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New Methods to Infer Snow Albedo From the
MISR Instrument With Applications to the

Greenland Ice Sheet
Julienne C. Stroeve and Anne W. Nolin

Abstract—Snow-covered surfaces have a very high surface
albedo, thereby allowing little energy to be absorbed by the snow-
pack. As the snowpack ages and/or begins to melt, the snow albedo
decreases and more solar energy is absorbed by the snowpack.
Therefore, accurate estimation of snow albedo is essential for
monitoring the state of the cryosphere. This paper examines the
retrieval of snow albedo using data from the Multi-angle Imaging
SpectroRadiometer (MISR) instrument over the Greenland ice
sheet. Two different methods are developed and examined to
derive the snow albedo: one based on the spectral information
from MISR and one utilizing the angular information from the
MISR instrument. The latter method is based on a statistical
relationship betweenin situ albedo measurements and the MISR
red channel reflectance at all MISR viewing angles and is found to
give good agreement with the ground-based measurements. Good
agreement is also found using the spectral information, although
the method is more sensitive to instrument calibration, snow
bidirectional reflectance distribution function (BRDF) models,
and narrowband-to-broadband relationships. In general, using
either method retrieves snow surface albedo values that are within
about 6% of that measured at the stations in Greenland.

Index Terms—Greenland, Multi-angle Imaging Spectro-
Radiometer (MISR), snow albedo.

I. INTRODUCTION

SURFACE albedo is an important climate parameter, as it in-
fluences the amount of solar radiation absorbed by the sur-

face. For snow-covered surfaces, the albedo may be greater than
0.80, thereby allowing very little solar energy to be absorbed
by the snowpack. As the snow ages and/or begins to melt, the
albedo is reduced considerably, leading to enhanced absorption
of solar radiation which further reduces the surface albedo. Con-
sequently, snow melt comprises an unstable, positive feedback
component of the earth’s climate system, which amplifies small
perturbations to that system.

Vast expanses of the earth’s surface are covered by snow,
such as the Greenland and Antarctic ice sheets. These ice sheets
cool the climate by affecting the local energy balance through
reduced absorption of solar radiation. Since most energy for
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melting is supplied by solar radiation in these regions, knowl-
edge of the surface albedo is essential for energy and mass bal-
ance studies. The surface albedo is not only needed to derive
the energy balance, it is also an indicator of many physical as-
pects of the snow surface, such as snow thickness, grain size,
and water content.

Satellite remote sensing offers a means for measuring and
monitoring the surface albedo of snow-covered surfaces in
remote places such as the polar regions. Several studies have at-
tempted to estimate the albedo in the Arctic using data from the
National Oceanic and Atmospheric Administration (NOAA)
Advanced Very High Resolution Radiometer (AVHRR) (e.g.,
[1]–[3]). Snow albedo is also one of the standard products to be
generated in the near future from data acquired by the Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument
flown on the Terra and Aqua satellites [4]. Snow albedo
from instruments such as AVHRR and MODIS rely on using
variations in spectral reflectance to derive the albedo. With the
Multi-angle Imaging SpectroRadiometer (MISR), also flown
on Terra, the possibility exists to use the angular signatures in
addition to spectral signatures for high-resolution snow albedo
retrievals, as well as many other potential applications for
cryospheric research [5].

This study evaluates clear-sky snow surface albedo retrievals
from the MISR instrument through comparisons with ground-
based albedo measurements obtained in Greenland. Although
surface albedo is routinely retrieved as part of the MISR oper-
ational processing system, the quality of the albedo is depen-
dent on the accuracy of the aerosol retrievals (e.g., [1]) which
are used as input to the atmospheric correction. Over bright, ho-
mogeneous targets such as the Greenland ice sheet, the MISR
aerosol retrievals are currently in very early states of checkout
and validation. Therefore, in order to investigate the information
content of MISR data with respect to snow albedo, we developed
and examined two different techniques for retrieving the sur-
face albedo: one using the angular information provided by the
MISR data and the other based on the spectral information from
MISR. Data from automatic weather stations in calendar years
2000 and 2001 provide measurements of atmospheric variables
needed for the atmospheric correction, and they provide the
ground-based measurements with which to compare coincident
clear-sky satellite albedo retrievals.

In discussing the albedo retrieval methodology from satellite,
it is helpful to define the different reflectance/albedo terms that
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will be used throughout the paper. These are defined according
to [6].

