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The albedo of the Greenland ice sheet plays a key role in the energy balance and climate of the arctic. Change
in snow albedo values associated with changing climate conditions can be monitored remotely from satellite
platforms viewing the entire Greenland ice sheet, yet comparisons to high quality surface measurements are
necessary to assess the accuracy of satellite measurements as new snow albedo algorithms are developed with
higher spatial and temporal resolution.
During May, June, and July 2011, we obtained dailymeasurements of spectral albedo at Summit, Greenland with
an Analytical Spectral Devices (ASD) spectroradiometer, scanning at 350–2200 nm. We compare our spectral
albedo field measurements to the Moderate Resolution Imaging Spectrometer (MODIS), using both the Version
005Direct Broadcast daily albedo product and the recently developedVersion 006MCD43A daily albedo product.
The spectral field measurements allow calculation of weighted integrals to compare to seven MODIS narrow
bandwidths ranging the UV through Infrared, as well as a broadband integration to compare to the MODIS
shortwave albedo. We additionally compare our field measurements to albedo measured at the Baseline Surface
Radiation Network (BSRN) station at Summit.
Using the MODIS Version 005 Direct Broadcast product, high-quality retrievals only, comparison to field mea-
surements results in root mean square error (RMSE) of 0.033 for the MODIS shortwave product, and RMSE for
the MODIS narrow bandwidths ranging 0.022–0.077. The new MODIS Version 006 product shows considerable
improvement, with shortwave RMSE of 0.026, and narrow bandwidths ranging 0.020–0.048. These error values
for the Version 006 albedo product show an improvement in reported error values from previous
MODIS field validations in Greenland, which have been limited to broadband data from the Greenland Climate
Network Automatic Weather Stations.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

Surface albedo is a key parameter that defines the amount of solar
radiation absorbed at earth's surface. Accurate snow albedo measure-
ments are needed to estimate direct radiative forcing by both aerosols
and clouds, as well as to assess long term changes in planetary albedo,
which will be among the most powerful feedback processes in the
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response of the climate system to anthropogenic forcing (Donohoe
& Battisti, 2011). Satellite platforms are extremely valuable tools to
measure surface albedo over very large areas, yet there must be robust
comparisons to high-quality surface measurements to evaluate
algorithms that produce albedodata fromremotemeasurements of direc-
tional radiance.

In this study, we focus on a comparison of our spectral albedo mea-
surements to the Moderate Resolution Imaging Spectrometer (MODIS),
using the Version 005 (v005) Direct Broadcast daily albedo product and
the recently developed Version 006 (v006) MCD43A daily albedo
product. Both these products use Terra and Aqua v005 MODIS surface
reflectance inputs. Field albedo measurements at Summit Station were
made with an Analytical Spectral Devices (ASD) spectroradiometer at
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350–2200 nm. We do not present data from snow properties measure-
ments in this study, but we reference results from a related modeling
study (Carmagnola et al., 2013) to discuss the variability present in
both MODIS and ASD field-measured albedo. Additionally, we compare
both the ASD fieldmeasurements and theMODIS albedo results to albedo
measured at the Baseline Surface Radiation Network (BSRN) at Summit.

Many previous validations of MODIS albedo for the Greenland
ice sheet (i.e. Liang, Stroeve, & Box, 2005; Stroeve et al., 2005;
Stroeve, Box, & Haran, 2006) almost exclusively utilize surface
data from the Greenland Climate Network Automatic Weather Stations
(GCNet AWS) (Steffen, Box, & Abdalati, 1996). Most recently, Box et al.
(2012) present albedo data using the MOD10A1 daily albedo product
for the June-August period of 2000–2011, showing a significant albedo
decline over the entire Greenland ice sheet (−0.056 +/−0.007), and
an albedo decline of −0.046 +/−0.006 for the accumulation zone
around Summit over the same period. The authors evaluate the MODIS
measurements through comparison with monthly mean albedo mea-
sured at GCNet stations, and conclude that theMOD10A1 albedo product
is accurate in representing Greenland ice sheet albedo with Root Mean
Square Error (RMSE) of 0.041 +/−0.011.

In this study we provide considerable support to validation efforts
and conclusions such as those presented in Box et al. (2012), by provid-
ing a comparison that is independent of the GCNet AWS. There are
multiple problems that can affect unattended radiation stations such
as the GCNet AWS, with poor instrument level and sensor riming likely
being the most significant. Additionally, most previous MODIS albedo
validations, including studies outside of Greenland (i.e. Liu et al., 2009;
Painter et al., 2009), use field measurements from shortwave broad-
band pyranometers. In this study we compare to high resolution
spectral measurements, allowing independent comparison to each
of the MODIS narrowbands in addition to the broadband shortwave
product.

