gives
us confidence that the aircraft scattering and absorption
measurements are of reasonable magnitude, and are not
grossly affected by problems with sampling efficiency
(as had been a concern when sampling dust aerosol dur-
ing previous measurement campaigns with the Met Office
C-130 aircraft (Haywood et al., 2003b)).

The MISR and MODIS Deep Blue AOD retrievals at
Banizoumbou and Niamey are also shown in Figure 7
and listed in Table I. These satellite AODs are within
10% of the AERONET and Microtops sunphotometer
measurements, which is very encouraging given the
inherent difficulty of retrieving AOD from satellites over
bright land surfaces. The true level of uncertainty in
these satellite AODs is difficult to estimate. Table I gives
the uncertainties as the standard deviation of the AOD
retrieved within the 0.5◦ × 0.5◦ averaging box centred
over the Banizoumbou and Niamey sites. These are about
0.05 for MODIS and 0.07–0.2 for MISR. Such scatter or
variability can be expected, given uncertainties in surface
reflectance and the spatial variability of the aerosol field.
However, the standard deviation for MISR in the box
over Niamey (0.2) does seem excessive compared to the
typical differences between measurements at Niamey and
Banizoumbou AOD, which are 50 km apart (about the
size of the averaging boxes of the satellite data). The fact
that MODIS gives lower AODs than MISR is consistent
with the downward trend of AODs during the day, as
shown by the AERONET, Microtops and MFRSR data
in Figure 7.

5. Aerosol optical properties

Table I shows AODs and aerosol optical properties
derived from the FAAM aircraft, the AERONET and
Microtops sunphotometers, the MFRSR, and the MODIS
and MISR satellite retrievals. Aircraft measurements were
averaged along runs 1–4 and a column average was esti-
mated combining data from all four runs. The weighting
for the column-average optical properties was based on
the optical depth of the layer represented by each run.
The aircraft-derived Ångström exponent was calculated
from the 450 and 700 nm scattering coefficients from
the nephelometer. The Ångström exponent increases with
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height indicating an increasing importance of fine parti-
cles (i.e. biomass-burning aerosol) at higher altitude, as
also reflected in the nephelometer profile of Figure 3(a).
The column-mean Ångström exponent of 0.84 is about
halfway between the value in the dust layer (near zero)
and the value of 1.7 that was estimated for the biomass-
burning aerosol component in Johnson et al. (2008a).
Mie calculations showed that there was a roughly lin-
ear relationship between the Ångström exponent and the
proportion of extinction associated with biomass-burning
aerosol (Johnson et al., 2008b), assuming mineral dust
and biomass burning were the only sources of aerosol
in the atmosphere. Therefore, the Ångström exponent of
0.84 in this regression would suggest that the dust and
biomass-burning aerosol contributed equally (50 ± 7%)
to the AOD at 550 nm. However, the Mie calculations
performed as part of this study (see section 2.4) sug-
gested a more dominant role for the biomass-burning
aerosol with such particles accounting for 65% of the
AOD at 550 nm. This division between dust and biomass-
burning aerosol was based on an interpretation of the
PCASP data rather than the Ångström exponent from
the nephelometer. This may indicate a weakness in the
assumption, employed in section 2.4, that all particles
smaller than 0.35 µm radius are associated with biomass-
burning aerosol. If we assumed instead that 25% of the
fine particle AOD was actually from dust then the two
methods fall into agreement with a 50/50 split between
the dust and biomass-burning AOD.

The single-scattering albedo measured by the neph-
elometer and PSAP on the aircraft varied from 0.98 ±
0.02 in the dust layer (run 4, at an altitude of 150 m),
to 0.82 ± 0.04 in the upper part of the biomass-burning
aerosol layer (run 1, at an altitude of 3 km). On runs
2 and 3 at intermediate altitudes the single-scattering
albedo was 0.86 ± 0.03 and 0.88 ± 0.03, respectively.
The column-mean value was estimated as 0.87 ± 0.03.
These values were fairly typical of the FAAM measure-
ments during DABEX (Johnson et al., 2008a; Osborne
et al., 2008) and the decrease of single-scattering albedo
with height was linked to the diminishing influence of
dust and growing influence of biomass-burning aerosol
at higher altitudes.