1) Bidirectional Reflectance Distribution Function (BRDF):
Surface-leaving radiance divided by incident irradiance
from a single direction.

2) Bidirectional Reflectance Factor (BRF):Observed radi-
ance divided by the radiance from a perfect Lambertian
reflector, under conditions in which the illumination is
from a single direction. This term is used in this paper
to refer to both the top-of-the-atmosphere (TOA) and at
the surface.

3) Hemispherical-Directional Reflectance Factor (HDRF):
Surface-leaving radiance divided by radiance from a per-
fect Lambertian reflector, under conditions of ambient
(direct and diffuse) illumination. Atmospheric correction
of satellite measurements for direct and diffuse transmis-
sion, but not for diffuse irradiance at the surface, yields
the HDRF.

4) Bihemispherical Reflectance (BHR):The surface albedo,
as measured by an albedometer at the surface, where the
incident illumination is both direct and diffuse.

II. STUDY SITE

The surface albedo is derived from the MISR data at five dif-
ferent study sites in Greenland. These sites are part of a network
of automatic weather stations (AWS) that compose the Green-
land Climate Network (GC-Net) [7]. Presently, 21 AWS are op-
erational, providing measurements of the surface radiation bal-
ance, turbulent fluxes, conductive heat flux in the snow pack, as
well as profiles of temperature, humidity, wind speed and direc-
tion, snow height, and pressure. The sites used for the intercom-
parison are shown in Fig. 1 and are as follows.

1) ETH/CU: This station, also known as the Swiss Camp,
is located at the equilibrium line altitude on the western
side of the ice sheet [69.59N, 49.27 W; 1150 m above
sea level (a.s.l.)].

2) JAR:This station is situated in the ablation region down-
stream from the ETH/CU camp (69.50N, 49.69 W; 962
m a.s.l.).

3) Summit:This station is located at the highest point of the
ice sheet (72.58N, 38.50 W; 3150 m a.s.l.).

4) Humboldt: This is situated in the northwestern part of
the ice sheet in a region of high annual accumulation
(78.53 N/56.83 W; 1995 m a.s.l.).

5) TUNU-N: This is located in a relatively low accumula-
tion region of the ice sheet in the northeast (78.02N,
33.99 W; 2113 m a.s.l.).

All the AWS employ LI–COR 200SZ photoelectric diodes
to measure incoming and reflected solar radiation in the
0.4–1.1- m wavelength range. This spectral range does not
cover the entire solar spectrum, such as what is typically
measured by an albedometer or a set of pyranometers (e.g.,
0.3–3.5 m). Relative calibration of the LI–COR-measured
surface albedo with those measured from Eppley precision
spectral pyranometers (PSP) at the ETH/CU camp show a
positive bias of around 4% [8]. However, this bias may not be
applicable to other stations, since different atmospheric and
surface conditions will affect the relationship. For example,

Fig. 1. Map of the Greenland ice sheet showing the AWS locations used for
the albedo comparisons.

based on model simulations of snow albedo using a standard
arctic summer atmospheric model, the difference between
LI–COR and PSP albedo for snow grain sizes of 100, 500, and
1000 m is 6.9, 8.9, and 10.8%, respectively, at a solar zenith
angle of 65. Thus, we stress here that caution is needed when
making comparisons between the LI–COR albedo and the
broadband albedo being derived from the MISR spectral data.
In this study, we will be using the narrowband-to-broadband
conversion coefficients from [9], and, therefore, the resulting
surface albedo will correspond to slightly different spectral
ranges than the LI–COR measurements. Finally, clear skies are
estimated from visual inspection of the satellite data and from
the AWS data by comparing measured and modeled (clear-sky)
incoming solar radiation at the station (see [8] for more detailed
information on this procedure).

III. MISR SATELLITE DATA

The MISR instrument is on board the NASA Earth Observing
System (EOS) Terra satellite which was launched December
18, 1999. MISR uses nine discrete cameras pointed at fixed an-
gles, one looking straight down (nadir), as well as well as four
viewing angles in both the forward (f) and aftward (a) directions
along the spacecraft ground track. The four angles on either side
of nadir are 26.1, 45.6 , 60.0 , and 70.5, referred to as the A,
B, C, and D cameras, respectively. The nadir camera is called
the An camera. For this work, the MISR L1B2T (terrain-regis-
tered) TOA-scaled radiance data are used. The L1B2 data are
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in the Space Oblique Mercator (SOM) grid, such that each or-
bital path is gridded into 180 blocks. The red channel data are at
275-m resolution for all cameras, as are the blue, green, red, and
near-infrared channels of the nadir camera. All other channels
(in the instrument’s Global Mode) are at 1.1-km resolution.

