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[1] Spectral surface albedo, a boundary condition which needs to be accurately known for
aerosol remote sensing, surface aerosol forcing, and radiative transfer calculations, also
strongly affects Earth’s radiation balance. The difficulty in deriving surface albedo
from space and aircraft observations lies mainly in the atmospheric correction, especially
in aerosol-burdened regions. Because of the different scales, comparing satellite retrievals
with airborne or ground-based observations is not straightforward. We use Solar
Spectral Flux Radiometer (SSFR) measurements of upward and downward irradiance
from aircraft altitude during Megacity Initiative: Local and Global Research Observations
(MILAGRO) to determine spectral surface albedo at ground stations and along the
flight track (over the wavelength range 350 to 2100 nm), thereby linking flight-level
retrieved measurements to larger-scale satellite observations in the polluted Mexico City
environment. Our approach involves iteratively adjusting the surface albedo input of
a SSFR specific radiative transfer model until the modeled upward irradiance matches the
SSFR measurements at flight level. A sensitivity analysis of surface albedo to aerosol
optical properties provides a retrieval uncertainty, which can outweigh the SSFR
instrument uncertainty under highly variable conditions (or uncertain measurements)
of aerosol optical depth and asymmetry parameter. Comparisons between spectral surface
albedo derived from the SSFR, Multi-Filter Rotating Shadowband Radiometer, and the
Moderate Resolution Imaging Spectroradiometer (MODIS) instrument onboard
the NASA-EOS Terra and Aqua satellites are shown with differences of 6–10% and
0.025–0.05 units, respectively. Along-track comparisons between the SSFR and MODIS
show that two instruments (aircraft and satellite) can capture inhomogeneous surface
albedo scene changes.
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1. Introduction

[2] Spectral surface albedo, defined as the ratio of upward
diffuse irradiance, F", to total (direct plus diffuse) down-
ward irradiance, F#, at the surface as a function of wave-
length, carries information regarding the optical properties
of the land surface as well as the amount of energy
remaining for atmospheric interactions. The surface albedo
is strongly dependent on land use/land cover which has

temporal, spatial, spectral, and directional effects [Lucht et
al., 2000]. Retrievals made from passive, downward-viewing
remote sensing measurements (for example, aerosol
properties and surface aerosol forcing) involve working with
a coupled surface-atmosphere signal [Pinty et al., 2005]. The
strong dependence of surface albedo on surface features
highlights the difficulty inherent in these retrievals since
the desired property often contributes a smaller portion to
the coupled signal than does the surface (especially over
land). Thus measurements of spectral surface albedo are
needed for providing a lower boundary condition in
radiative transfer modeling (a necessary component of these
retrievals).
[3] Surface albedo is also important from a climate

perspective as identified in the Working Group I assessment
by the Intergovernmental Panel on Climate Change [Forster
et al., 2007]. This report identifies human-induced changes in
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land cover as leading to a small (�0.2 Wm�2 ± 0.2 Wm�2)
negative global radiative forcing (with a medium–low
level of scientific understanding). Although these global
effects are minimal when compared to greenhouse warming
(1.66 Wm�2 ± 0.17 Wm�2 for carbon dioxide alone), their
regional effects are expected to be larger. Integrated meas-
urements of spectral surface albedo can improve parameter-
izations of surface radiation processes and biases in climate
models.
[4] Spectral surface albedo measurements (or retrievals)