The aircraft-based measurements of specific extinction
coefficient (kext) and asymmetry parameter (g) were
estimated from Mie calculations (at 550 nm) using the
PCASP size distributions, extended into the coarse range
(radii >1.5 µm) using a log-normal fit to the AERONET
data, and refractive indices as outlined in section 2.4.
The specific extinction coefficient increases with height
and the asymmetry parameter decreases slightly with
height, as expected due to the increasing dominance of
the biomass-burning aerosol with height. Furthermore, by
employing Mie calculations we assume all particles to
be spherical. T-Matrix calculations reported in Osborne
et al. (2008) showed that particle shape made negligible
difference to the single-scattering albedo and asymmetry
parameter but led to. errors of up to 21% in mass
extinction coefficient for pure dust size distributions.
Errors in this study are likely to be less, particularly at

the higher altitudes where the dust is less dominant in the
aerosol mixture.

The remote-sensing measurements also provide infor-
mation on aerosol optical properties. Ångström expo-
nents from the sunphotometers, MFRSR and aircraft
seem fairly consistent given expected instrumental errors
(see Table I) and the spatial–temporal variability of the
aerosol field. Time series of AERONET and Microtops
Ångström exponents showed variation of no more than
0.05 during the main period of interest (0900–1100 UTC)
(result not shown). The MISR Ångström exponent agrees
well with other estimates of Ångström exponent for the
retrieval over Niamey (0.82) but is below the other esti-
mates for the retrieval over Banizoumbou (0.49). The dis-
crepancy is most likely due to limited choices of aerosol
types in the MISR aerosol retrieval algorithm. In partic-
ular, the lack of aerosol mixtures containing both dust
and absorbing spherical particles in the standard MISR
algorithm (version 22) can be a contributing factor in
this case (Kahn et al., 2005, 2009; Chen et al., 2008).
The standard deviation of MISR Ångström exponent was
quite large (0.13 over Banizoumbou, 0.35 over Niamey)
indicating variability in the aerosol mixtures picked by
the algorithm.

The single-scattering albedo from AERONET version
2 (0.85) is slightly lower than the column-mean value
from the FAAM aircraft (0.87), although the differ-
ence is well within the uncertainty range (±0.03 for
each instrument). The version 1 AERONET retrieval
gives a much higher single scattering albedo of 0.91,
which does not seem consistent with the aircraft obser-
vations. In comparisons from other DABEX flights, ver-
sion 2 of the Banizoumbou AERONET retrieval gave
single-scattering albedos that were 0.03–0.08 lower than
column-mean values from the FAAM aircraft (Osborne
et al., 2008), whereas version 1 values were higher and
in good agreement with the aircraft. It is possible that
the version 1 algorithm retrieves single-scattering albedo
more accurately for dusty conditions, whereas version
2 performs better in this case because the aerosol col-
umn was more strongly influenced by biomass burn-
ing than dust. The MFRSR gives a higher estimate of
single-scattering albedo (0.90), although this is not incon-
sistent with AERONET or FAAM, given the expected
uncertainty of ±0.04 (from Kassianov et al., 2007). The
FAAM values of asymmetry parameter (0.68) compare
well to AERONET values of 0.66 and 0.70 for ver-
sions 1 and 2, respectively. The MISR single-scattering
albedo (0.94 ± 0.01) is substantially higher than aircraft
or AERONET values, which again is likely due to lim-
itations of the MISR algorithm mixture table, as noted
above.