For each region of interest, the following cameras and chan-
nels were extracted for a 50-by–50 pixel subregion centered
on each station: Df–red, Cf–red, Bf–red, Af–red, An–blue,
An–green, An–red, An–nir, Aa–red, Ba–red, Ca–red, and
Da–red (see Table I for channel wavelengths). The subset data
are converted from TOA-scaled radiances to TOA BRF using
TOA solar irradiance and solar zenith angle data supplied with
the MISR imagery. Table II summarizes dates of acquisition of
MISR data used in this study.

IV. CLEAR-SKY ALBEDO METHODOLOGY

Albedo, as defined here, is a physical property of the cou-
pled surface–atmosphere system. The broadband surface albedo
at a specific solar zenith angle is defined as the fraction of
the incoming solar irradiance reflected back to the sky from the
earth’s surface. It can be expressed as

(1)

where and represent the spectral albedo and
the downwelling solar irradiance at the surface at
and wavelength , respectively.1 Integrated over the solar spec-
trum (0.30–3.5 m), it gives the broadband surface albedo. This
is what is typically measured using an albedometer.

What the MISR measurement provides is the TOA BRF,
which is dependent upon the viewing geometry of the satellite.
The surface albedo under “clear skies” can be derived from
reflectance measurements made by satellite, providing a
correction for the intervening atmosphere is made. Typically,
other steps are needed, since the narrowband channels of
satellite instruments generally only represent a fraction of the
solar spectrum and are dependent upon the specific viewing
geometry of the sun-sensor. The methodology used to derive
the broadband albedo from the MISR spectral information is
the same as described in [1] and is summarized in Section IV-A.
Section IV-B discusses the methodology used to derive the
surface albedo from the MISR angular information.

A. Broadband Albedo From Spectral Information

The following discusses the methodology used in deriving
the surface albedo using the MISR spectral information for the
nadir camera. The methodology can also be applied to off-nadir
views. The following steps are discussed in more detail:

1) correction for atmospheric effects;
2) correction for anisotropic reflection at the surface;
3) calculation of the spectrally integrated albedo.

1�(� ; �) = (1=� R(��;� ; �; � ; �)I(� ; � ; � ; � ; �)
�� d� d� d�d�)=( I(� ; � ; � ; � ; �)� d� d� ), where � =
cos(�), � the azimuth angle,R(��;� ; �; � ; �) the surface spectral bidirec-
tional reflectance factor (BRF), andI(� ; � ; � ; � ; �) the total downward
radiance (direct+ diffuse). Primed quantities refer to reflection angles.

TABLE I
CENTER WAVELENGTH OF SPECTRAL CHANNELS FORMISR DATA USED

IN THIS STUDY

TABLE II
DATES OFACQUISITION OFMISR DATA USED IN THIS STUDY

1) Atmospheric Correction:Although the atmosphere is rel-
atively thin over the Greenland ice sheet, atmospheric attenua-
tion of radiation remains significant in the visible and near-in-
frared wavelengths [1]. Atmospheric correction for MISR is per-
formed using the 6S radiative transfer model [10]. Since the
model was not specifically designed with the polar regions in
mind, additions were made to the radiative transfer model which
included the following:

1) addition of standard Arctic summer and winter atmo-
spheric profiles;

2) spectral albedo of new and old snow;
3) snow BRDF for each of the MISR channels.
For comparisons with station data, the 6S radiative transfer

model is run only for the center pixel for each region extracted
around the station location. Based onin situoptical depth mea-
surements made at the ETH/CU station, an aerosol optical depth
of 0.06 is assumed for this station and a value of 0.08 at JAR. At
the other stations, aerosol optical depths are scaled according to
surface elevation and are 0.01 for Summit and 0.04 for Hum-
boldt and TUNU-N. Ozone and water vapor are taken from a
standard arctic summer atmospheric profile assuming surface
elevations according to each site.