are made with ground-based, airborne, and satellite instru-
ments. Surface radiometer measurements are not hindered by
atmospheric effects but cover limited area [Michalsky et al.,
2003; Castro et al., 2001]. At the other extreme, multi-
wavelength satellites such as Moderate Resolution Imaging
Spectroradiometer (MODIS) [Schaaf et al., 2002] and Multi-
angle Imaging SpectroRadiometer (MISR) [Martonchik et
al., 1998], or geostationary satellites [Govaerts et al., 2004]
provide global coverage but must correct for the intervening
atmosphere as well as integrate the angularly dependent
radiance measurements to derive surface albedo. Radio-
meters aboard aircraft provide a bridge between the surface
measurements and satellite retrievals of surface albedo, but
also require correction for atmosphere effects between the
surface and flight level [Wendisch et al., 2004]. Both aircraft
and ground measurements of surface albedo provide impor-
tant validation data for the land surface satellite products
while aircraft measurements are uniquely suited for validat-
ing area resolved surface albedo products from satellites.
[5] This paper presents the spectral surface albedo

derived from the Solar Spectral Flux Radiometer (SSFR)
[Pilewskie et al., 2003] measured albedo at flight level by
determining the atmospheric transmittance between the
flight level and the ground. We use a method based on
Wendisch et al. [2004] to determine the atmospheric effects.
We provide a sensitivity analysis of area-resolved surface
albedo results to aerosol properties and a comparison with
MODIS and Multi-Filter Rotating Shadowband Radiometer
(MFRSR) surface albedo. Section 2 contains an overview of
the MILAGRO field campaign and chosen data cases.
Section 3 provides a description of the instruments
(ground-based, aircraft, or satellite) that provide the re-
quired atmospheric measurements we use in our surface
albedo retrieval method. The details of the SSFR-specific
radiative transfer model are given in section 4 and the
description of the iterative method used for retrieving
surface albedo is described in section 5. Section 6 includes
results of spectral surface albedo at the ground sites and a
comparison to the MFRSR measurements, a sensitivity
analysis of aerosol properties on retrieved spectral surface
albedo, an along flight track surface albedo, and compar-
isons of SSFR and MODIS spectral surface albedos. Unless
specifically stated, references to atmospheric correction
refer to those due to molecular and aerosol scattering and
absorption.

2. Overview of MILAGRO Data Cases

[6] The Megacity Initiative: Local and Global Research
Observations (MILAGRO) field campaign was designed to
study the growing problem of air pollution in megacities

(cities with more than ten million people), which impact air
quality, local health and climate. The SSFR was integrated
on the Sky Research Jetstream-31 (J-31) aircraft as part of
the Intercontinental Chemical Transport Experiment-Phase
B (INTEX-B) to focus on the radiative impacts of aerosols
during MILAGRO. The J-31 flight plans were made in
coordination with NASA satellite (Aura, Aqua, and Terra)
overpasses to provide a link between the constrained
perspective of ground-truth instrumentation and the regional
and global view of the satellites.
[7] Surface measurements of atmospheric properties were

conducted at two instrumented ground sites (named T0 and
T2). The T0 ground site (19.488N 99.147W) is located at
2240 m elevation in a predominately urban area near the
Mexico City Airport. The T2 ground site (20.010N
98.909W, 2542 m elevation) is approximately 60 km NE
of T0, located on private ranch land (Rancho La Bisnaga)
where the primary vegetation cover was parched grass.
Figure 1 shows a subset of the area scenery obtained by
the MODIS satellite for the time period 6–15 March 2006
(using the last 16 days of retrievals that include the date of
the SSFR flight). The locations of the T0 and T2 ground
sites are indicated, as well as approximately 360 km of the
path (red line) flown by the J-31 aircraft on 15 March 2006
between T0 and T2 along which surface albedo comparisons
are made between SSFR and MODIS (see section 6.3).
[8] We concentrate on two days during the MILAGRO

campaign, 6 March and 15 March 2006 for which we
present three spectral surface albedo cases. On March 6,
2006, the J-31 aircraft flew over the T0 ground site and on
March 15, 2006, the J-31 overflew both T0 and T2. In
addition to presenting the spectral surface albedo at T0 and
T2, we provide area resolved spectral surface albedos along
the J-31 flight track between these two sites for March 15,
2006. Intercomparisons between SSFR and MODIS spectral
surface albedo are shown for each location and along the
flight track, and an intercomparison between the SSFR and
the MFRSR is shown for T2 on March 15, 2006.
[9] The flight altitude, solar zenith angle (SZA), and level