As part of the Summit 2011 campaign, properties of the snow sur-
face at Summit were measured daily, with the goal of demonstrating
the impact of snow grain size and snow chemistry on the temporal
variability of albedo (Carmagnola et al., 2013). Snow grain size was
measured as specific surface area (SSA, m2/kg), using a Dual Frequency
Integrating Sphere (DUFISSS) operating at 1310 nm (Gallet, Domine,
Zender, & Picard, 2009). SSA is equivalent to the optical grain radius,
and is given by:

SSA ¼ surface area
volume ρiceð Þ ¼

3
r ρiceð Þ ; ð1Þ

where r is the optical grain radius, and ρice is the density of ice.Modeling
results presented in Carmagnola et al. (2013) reproduce daily snow
albedo using snow SSA and snow chemistry measurements as
input to the DISORT code (DIScrete Ordinate Radiative Transfer),
and are referenced in this study to analyze the effects of physical
snow properties on both field-measured and satellite-derived albedo
data.

2. Methods

2.1. MODIS daily snow albedo products

The MODIS instrument is on both the Terra and Aqua satellites,
measuring emitted terrestrial radiation with 10–14 passes per day over
central Greenland. This study uses 500-meter resolution narrowband
and broadband data from two recently developed MODIS daily albedo
products: the Direct Broadcast daily albedo operating on Collection
Version 005 (v005) surface reflectances (MO/YD09, Vermote, El Saleous,
& Justice, 2002; Vermote & El Saleous, 2006, chap. 8), and the new Collec-
tion Version 006 (v006)MCD43Adaily albedo algorithm (also running on
the v005 surface reflectances). Albedo data were computed for 1100 AM
local time (to coincidewith the timingoffieldmeasurements), and for the
specific coordinates of the field site. The bandwidths for the sevenMODIS
narrowbands and the broadband product used in this study are shown in
Table 1.

The Bidirectional Reflectance Distribution Function (BRDF) specifies
the angular distribution of surface scattering as a function of illumina-
tion and viewing geometries at a particular wavelength. The MODIS
Direct Broadcast version of the BRDF/Albedo algorithm uses multiple
clear sky surface reflectances from both Terra and Aqua over a 16-day
period to reconstruct a generalized BRDF, with observations on a single
day emphasized to enable retrieval of a daily value. Integration of the
BRDF over all view angles for a particular solar zenith angle provides a
measure of black sky albedowith integration over all solar zenith angles
providing a measure of white sky albedo (Lucht, Schaaf, & Strahler,
2000; Schaaf et al., 2002). When sufficient observations distributed
across the viewing hemisphere are not available, a magnitude inversion
(backup algorithm) is used to produce a lower quality daily albedo
(color indicated in all figures).

The v006 MODIS albedo product similarly uses multiple clear sky
views available over a 16-day period to provide daily albedo values.
This includes as many overpasses as are available per day (while earlier
versions of the algorithm, including the Direct Broadcast version, were
limited to only 4 observations per day). Therefore, the v006 product
attempts to better capture daily albedo with an algorithm that more
strongly emphasizes all contributions from the single day of interest.

The two data sets were converted from “white-sky” albedo
(bihemispherical reflectance under isotropic illumination) and
“black-sky” albedo (directional hemispherical reflectance at a par-
ticular solar zenith angle) to “blue-sky” albedo, which includes
the effects of anisotropic diffuse illumination and multiple scatter-
ing between the surface and atmosphere, using clean atmosphere
aerosol optical depths (AODs) (Román et al., 2010). At Summit,
clean atmosphere AODs are typically near 0.04 for 500 nm. When
conditions permitted, these AODs were retrieved from handheld
sunphotometers at Summit Station, otherwise they were developed
from clear sky MODTRAN simulations for the elevation at Summit (as-
suming an AOD of 0.1 at sea level). However, it is noted that for clear
sky conditions and low to moderate solar zenith angles, variation in
AODs will have little effect on these results. The conversion from MODIS
narrowbands to a broadband value (0.3–5 μm) is based on the coeffi-
cients for high albedo snow given in Stroeve et al., 2005. Both products
have a stated accuracy for snow of 5% or less for high-quality only re-
trievals (Liu et al., 2009).

2.2. Field measurements and instrumentation

2.2.1. ASD spectroradiometer
Spectral albedo was measured at 350–2200 nm with an Analytical

Spectral Devices (ASD) Fieldspec Pro spectroradiometer (2001 model),
using the ASD Remote Cosine Receptor (RCR) foreoptic. The cosine
receptor wasmounted on a 109 cmaluminum arm and held level at ap-
proximately 90 cm height by sighting a level bubble on the arm. At this
height the cosine receptor has approximately a 2-meter radius field of
view for 90% of the signal. Four consecutive albedo measurements
were made at every location, enabling an analysis of the precision
of the manual leveling technique. This method was found to be more
rapid and mobile than the use of a tripod mount, enabling measure-
ments at multiple locations during short time periods (limited by com-
puter electronics in very cold temperatures).