Using the satellite measurement, an atmospherically cor-
rected reflectance is obtained in 6S using the following
equation:

(2)

with

(3)

where
atmospherically corrected satellite measurement at
a specific solar zenith angle , solar az-
imuth angle , satellite viewing zenith angle

, and satellite viewing azimuth angle[the
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Fig. 2. Modeled surface HDRF for the MISR red channel at the nine MISR discrete viewing angles. Model inputs include snow grain size of 100�m, arctic
summer atmospheric model for water vapor and ozone, and continental aerosol model with aerosol optical depth of 0.01.

latter is also referred to as the surface hemispher-
ical directional reflectance factor (HDRF)];
satellite BRF measurement corresponding to the
TOA;
BRF due to atmospheric reflectance only;
dual-path atmospheric transmission due to gaseous
absorption only;
total (direct diffuse) upwelling transmittance due
to scattering only;
total (direct diffuse) downwelling transmittance
due to scattering only;
spherical albedo of the bottom of the atmosphere.

All these parameters are obtained from running the 6S radia-
tive transfer model and are used to derive the surface albedo for
each pixel in the subregions using (2) and (3) and assuming that
atmospheric conditions and sun-sensor angles remain constant
over the subregion.

2) Anisotropic Correction:Field measurements and model
simulations show that snow reflects incoming solar radiation
anisotropically [11]. Fig. 2 shows modeled snow HRDF
assuming a grain size of 100m at each of the nine MISR cam-
eras for the red wavelength channel. The strength of anisotropy
is more pronounced at higher solar zenith angles, and thus
anisotropy becomes significant in the polar regions. Even at
nadir viewing angles, the assumption of a Lambertian surface
will cause the albedo to be underestimated. For example, at a
solar zenith angle of 75, the albedo calculated using the nadir
reflectance is about 0.2 lower than its actual value.

To correct for the angular anisotropy of the snow surface,
the HDRF of the snow surface is simulated using a radiative

transfer model. The Mie scattering parameters for ice grains of
a specified radius are input to thediscrete ordinates radiative
transfer(DISORT) model [12]. DISORT computes the surface
HDRF and albedo for specified viewing and solar geometries,
as well as the proportions of diffuse and direct illumination. The
ratio of the albedo to the HDRF becomes the conversion factor
by which the satellite-derived HDRF is then multiplied to obtain
the spectral surface albedo for each satellite channel.

For each image to be processed, the direct and diffuse
components are obtained using the 6S atmospheric radiative
transfer model. The direct and diffuse components for each
satellite channel and specific sun-sensor angular geometry are
then input into DISORT to derive the conversion factors for
each region of interest. In running the DISORT model, a snow
grain size of 250 m was assumed when measurements were
otherwise not available. This value is based on the average
grain sizes measured at the ETH/CU camp during periods of no
melt. For snow conditions in July and August near the ETH/CU
and JAR stations, it is likely that much larger grain sizes occur
because of aged snow and/or snow melt.

3) Narrowband-to-Broadband Conversion:In general, a
linear relationship between the narrowband and the broadband
albedo is used (e.g., [1], [9], [13]–[15], and many others) so
that the broadband albedo is derived from the following type
of equation:

broadband (4)

where , are regression coefficients derived from
multiple linear regression on the satellite channelsversus the
broadband albedo.
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The regression coefficients in (4) are not only dependent on
surface conditions but are also dependent upon atmospheric
conditions [e.g., see (1)]. The downward irradiance distribution
at the bottom of the atmosphere is the weighting function for
converting the narrowband albedos to broadband albedos. Thus,
a relationship developed under a specific surface/atmospheric
condition may not be valid under different conditions from
which the relationship was developed. This is one reason
why published narrowband-to-broadband relationships differ
widely.

Another reason why narrowband-to-broadband relation-
ships differ widely is because the independent variables

are highly interdependent. This is referred to as
multicollinearity. In this situation, the sampling distributions of
the estimated regression coefficients can become very broad,
with the consequence that a forecasting equation may perform
badly when implemented on future data, independent of the
training sample. Unfortunately, there is no consensus among
statisticians as to what remedies are appropriate when severe
multicollinearity is present. For this study, we choose to test
the MISR narrowband-to-broadband albedo model of [15].
This model is based on extensive radiative transfer simulations
of spectral and broadband albedo for different surface types,
including snow.

B. Broadband Albedo From Angular Information

The advantage of the MISR instrument is that the variation of
surface reflectance with viewing and illumination angle is an-
other source of information contained within the data besides
the spectral content. This information could be used, for ex-
ample, to invert a snow BRF model so that the snow BRDF and,
hence, albedo can be derived from a limited number of obser-
vations, such as what is typically done for land surfaces (e.g.,
[16]–[18], among many others). Under the assumption of an
empirical surface BRDF model and retrieved values for aerosol
optical properties, it is also possible to use angular information
within the MISR data to directly compute the surface albedo.
This is the approach taken in the operational MISR land surface
products.