of pollution (indicated by aerosol optical depth) are de-
scribed for the case studies in Table 1. Aerosol optical
properties (single scattering albedo and asymmetry param-
eter) as measured by the instruments described in the
following section, are also included. Navigational and
meteorological (nav-met) data collected onboard the J-31
are used in combination with radiosondes launched from T0
and T2 to create the atmospheric profiles of pressure,
temperature, and relative humidity used in the modeling
studies.

3. Instruments

3.1. Airborne Instruments

3.1.1. SSFR
[10] Simultaneous measurements of F" and F# were

acquired with the SSFR. The SSFR is a moderate resolution
(8–12 nm) spectrometer that spans the wavelength range
from 350–2100 nm. F# is corrected for the changing aircraft
attitude with respect to the horizontal plane and for the
angular response of the cosine-weighting integrating sphere
(the optical collector for the SSFR). The angular response is
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measured before each experiment in the laboratory to
correct for non-ideal behavior. Although this response is
highly linear with cosine of incidence angle from values as
low as 0.2 up to about 0.8, a so-called hotspot occurs at
0.92 (23�), where the response is slightly above the cosine
of the incidence angle. F" is corrected with the cosine-
weighted response integrated over the lower hemisphere.
[11] The SSFR is radiometrically calibrated against a

NIST traceable 1000 W lamp before and after the mission.

Field calibrations are performed to monitor the stability of
the SSFR over the experiment using a 200 W LI-COR Field
Calibrator. Spectral calibration is achieved by referencing
lines from a Hg lamp. The SSFR RMS uncertainty is 3–5%
over the SSFR spectral range.
[12] For hemispheric irradiance measurements, assuming

an isotropic radiation field, half of the measured signal is
derived from within 45 degrees of normal incidence. There-
fore, we define the footprint of the SSFR as the ‘‘half-power’’

Figure 1. MODIS Collection V005 500-m True Color White Sky Albedos created by integrating the
BRDF parameters over all viewing and illumination angles in the hemisphere obtained over 16 days of
observations covering the time period of 6–15 March 2006. Shown is a zoomed in view of the MODIS
tile. Arrows point to the T0 and T2 supersite locations. The red line denotes the path of the J-31 aircraft
flown on 15 March 2006 when along-track surface albedo comparisons are made between the SSFR and
MODIS (see section 6.3.).

Table 1. Summary of Atmospheric and Aerosol Conditions

Date Location SZA
Flight Altitude

(m AGL)
Aerosol Optical

Deptha,b
Aerosol Single

Scattering Albedoa
Aerosol Asymmetry

Parametera

6 March 2006 T0 37.5 3500 0.26393 0.74 0.60
15 March 2006 T0 32.1 500 0.32045 0.87 0.72
15 March 2006 T2 23.8 3810 0.24038 0.90 0.72

aAt 500 nm.
bBetween surface and flight level.
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area, a circle of radius equal to the distance from the aircraft
to ground [Feingold et al., 2006]. For the cases discussed,
the instantaneous SSFR footprint ranges from approximately
500 to 3800 m in radius (see Table 1).
3.1.2. AATS-14
[13] The 14-channel Ames Airborne Tracking Sunpho-

tometer (AATS-14) [Russell et al., 1999], also integrated on
the J-31, measures aerosol optical thickness from flight
level to TOA at 14 solar wavelengths. For situations when
we are flying below an aerosol layer (as was the case for T0
on 15 March), AATS-14 data allows us to determine the
optical depth of the aerosol between surface and flight level
by subtracting the AATS-14 data (extrapolated to SSFR and
model wavelengths using the provided cubic fits to the
measured optical depths) from the AERONET column data
(extrapolated to SSFR and model wavelengths using the
AERONET provided Angström parameter).