The ASD has 3 nm spectral resolution on the visible/near infrared
detector (350–1050 nm, silicon photodiode array), and 10–12 nmreso-
lution on the short wave infrared detectors (900–2500 nm, InGaAs).
Measurements are made by standing “down-sun” of the receptor,
taking consecutive scans of downwelling and upwelling radiation, with
40 measurements and 20 dark currents per scan. Because consecutive
measurements are used in ratio to each other in the albedo calculation,
irradiance calibration is not applied (instrument last calibrated in 2007).



Table 1
Bandwidths (nm) for the MODIS shortwave and narrowband albedo products.

Shortwave Band 3 Band 4 Band 1 Band 2 Band 5 Band 6 Band 7

300–5000 459–479 545–565 620–670 841–876 1230–1250 1628–1652 2105–2155

120 P. Wright et al. / Remote Sensing of Environment 140 (2014) 118–129
2.2.2. Daily albedo measurements and MODIS pixel locations
Albedowasmeasured every daywith the ASD at 1100 AM local time

(1300 GMT) between May 16 and July 19, 2011. Solar zenith angle
(SZA) at the time of measurement ranged from 56° on May 16, to
50.7° at the solstice, and returned to 53.4° on July 19. These SZA values
are well under the recommended limit of 70° for MODIS product use,
and MODIS quality flags, which account for periods of cloudiness and
high SZA (Schaaf, Wang, & Strahler, 2011), are clearly indicated in all
plots and analyses.

Albedo measurements were made at four fixed sites, each marked
with bamboo and separated by 4–6 m, located ~1 km east of the
Temporary Atmospheric Watch Observatory (TAWO) building in the
clean snow sector at Summit Station (Fig. 1). The spacing of these
sites was chosen to sample the approximate visual scale of variability
between drifted and scoured features that were observed during the
campaign. Additionally, measurements were made at a fifth “roving”
site where profiles of snow specific surface area and density were
made in the same spot directly after the albedo measurement, and
snow chemistry sampleswere takennearby. The roving sitewas contin-
ually moving into clean snow, approaching a distance of 600–700 m
from the fixed sites by the end of the campaign. This method allows
us to monitor the temporal change (day to day) in albedo at the four
fixed locations, which can then be compared to the albedo at the roving
site where simultaneous changes in snow properties are known.

We compare the average albedo from the four fixed sites to the 500-
meter resolution MODIS albedo pixel centered on the coordinates of
this location. In addition, six MODIS pixels immediately adjacent to the
Fig. 1.Map of the field site at Summit, Greenland, showing the fixed
south in the clean air sector are compared to analyze for any possible
artificial contamination to the signal at our fixed site, and to provide
constraints on the spatial variability of the MODIS signal (Fig. 1, pixels
N1–N3, S1-S3). The albedo data for the MODIS pixel containing the
fixed measurement sites was found to be very similar in trend and
magnitude to adjacent MODIS pixels, with no obvious signs of artificial
impacts due to small features such as walking paths or bamboo flags.

Measurements of the fraction of diffuse and direct irradiance were
made by taking a ratio of consecutive downwelling measurements,
using a small cardboard disc on a bamboo pole to shade the receptor
from direct light on alternate measurements. These measurements were
necessary as inputs to the DISORT code for the albedo modeling efforts
presented in Carmagnola et al. (2013).

In addition to the daily surveys, two spatial transect surveys
analyzed km–scale albedo variability on May 17 and June 8, taking
measurements every 50 m moving approximately 1.5 km east along
the clean air sector boundary flag line.We use these surveys to compare
the spatial variability represented at the fixed measurement site to the
variability represented across the longer transects, and to aid in analysis
of field-measured albedo and MODIS albedo, considering the much
larger 500 m2

field of view used by MODIS.

2.3. BSRN station at Summit

In addition to comparing the MODIS albedo products to ASD-
measured spectral albedo, we compare to broadband albedo measured
at the Baseline Surface Radiation Network (BSRN) site at Summit,
and roving albedo sites and the MODIS pixels used in this study.

image of Fig.�1
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selecting measurements for 1100 local time from 1-minute resolution
data. The BSRN measures downwelling and reflected irradiance with
Kipp & Zonen CM21 pyranometers in the range 305–2800 nm (50%
transmittance points), or 335–2200 nm (95% transmittance points),
with a maximum reported error of 2% for both hourly and daily totals.
These instruments are compliant with ISO 9060 (1990) standards of the
World Meteorological Organization (WMO).