We start with the red channel multiangle observations that
have been atmospherically corrected (e.g., the HDRF) using the
method discussed previously, and we then attempt to derive a
statistical model relating the HDRF to the surface albedo. In
selecting variables for input into the linear regression model,
primary consideration is given to those variables most directly
related to the surface albedo. Generally, the relationship be-
tween the surface albedo and the shape of the HDRF shown in
Fig. 2 depends on both the solar zenith angle and the snow grain
size. However, grain size is typically not known and, therefore,
cannot be used as a predictor variable.

Here, we use a forward-screening linear regression model
to select the predictor variables. The first parameter used is
the area under the red spectral channel HDRF curve in the
principal plane for each station analyzed. The model then
searches through the remaining variables (e.g., solar zenith
angle, red channel spectral reflectance at all viewing angles,
and nadir spectral reflectance in the blue, green, red, and NIR
channels) and selects the ones providing the best improvement

in the squared correlation. If the improved explained variance
exceeds a threshold of 5%, the variable is included in the
multiple linear regression. Using this technique, three predictor
variables are used:

1) integral of red HDRF over all viewing angles (both for-
ward and aftward directions);

2) cosine of the solar zenith angle;
3) nadir NIR surface reflectance.

Since we do not have enough clear-sky MISR images to
construct a regression model (we currently only have 29 MISR
clear-sky images over Greenland) and then use that model on
independent MISR data to predict the albedo, a “Bootstrap”
approach is used. In this approach, a regression model is
derived using all the stations except the one to be predicted.
This is done for each station in turn, resulting in 29 different
regression models. Next, the surface albedo is predicted at
each station location using the regression model based on data
from all the other stations. Note, that in deriving the regression
models, regression is performed with the LI–COR-measured
surface albedo, and, thus, the broadband albedo predicted using
this method corresponds to the spectral range of the LI–COR
measurement (0.4–1.1m).

V. RESULTS

Fig. 3(a)–(e) compares MISR broadband albedo estimates
with ground-based measurements at JAR, ETH/CU, Summit,
Humboldt, and TUNU-N, respectively. Shown in (3) are the
albedo estimates derived using both the multispectral and
multiangular approaches determined by averaging ten pixels
around the station. At JAR, the surface albedo is seen to
decrease dramatically between July and August as a result of
surface melting. Thein situ albedo varies from a dry-snow
albedo of around 0.83 to a bare-ice albedo of 0.33. The satel-
lite-derived albedo estimates using either method pick up the
decrease in surface albedo observed at the station. The largest
differences between thein situ- and satellite-derived albedos
occur on August 12, 2000. One reason for the discrepancy
could be that the surface is quite inhomogeneous around the
station during the ablation season. Fig. 4(a) shows an example
of the snow conditions found around the JAR and ETH/CU
stations on August 12, 2000. Summer melt is active in this
region, and several melt ponds are evident near the stations.
Because of the inhomogeneity of the surface during the
summer melt period, it is difficult to compare the ground-based
measurements with the satellite measurements. Even so, the
satellite-retrieved albedo values are in overall good agreement
with the in situ measurements at this site. The multiangular
approach results in albedo values that are on average within 3%
of the station measurements. The multispectral approach has
mean differences on the order of 13%. However, we expect a
positive bias of the LI–COR albedo compared to the “broader”
albedo being derived with this method. During melting-snow
conditions, such as those found at this site, the bias between
the LI–COR and broadband albedo could be on the order of
nearly 11% (e.g., large grain sizes during melt). Therefore, the
differences in albedo with this approach may be more on the
order of 2–3%.
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(a) (b)

(c) (d)

(e)

Fig. 3. MISR-derived and LI–COR-measured surface albedo at (a) JAR, (b) ETH/CU, (c) Summit, (d) Humboldt, and (e) TUNU-N. MISR-derived albedos using
both the spectral method (dotted line) and the angular method (dashed line) are shown.