6. Aerosol size distributions

Figure 8 compares the size distribution from the FAAM
aircraft PCASP instrument against retrieved size distri-
butions from AERONET. The PCASP size distribution
is a column average using data from the profile. The
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Figure 8. Aerosol size distributions from the FAAM aircraft PCASP
instrument (squares and dashed line) and Banizoumbou AERONET
retrievals (dotted lines for version 1, solid lines for version 2) during
19 January 2006. The darker lines show the daily mean AERONET

retrievals. Data is normalized by total volume.

figure shows data from both version 1 (Dubovik and
King, 2000) and version 2 (Dubovik et al., 2006) of
the inversion algorithm. The daily mean retrievals are
shown, as well as four individual retrievals made on the
morning of 19 January between 0730 and 0900 UTC.
There are significant discrepancies between the PCASP
and AERONET retrievals that may reflect difficulties in
making optical measurements (see section 2.2) and/or
uncertainties associated with retrieval methods. However,
there is agreement in the overall pattern of the distri-
butions. Both show a fine mode from 0.05 to 0.4 µm
and a coarse mode starting from about 0.75 µm upwards.
Unfortunately the PCASP does not measure aerosols
larger than 1.5 µm in radius and, owing to difficulties
with other instruments, no aircraft data are available for
the larger-sized aerosols. However, the available PCASP
data do indicate a coarse mode with a similar magnitude
to AERONET and a peak at sizes of 1.5 µm or greater.
In general, the shape of the retrieved size distribution
does not change much between individual AERONET
retrievals and the corresponding daily mean, but there
are significant differences between versions 1 and 2. Ver-
sion 1 produces a double peak structure in the coarse size
range with maxima at sizes of 1.5 and 4 µm. Version 2
produces a broader peak with a maximum at 3 µm. It is
not clear from these comparisons which version is more
realistic or reliable, although previous studies have shown
clear improvements between version 1 and version 2 in
dusty conditions (e.g. Osborne et al., 2008).

The MISR retrieval splits total AOD into three size cat-
egories: small (r < 0.35 µm), medium (0.35–0.7 µm),
and large (r > 0.7 µm). Figure 9 shows the breakdown
of the AOD into these categories for the retrieval over
Banizoumbou. A similar breakdown has been performed
for the aircraft and AERONET data. This involved run-
ning Mie calculations with the aircraft and AERONET
volume distributions and the refractive index assumptions
from section 2.4. The aircraft shows a much lower contri-
bution from the large particle category because particles
greater than 1.6 µm were not measured by the aircraft

Figure 9. AOD contributions from small, medium and large aerosols,
derived from the FAAM aircraft PCASP, Banizoumbou AERONET
retrievals and MISR retrieval co-located with Banizoumbou. The error
bars shows the uncertainty in the AOD contribution from the large size
range. The uncertainties in the medium size range were comparatively
small and the uncertainties in the fine size range approximately matched

the uncertainties of the large size range.

PCASP. Since the AERONET size distribution covers a
much wider size range (Figure 8) it is a better source
of data for comparison against MISR. The MISR data
shows a substantially larger proportion of the AOD com-
ing from the large particle category. This is suggestive
of a stronger contribution from dust-like aerosol in the
retrieval model. This is consistent with the anomalously
low Ångström exponent given in Table I and probably
reflects limitations of the MISR algorithm mixture table,
as discussed in section 5.

7. Short-wave radiative fluxes

The AMF observations show a smooth symmetric curve
for most of the day, consistent with cloud-free conditions.
The main deviations from this curve are in the afternoon
(1530–1730 UTC), indicating some cloud cover. The
FAAM observations are from run 4 that was made at
150 m above ground level past Niamey and Banizoumbou
(see time period 1035–1045 UTC in Figure 10). The
FAAM observations are about 20 W m−2 lower than
those from the AMF at the beginning of the run and
then in good agreement with the AMF at the end of the
run, as shown by the inset of Figure 10. This variability
along the aircraft run may be attributed to variability of
the aerosol column above the aircraft, since the aircraft
travelled roughly 80 km during the run. At the time that
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Figure 10. Total solar flux as a function of time on 19 January 2006 from
the AMF SKYRAD system (dark-grey line), the FAAM pyranometer
during run 4 (light-grey line), and radiative transfer modelling either
including aerosol (black solid line) or assuming no aerosol (black
dashed line). Inset focuses on the time period 1035–1050 UTC when
FAAM run 4 measurements were made. The aircraft was closest to