3.2. Ground-Based Instruments

3.2.1. MFRSR
[14] The MFRSR measures irradiance at six narrow

wavelength bands centered on 415, 500, 615, 673, 870,
and 940 nm. For the purposes of this paper, we focus on
ground-based results at the T2 ground site where the
MFRSR with non-shadowed aperture was used to make
‘‘ground-truth’’ measurements of surface albedo over a
representative area of T2. This ground measurement serves
as a single anchor point along our flight track and is only
representative of the area directly under the MFRSR instru-
ment as opposed to our flight measurements where the
footprint size of the SSFR is variable (see section 3.1.1) and
where the MODIS satellite measurements are reported at
500 m intervals [Liang et al., 2002].
3.2.2. In Situ
[15] Particle Soot Absorption Photometers (PSAP) and

nephelometers were located at both ground sites. PSAP’s
measure light absorption by aerosols, babs, and nephelom-
eters measure light scattering by aerosols, bsca. Together,
the nephelometer and PSAP instruments provide aerosol
single scattering albedo, waer =

bsca

bext
, where bext = babs + bsca.

At T0, waer was obtained from a single wavelength (532 nm)
PSAP and nephelometer. This data was only available on 15
March 2006. A constant value of waer was assumed across
the SSFR and model wavelength range. At T2, waer was
obtained from a three wavelength PSAP (450, 530, and
660 nm) and nephelometer (450, 550, and 700 nm) for the
15 March 2006 case. Linear interpolation was performed
between these three wavelengths and constant values of waer

were used below 450 nm and above 700 nm.
3.2.3. AERONET
[16] AERONET Cimel sunphotometers were located at

both T0 and T2 ground sites to provide column spectral
aerosol optical depth, taer. If the AATS-14 data indicated
the J-31 was not flying below an aerosol layer, taer was
provided solely by AERONET and values were extrapolated
to SSFR and model wavelengths using the AERONET
provided Angström parameter. This was the case for T0
on 6 March 2006 and for T2 on 15 March 2006.
[17] At the T0 ground site, a wavelength dependent

aerosol asymmetry parameter, gaer, was provided for certain
retrievals made from angular radiance measurements in the
almucantar plane between 0.440 and 1.02 mm [Dubovik and

King, 2000; Dubovik et al., 2000]. For the T2 case on 15
March 2006, we used AERONET asymmetry parameter
data that had been retrieved at the T0 ground site. In
addition, an AERONET wavelength dependent aerosol
single scattering albedo, waer, was used for the T0 case on
6 March 2006 where in situ data was not available. Linear
interpolation was performed for measurements between the
retrieval wavelengths and constant values of waer were used
below 440 nm and above 1020 nm.

3.3. Satellite

[18] J-31 flight plans during MILAGRO were drawn up
in consideration of observations from instruments aboard
NASA’s Terra (EOS AM-1) and Aqua (EOS PM-1) plat-
forms. In section 6.3, we show comparisons between SSFR
spectral surface albedos and those created from the MODIS
Bidirectional Reflectance Distribution Function BRDF/al-
bedo model parameters product (MCD43A1). This product
supplies the weighting parameters associated with the
RossThick-LiSparse-Reciprocal BRDF model that best
describes the anisotropy of each 500 m MODIS pixel
[Wanner et al., 1995; Lucht et al., 2000; Schaaf et al.,
2002]. We use these three parameters describing the isotro-
pic scattering, volume scattering, and geometric shadowing
( fiso, fvol, fgeo, respectively) to compute albedos for MODIS
spectral bands 1–6 (centered at 0.648, 0.858, 0.470, 0.555,
1.240, and 1.640 mm respectively). We then combine the
black-sky (direct beam directional hemispherical albedo)
and white-sky (diffuse bihemispherical) albedos for each of
these bands as a function of optical depth and solar
geometry to calculate the ‘‘actual’’ or blue-sky albedos
equivalent to the quantities measured by the SSFR. Results
are obtained for 6 March 2006 and 15 March 2006 (using
anisotropy models based on the last 16 days of surface
reflectance retrievals) for sinusoidal tiles labeled according
to the MODIS polar grid description as h08v07 and h08v06.
These tiles together encompass MILAGRO’s ground sites
(T0 and T2) as well as J-31’s flight transects between T0
and T2 (see Figure 1).