At ETH/CU, the albedo is also found to decrease during the
summer months as a result of snow melt, although the decrease
in albedo is not quite as extreme as at JAR (in situalbedo ranges
from 0.83–0.52). At this station, the satellite-derived surface
albedos are within 2% of thein situ measurements using either

method. However, we would expect the multispectral method to
result in surface albedos that are on the order of 6% less than
thein situmeasurements. It is unclear why at times this method
results in surface albedos greater than the station measurements.
However, it is entirely possible that there is localized melting at
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(a)

(b)

Fig. 4. (a) MISR nadir red channel image near the ETH/CU and JAR stations
on August 12, 2000. (b) MISR nadir red channel image near the Summit site on
August 25, 2000. Clouds are visible in both images. Notice also the many melt
ponds near the ETH/CU station.

the station that is not represented in the larger footprint size of
the satellite measurement, which could cause thein situ mea-
surement to be less than the satellite measurement.

At Summit the surface is fairly homogenous, and the albedo
does not vary much:in situalbedo ranges from 0.84–0.89 [e.g.,
see Fig. 4(b)]. Conversely, we expect better agreement between
the in situ- and satellite-derived surface albedo at Summit than
at either JAR or ETH/CU. In general this is indeed the case.
The multiangular approach shows very good agreement with the
station measurements (less than 2% difference), and the multi-
spectral approach shows differences on the order of 6%. Again,
given the positive bias of the LI–COR measurements compared
to the broader surface albedo being derived using the multispec-
tral method (bias around 6% for grain size of 250m), the agree-
ment is also good using this approach.

At Humboldt, the multispectral method results in surface
albedos that are approximately 6% less than thein situ mea-
surements. This is similar to the offset observed at Summit.
Snow conditions are also similar to Summit, with thein situ
albedo ranging from 0.83–0.86. The multiangular method
shows good agreement with the ground-based measurements

TABLE III
MAXIMUM AND MEAN DIFFERENCESBETWEEN THEMISR-DERIVED ALBEDO

AND IN SITU MEASUREMENTS ATJAR, ETH/CU, SUMMIT , HUMBOLDT, AND

TUNU-N. DIFFERENCESARE OBTAINED BY SUBTRACTING THE SATELLITE

ESTIMATE FROM THE IN SITU MEASUREMENT. MISR1 REFERS TO THESURFACE

ALBEDO DERIVED USING THEMISR SPECTRALINFORMATION. MISR2 REFERS

TO THE SURFACEALBEDO DERIVED USING THEMISR ANGULAR INFORMATION

except on August 22, 2001. On that date, it appears that the
multiangle regression model does not perform well.

At TUNU-N, the multiangular approach performs rather well
(differences less than approximately 3%). However, at this sta-
tion, the multispectral approach results in surface albedo that are,
on average, 15% less than the station measurements. Thein situ
measurements at this site show albedo values that range from
0.92–0.97. Very new snow could result in a surface albedo of
0.92 over the spectral range corresponding to the LI–COR mea-
surements, but values near 0.97 are suspect. The primary source
of error in thein situmeasurements is instrument level [20]. Al-
though all the station data have been quality controlled [20] and
the instruments are releveled every 1–2 years to minimize errors
due to instrument level, problems with instrument level likely
remain in the data. Table III summarizes the maximum, mean,
and standard deviations of the differences between the satellite-
derived and station-measured albedo at each station.

VI. DISCUSSION

Required broadband albedo accuracies for climate modeling
purposes are 0.05 [19]. Since the broadband albedo for moder-
ately bright snow is around 0.80, this would require the albedo
to be known to within about 6%. The results in Table III show
that, in general, the satellite-derived albedo is within 6% of the
station measurements, although there are a few cases where the
albedo error exceeds this value. Overall, the statistical model
based on the angular information of the red MISR channel per-
forms better than the method based on the MISR spectral infor-
mation. This is to be expected because the LI–COR data were
directly used in developing the statistical model, and, therefore,
the albedo using this method should more accurately represent
the LI–COR measurements than the other method, which aims
to derive an albedo over a “broader” spectral range. An advan-
tage of the statistical model is that it is developed directly using
the MISR HDRF data, and thus errors in the instrument calibra-
tion and atmospheric correction are imbedded directly into the
statistical model.

In contrast, the albedo-retrieval method based on the spectral
information is subject to several possible sources of error, in-
cluding calibration errors, errors in the atmospheric correction,
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errors in the BRDF conversion factors, and errors in the narrow-
band-to-broadband albedo conversion. These error sources are
discussed in more detail below. Other sources of discrepancy
between the satellite-derived andin situmeasurements are a re-
sult of errors in thein situalbedo, cloud-contamination, surface
roughness effects, and spatial inhomogeneity.