Niamey at 1042 UTC, as indicated by the grey dashed line.

the aircraft flew past Niamey (1042 UTC) the aircraft
measurements are about the same as the values from
the AMF, which shows a good agreement considering
the expected uncertainty of around 3% in the FAAM
pyranometer measurements. The difference in altitude
between the aircraft and the AMF (approximately 150 m)
is not expected to influence the comparison by more than
5 W m−2 since the aerosol concentration was quite low
in the lowest 150 m of the atmosphere, as shown by the
aerosol scattering profile in Figure 3(a).

The radiative transfer modelling is shown for calcula-
tions with and without aerosols (solid and dashed lines,
respectively, in Figure 10). The model’s aerosol opti-
cal properties and their vertical distribution were based
on the aircraft observations from the profile and the
runs 1–4 during the period 0925–1050 UTC. However,
because there were changes in AOD during the day (Fig-
ure 7), the aerosol mass mixing ratios in the model have
been scaled so that the AOD in the model follows that
observed by the Microtops sunphotometer at Niamey. The
model gives a slightly higher flux than the observations
through most of the day. During the middle part of the
day (1000–1400 UTC) this difference averaged 20 W
m−2 (2.8% of the observed flux) but reached 30 W m−2

around 1300 UTC. More abrupt deviations also occur
later in the afternoon (e.g. 1530 UTC) but these are due
to cloud cover, which was not represented in the model.
It is not clear why the model flux is higher than the
measurements. It is possible that the measurements under-
estimate the flux to some degree. For example, an error of
±3%(×700 W m−2 = 21 W m−2) in the measured flux
could account for some of the differences shown.

The model may overestimate the solar flux due to
insufficient aerosol absorption in the model. Increasing
the black carbon content of the biomass-burning aerosol
from 6 to 8% (by volume) reconciled the modelled flux
with the measurements. This altered the single-scattering
albedo from 0.87 to 0.83 (at 550 nm), which is just within
the range expected from the FAAM and AERONET

version 1 observations (see Table I). Increasing the AOD
in the model by 0.1 or 15% also would have created
agreement with the measurements but such an increase is
not justified given that the model AOD was based on the
Microtops sunphotometer, which should be accurate to
within ±0.02. Replacing 25% of the fine particles (radii >

0.35 µm) with dust (rather than assuming all fine particles
to be biomass-burning aerosol) led to an even greater
overestimation of the downwelling solar flux in the
model. This was caused by the higher single-scattering
albedo of the aerosol mixture (0.90 at 550 nm). However,
if the black carbon content of the biomass-burning aerosol
was increased from 6 to 8% (restoring the overall black
carbon content of the fine aerosol to 6%) then the single-
scattering albedo and model results were virtually the
same as before (the case assuming no fine dust).

The treatment of aerosols as spheres is another source
of uncertainty which affects the calculation of aerosol
optical properties used in the model. However, resulting
errors in specific extinction coefficient will have been
compensated for in this study since mass mixing ratios
were constrained so that the column optical depth in the
model matched that from the Microtops sunphotometer.
Errors in single-scattering albedo and asymmetry par-
ameter, resulting from the spherical assumption, were
found to be negligible (Osborne et al., 2008). Therefore,
the discrepancies between the observed and measured flux
in this study are more likely to be related to uncertainty
in the single-scattering albedo than misrepresentation of
particle shape, or uncertainty in AOD. In particular, we
have not been able to constrain the spectral variation of
single-scattering albedo in our model across all wave-
lengths, although comparison with AERONET over the
440–1020 nm range showed reasonable agreement. Other
sources of model errors include uncertainties in the sur-
face albedo (±2 W m−2), uncertainty in the water vapour
profile (±2 W m−2) and the lack of stratospheric aerosol
(not quantified). Discrepancies of a similar magnitude
(∼20 W m−2) were also found for the 21 January 2006
case, examined by McFarlane et al. (2009), using aerosol
optical properties derived solely from MFRSR measure-
ments. As in the current study, they were able to attain
agreement in fluxes by adjusting the aerosol optical prop-
erties in the radiative transfer model by 5–10%. These
studies cannot be directly compared since they were con-
ducted for different cases and used different surface flux
measurements; however, they illustrate the general level
of uncertainty in radiative flux closure studies under the
conditions observed at Niamey.