4. Radiative Transfer Model

[19] An SSFR-specific 1-D radiative transfer model was
used in conjunction with the measurements for the surface
albedo retrieval. The original version of the model, de-
scribed in Bergstrom et al. [2003] has been updated from
140 bands of 10 nm width (covering 300–1700 nm) to 2201
bands of 1 nm sampling resolution that cover a wavelength
range of 300–2500 nm. The model uses:
[20] 1. Correlated k-distributions for oxygen, ozone, car-

bon dioxide, water, and now methane to provide the
molecular absorption coefficients [Mlawer et al., 1997].
[21] 2. Rayleigh optical depth for an atmosphere contain-

ing 370 ppm CO2 now calculated by numerical approxima-
tion [Bodhaine et al., 1999].
[22] 3. DISORT (Discrete Ordinates Radiative Transfer

Program) [Stamnes et al., 1988].
[23] 4. Kurucz solar spectrum at around 0.1 cm�1 reso-

lution for TOA boundary condition [Kurucz, 1992].
[24] 5. SSFR slit functions [Pilewskie et al., 2003].
[25] Model inputs include an initial guess surface albedo,

vertical profiles of gases, uniformly distributed aerosols in
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layer, and spectral scattering and absorption properties of
aerosols (taer, waer, gaer).
[26] For homogeneous atmospheres, the k-distribution

method [Mlawer et al., 1997; Liou, 2002] provides absorp-
tion coefficients, kn, through grouping spectral transmit-
tance in individual wavelength bins. We use the line-by-line
radiative transfer model (LBLRTM v.9.4) by Clough et al.
[1992] to access line parameters in the 2004 HITRAN
database [Rothman et al., 2005] for creating kn at a spectral
resolution of 0.001 cm�1. The k-distribution method is
based on the theory that for homogeneous atmospheres,
spectral transmittance in a given spectral interval is inde-
pendent of the ordering of kn. We accomplish the expansion
of the k-distribution method to realistic inhomogeneous
atmospheres (known as correlated �k method) by calculat-
ing kn at 30 pressure levels (logarithmically spaced) for a
standard midlatitude summer atmosphere [Anderson et al.,
1986] from 1050 to 3 mbar and at 5 temperature values
spaced in 15 K increments around the temperature
corresponding to the reference pressure in the midlatitude
summer profile [Mlawer et al., 1997].
[27] To cover the entire wavelength range of the SSFR,

absorption lines are extracted in groups of 40 nm to 65 nm
bands centered around the central wavelength between
300–2500 nm. On occasion this requires more than one
call of LBLRTM, which handles a maximum width of
2020 cm�1 per call. Bandwidths of 40 nm (for wavelengths
less than 1000 nm) and 65 nm (for wavelengths greater than
1000 nm) are based upon the distance from band center
where the signal fell below 0.001 of the maximum value at
band center. The 40 or 65 nm slit functions were stepped in
1 nm intervals across the entire spectrum. The many
absorption lines retrieved from the HITRAN 2004 database
across these band widths are sorted into a smooth, mono-
tonically increasing cumulative probability distribution.
Quadrature points (gi) designated by Mlawer et al. [1997]
are chosen such that sixteen absorption coefficients describe
the spectral interval. The same order of sorting is applied to
the solar source function [Kurucz, 1992] and to the SSFR
filter functions [Pilewskie et al., 2003] so that the outgoing
irradiance at each value of g is treated as the incoming
irradiance for the same g value in an adjacent layer.