A. Accuracy of Sensor Calibration

Calibration of the MISR instrument is performed using
calibration coefficients computed from a time trend analysis,
considering the preflight, on-board calibrator (OBC), and
overflight measurements. MISR radiances are optimized over
all radiances for which OBC calibration data are acquired
(1–70% in reflectance). Since launch, several different cal-
ibration algorithms have been used. During the time period
for which the July and August 2000 data were collected, the
calibration coefficients for the An red and NIR bands caused
the reflectances to be about 3% brighter than actually believed
to be the case. In addition, the fore–aft camera radiances were
biased by a few percent.

For the June 2001 data, a new quadratic calibration equation
was used to convert the sensor data to radiance values. This al-
gorithm may change the radiances reported over dark targets,
by a few percent, but does not compromise the fit at higher radi-
ance levels. On July 11, 2001, separate calibration coefficients
were developed for the photodiodes, as they view the north panel
(used for aft and AN-red and NIR channels) and the south panel
(used for the fore and AN-blue, green channels). This change
is expected to improve fore–aft camera biases. However, it is
currently unclear if the absolute calibration is within 5%. The
data used in this study are either in the “beta” or “provisional”
phases, which means that performance of the instrument and
the science processing are still being investigated by the MISR
team. Therefore, the accuracy of the calibration of the data used
in this study may not be optimal.

A 10% calibration error in any one channel would translate
into approximately a 10% error in the surface HDRF and the
surface spectral albedo. However, in terms of the broadband
albedo, the impact will depend on which channel is affected and
if more than one channel is affected. To test this, we modeled
the narrowband and broadband albedo for a variety of snow and
atmospheric conditions. Model inputs included different snow
grain sizes varying from 250–1000m, as well as a variety
of atmospheric conditions (arctic summer and winter models,
aerosol optical depth from 0.01–0.10, and four different aerosol
models). The modeled narrowband albedo for each channel was
then increased by 10%.

Errors in the narrowband surface albedo can propagate into
large errors in the broadband albedo. For the MISR narrow-
band-to-broadband albedo model of [15], the largest broadband
albedo error is found when the NIR narrowband albedo is in
error. In this case, a 10% error in the NIR albedo translates into
a broadband albedo error of 4%. For a 10% error in the other
channels, the error in the broadband albedo is less than 3%.
However, it is also entirely possible that more than one channel
may be in error, resulting in different broadband albedo errors.
For example, if all the MISR channels are in error by 10%, the
error in the MISR broadband albedo is also approximately 10%.

B. Accuracy of Atmospheric Correction

The accuracy of the atmospheric correction depends in part
on the accuracy with which the atmospheric constituents can be
determined and the sensitivity of the correction to uncertainty
in these variables. The main atmospheric variables used as input
into 6S are the profiles of atmospheric water vapor and ozone
and the aerosol optical depth. The type of aerosol model selected
also plays a part. In general, the visible and NIR channels used
in this study are not very sensitive to changes in atmospheric
water vapor and ozone. The Chappuis ozone absorption band
between 0.45 and 0.75m will affect spectral bands that lie
within this wavelength region. However, increasing the ozone
amount by 50% only results in a change in TOA BRF within the
Chappuis absorption band of 1–3%, depending on the specific
sun-sensor viewing geometry. Larger differences are found for
oblique viewing and solar zenith angles.

Similarly, the atmospheric water vapor has little impact on the
TOA BRF used in this study. The water vapor absorption band
at 0.94 m will affect MISR band 4 (NIR). However, the effect
on this band is usually less than 1% for a 50% change in column
atmospheric water vapor amount.

Greater sensitivity is observed for aerosol optical depth and,
to a lesser extent, the aerosol type and properties. Since snow
is brighter than the path radiance, aerosols have a net darkening
effect over snow. Depending on the type of aerosol model used,
the decrease is mostly linear (such as for the continental aerosol
model used in this study) for low solar and satellite zenith an-
gles. For more oblique angles, the decrease of reflectance with
increasing aerosol optical depth becomes less linear. The visible
spectral channels are more sensitive to changes in aerosol op-
tical depth than the NIR channels. Decreases of 6% in the blue
and green TOA BRF can be found for changes in aerosol op-
tical depth from 0.01–0.1 using the continental aerosol model.
Larger differences are observed for a more strongly absorbing
aerosol model, such as an urban aerosol model.

C. Accuracy of Conversion Factors

One means to test how well the conversion factors perform
is to examine if any angular dependence remains in the albedo
after applying the conversion factors. Theoretically, if the con-
version factors accurately portray the angular signature of the
snow surface, there would be no dependence of the albedo on
the viewing or azimuth angles.