8. Conclusions

A case-study from the DABEX campaign has been pre-
sented to investigate differences between in situ air-
craft measurements, satellite retrievals and ground-based
remote-sensing methods. The comparisons include data
from the FAAM aircraft, the Banizoumbou AERONET
site, a Microtops sunphotometer operated at Niamey, the
ARM Mobile Facility at Niamey, the MISR satellite
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instrument and a new version (collection 5.1) of the
MODIS Deep Blue algorithm. Airborne radiometer mea-
surements and radiative transfer modelling are also used
to assess the impact of aerosol on downwelling short-
wave radiation. The case-study took place on 19 Jan-
uary 2006 over the region surrounding Niamey, Niger,
which was the operating base of the FAAM aircraft dur-
ing DABEX. Clear skies and high aerosol loadings make
this an ideal case-study to test the performance of aerosol
remote-sensing retrievals.

The aircraft measurements showed a shallow dust layer
extending from the surface to 1 km and an elevated
layer of biomass-burning aerosol between 1 and 3.5 km
mixed with some dust. The single-scattering albedo at
550 nm varied from 0.98 in the dust layer to 0.82 in
the upper parts of the biomass-burning aerosol layer. The
AERONET and Microtops sunphotometers suggested an
AOD of around 0.72–0.74 (at 550 nm) at the time of the
aircraft measurements. The estimate of AOD from the air-
craft (0.79) was in good agreement with the sunphotome-
ters. In situ measurements suggest that biomass-burning
aerosol and mineral dust were equally important contrib-
utors to the AOD at 550 nm. The MISR and MODIS
Deep Blue satellite retrievals of AOD were within 10%
of the sunphotometer measurements. This level of agree-
ment was well within the expected uncertainty, given the
difficulty of retrieving aerosol properties over brightly-
reflective land surfaces, and aerosol variability convolved
with sampling differences.

The derived optical properties from AERONET were
in reasonable agreement with in situ measurements from
the aircraft whereas the optical properties from MISR
were somewhat at odds with the aircraft and AERONET.
The AERONET retrieval suggested a column-average
single-scattering albedo of 0.85 ± 0.03 (at 550 nm),
which was close to the aircraft estimate of 0.87 ± 0.03.
The MISR retrieval gave higher single-scattering albedos
of 0.94 (at 550 nm) and also overestimated the AOD
contribution from large particles (r > 0.7 µm) compared
to AERONET. This is most likely due to the lack
of sufficient mixtures of dust and absorbing spherical
particles in the retrieval algorithm, thus choosing a
dust mixture that had too little absorption and too few
fine particles. This is consistent with previous MISR
team analyses for other mixed dust and biomass-burning
situations.

Measurements of downwelling solar radiation from the
FAAM aircraft during a low-altitude run were reasonably
in agreement with surface-based measurements from
the AMF; differences averaged around 10 W m−2.
Radiative transfer model calculations were performed
using aerosol optical properties and input profiles from
the aircraft data. The model downwelling solar flux
was about 20 W m−2 higher than the observations
suggested, and this difference is most likely due to
uncertainties in aerosol optical properties such as single-
scattering albedo. This demonstrates the requirement for
measurements of aerosol optical properties across a wider
range of wavelengths to better constrain inputs, such as
the refractive index, as a function of wavelength.
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