[28] A four-point interpolation in log(pressure) and tem-
perature is performed to calculate the absorption coefficients
for a specific atmosphere. A second variable to define the
ratio of overlapping gas amounts in spectral regions con-
taining more than one significant absorbing species is
applied and interpolated according to Mlawer et al.
[1997]. The significant absorbing species (including over-
lapping species) in a spectral region are guided by Mlawer
and Clough [1997], but ultimately identified according to
transmission spectra and are listed in Table 2.

5. Iterative Surface Albedo Retrieval Method

[29] The iterative method we describe for retrieving
spectral surface albedo requires contributions from both
SSFR measurements at flight altitude and case-specific
modeling results from the SSFR radiative transfer model
(described in section 4). The basic premise of the albedo
retrieval method involves iterative corrections to the ‘‘first
guess’’ spectral surface albedo input to the radiative transfer
model until the modeled F" at flight level matches the nadir
SSFR measurements within pre-set limits of convergence
(chosen to be within 3%).
[30] The first step involves providing the required model

inputs, which include state parameters such as the case-
specific atmospheric vertical profiles between the surface
and 37 km and a first guess surface albedo. The measure-
ments described in section 3 provide the required model
inputs needed to simulate realistic atmospheric conditions
for each case study listed in Table 1. Special considerations
to model inputs not detailed in section 3 are listed here:
[31] 1. J-31 pressure, temperature, and humidity data are

merged with sonde data and the tropical standard atmosphere
[Anderson et al., 1986] for upper levels to provide vertical
atmospheric profiles between the surface and 37 km. The
water vapor vertical profile is integrated and scaled by the
total column precipitable water vapor amount (AERONET
product from sunphotometer measurements at 940 nm) to
provide a final water vapor profile.
[32] 2. The aerosol spectral optical depth, taer, between

flight level and the ground (needed for correcting for
atmospheric contribution) is obtained as the AERONET
column optical depth minus that measured by AATS-14
above flight level.
[33] 3. For gaer, the wavelength dependence retrieved by

AERONET at T0 is also applied to the T2 region.
[34] 4. Latitude, longitude, and altitude were obtained

from measurements made using the Applanix POS inertial/
GPS system on the J-31.
[35] 5. Solar zenith angle (SZA) is calculated from

measurements of latitude, longitude, and time using code
developed by Paul Ricchiazzi of Earth Space Research
Group. Modeling runs for the specific cases are performed
at a fixed SZAwhich is chosen to match the median SZA of a
short time interval of measurements (less than 30 seconds).
Over this time period, the F" and F# measured by the SSFR
are checked for signal stability to ascertain that no clouds
are present, aerosol layer properties are stable, and surface
properties are unchanged.
[36] 6. An initial guess of spectral surface albedo is

required. Any non-zero initial guess will converge to the
same solution but the accuracy of the guess compared to the

Table 2. SSFR-Specific Radiative Transfer Model Bands

Band (nm) Band (cm�1) Absorbers

300–448 22321–33333 O3

448–620 16129–22321 H2O, O3

620–640 15625–16129 H2O/O2 overlap, O3

640–680 14705–15625 H2O, O2, O3

680–700 14285–14705 H2O/O2 overlap, O3

700–750 13333–14285 H2O, O2, O3

750–760 13157–13333 H2O/O2 overlap, O3

760–770 12987–13157 H2O, O2, O3

770–780 12820–12987 H2O/O2 overlap, O3

780–1240 8064–12820 H2O
1240–1300 7692–8064 H2O/O2 overlap, CO2

1300–1420 7042–7692 H2O, CO2

1420–1450 6896–7042 H2O/CO2 overlap
1450–1560 6410–6896 H2O, CO2

1560–1630 6134–6410 H2O/CO2 overlap
1630–1940 5154–6134 H2O
1940–2150 4651–5154 H2O/CO2 overlap
2150–2500 4000–4651 H2O/CH4 overlap
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