The MISR data provide a good opportunity to test how well
the conversion factors perform, since the surface is viewed at
nine discrete angles. Fig. 5(a) and (b) shows the TOA BRF, the
surface HDRF, and the surface albedo for August 12, 2000, at
the ETH/CU camp (a) and August 25, 2000, at Summit (b). If
the conversion factors were “correct,” the red spectral albedo
would be constant over the different viewing angles in both the
fore and aft directions. However, we find that the fore and aft
cameras sometimes have significantly different surface albedo.
On August 12, 2000, at the ETH/CU camp, the difference in
red albedo between the Da and Df cameras is only 0.05 and
gives an example where the conversion factors worked relatively
well. On August 25, 2000, at Summit, however, the difference
between the Da and Df red cameras is 0.17. Thus, problems
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(a)

(b)

Fig. 5. TOA bidirectional reflectance factor (BRF) (solid line), surface HDRF
(dotted line), and surface spectral albedo (dashed line) for MISR on August 12,
2000, at the ETH/CU camp (a) and August 25, 2000, at Summit (b).

likely still remain in the snow BRDF model used to derive the
conversion factors, especially at oblique viewing angles. Since
only nadir reflectances were used in deriving the surface albedo
from the MISR spectral data, we believe that errors from the
conversion factors are reduced.

Also, the presence of melt ponds, wet firn, and a rough sur-
face can lead to errors in the conversion factors used here. Mie
theory assumes that the particles are spherical, and DISORT as-
sumes that the surface is flat and uniform. Another possibility
for error in the conversion factors is that the diffuse component
of the atmosphere is not well modeled. More diffuse sky radi-
ation than what we modeled with 6S would reduce the over-
correction found at the extreme fore and aft angles. It is also
important to remember that camera-to-camera biases likely re-
main because of MISR calibration errors. Thus, it is difficult to
adequately access the accuracy of the snow BRDF model and,
hence, the conversion factors. More data are needed to further
study how well the model performs.

D. Accuracy of Narrowband-to-Broadband Conversion

One of the reasons why published narrowband-to-broadband
relationships differ widely is that they are dependent upon both
surface and atmospheric conditions. Thus, to develop a more
general model, a variety of surface and atmospheric conditions
are needed. Modeling results over Greenland suggest that any

linear narrowband-to-broadband relationship is dependent on
the snow grain size, solar zenith angle, and the atmospheric pro-
files of water vapor and ozone. For small aerosol optical depths
(e.g., less than 0.12), a linear model is valid as long as the solar
zenith angles are not greater than about 70. For turbid atmo-
spheres, modeling results suggest that a nonlinear model is more
appropriate.

Another problem that exists with developing the multiple
linear regression models is that the independent variables (e.g.,
the narrowband albedos) are highly correlated with each other,
with the unfortunate result that the narrowband-to-broadband
albedo model may perform badly when implemented on future
data. This was discovered when using some Greenlandin situ
data to develop a multiple linear regression model and then
applying it to the MISR data. Very poor results were achieved
at JAR and ETH/CU during the summer melt period. Multi-
collinearity may also result in negative values of the regression
coefficients, leading to negative predicted broadband albedo.
One means to deal with the multicollinearity of the independent
variables is to use principle components as predictors in place
of the narrowband albedos. This will be investigated in the near
future.

VII. CONCLUSIONS

This paper compared satellite-retrieved surface albedo with
ground-based measurements of snow albedo at five different
sites in Greenland. Two different techniques were developed and
used to derive the surface albedo: one based on the spectral in-
formation from the MISR instrument and one using the angular
information from MISR.

In general, the surface albedo derived from the two different
methods using the MISR instrument showed good agreement
with the in situ data (within about 6%). In addition, both
methods yielded similar results, following the downward trends
in the surface albedo at the JAR and ETH/CU sites as a result
of increased ablation during the summer season and little
variability at the other sites. Agreement was slightly better
using the angular statistical model to derive the albedo, but
this is expected, since the LI–COR measured albedo were used
directly in developing the statistical model.

At this point, it is not possible to say which method gives
better overall results. Further validation with more MISR im-
agery is needed to make any conclusive statements about the
performance of either method. The angular information of the
MISR data does, however, appear capable of capturing the gen-
eral variability and magnitude of the surface albedo. The advan-
tage of developing such a statistical model is the relative ease
with which such a model can be implemented.
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