2.4. Narrowband and broadband albedo calculations

To compare ourmeasured spectral albedo to theMODIS bandwidths,
and to the spectral ranges of the BSRN pyranometers, the spectral
measurements are integrated over a defined bandwidth, and weighted
by the downwelling irradiance. The weighted integral is given by

α broadband ¼
Z λ2

λ1
αλ F↓λ dλ

Z λ2

λ1
F↓λ dλ

; ð2Þ

where αλ is the spectral albedo, and Fλ↓ is the spectral downwelling
irradiance. Because the ASD spectroradiometer was not calibrated
for downwelling irradiance measurements, we have used a radiative
transfer model (SBDART) to determine Fλ↓ between 350 and 2200 nm
for each day of the campaign at the time of ourmeasurements. Averages
of measurements of atmospheric parameters at Summit during the
campaign period, coinciding with the time of daily albedo measure-
ments, were used as model inputs. We used 0.088 Aerosol Optical
Thickness at 500 nm, pressure of 680 mb, air temperature of–14 °C, rel-
ative humidity of 65%, total water vapor column of 0.03 and total ozone
column of 332 Dobson units. We then compared the model results to
measurements from a Biospherical Instruments (BSI) SUV–150B scan-
ning spectroradiometer, at 350–600 nm (0.64 nm resolution, cosine-
corrected), located on the roof of the Green House building at Summit,
approximately 1 km from the measurement site. Any modeled spectra
that had RMSE N0.04 W/m2/nm were fitted to the BSI spectra by
adjusting cloud optical depth on overcast days (that is, finding the
cloud optical depth that provides the best fit between the BSI spectra
and SBDART results). For clear sky days where the average parameters
cited above did not give a satisfying fit with the BSI spectra, typically
the cases for which the modeled spectra was smaller than measure-
ments, the humidity and ozone column values were changed to provide
the best fit between the two spectra. Overall, the model matched
the measurements very well, with only 3 days out of 52 showing
RMSE N0.04 W/m2/nm. These 3 days are the only days for which we
needed to adjust the ozone and humidity values. Fig. 2 shows the
seven MODIS bandwidths with a typical clear-sky spectral albedo mea-
surement, and the SBDART modeled clear-sky downwelling irradiance
Fig. 2.MODIS bandwidths shown with a typical clear-sky albedo measu
spectrum, where the shape of the downwelling curve over the band-
width dictates the albedo weighting.

2.5. Albedo corrections and quality control procedure

2.5.1. Shadow corrections
Although the ASD operator stands “down-sun” of the receptor to

minimize any direct shadowing effects, there is still a shadow produced
in the diffuse light field due to the operator. This causes a reduction in
the ASD signal for both downwelling and upwelling measurements,
thus requiring a calculation of the solid angle of the cosine response
volume that is affected by the operator, and a correction factor to increase
the measured response (Grenfell, Warren, & Mullen, 1994).

For clear skymeasurements, upwelling reflected radiation is assumed
completely diffuse and isotropic, whereas the downwelling has both dif-
fuse and direct components. The measured diffuse fraction of clear-sky
downwelling radiation varies with wavelength and is exponentially re-
duced from ~50% in the UV to almost entirely direct-beam in the long-
wave visible and throughout the infrared. Therefore, shadow corrections
must be applied independently to the upwelling and downwelling com-
ponents of diffuse radiation, each calculated as:

Cshadow↑;↓ ¼
Z ϕ

0

Z π
2

θ
sinθ cosθdθdϕ

� �
1=πð Þ; ð3Þ

where θ andϕ are defined by thegeometries shown in Fig. 3. The shadow
corrections are then applied to the albedo calculation as:

αλ;corrected ¼ Cshadow↑ Fλ diffuseð Þ↑
Cshadow↓ Fλ diffuseð Þ↓ þ Fλ directð Þ↓

ð4Þ

In addition to the diffuse shadow due to the operator, the projected
direct shadow of the instrumentation (aluminum arm + cosine recep-
tor) was also included in the calculation of the correction factor for
the upwelling component. The correction factors are 1/(1 − 0.0155)
for the downwelling component, and 1/(1 − 0.0131) for the upwelling
component (both assumed constant with wavelength), resulting in an
approximately 1% increase in the measured albedo spectrum. Shadow
corrections were not applied to days with consistent overcast condi-
tions, where it is assumed that the diffuse shadow of the upper and
lower body approximately offset each other.

2.5.2. Cosine response corrections
The response of the ASD RCR receptor deviates slightly from a true

cosine response, and corrections for this error should be applied to
both the diffuse and direct components. Recent work in Carmagnola
et al. (2013) characterized the cosine response of the RCR receptor
rement, and a model downwelling irradiance spectrum (SBDART).

image of Fig.�2


Fig. 3.Geometries used for calculating the correction due to the shadow of the operator in
the diffuse light field.
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used in our field work in order to quantify the impact on measured
fluxes. The RCR was mounted on an optical table in the lab, allowing
intensity measurements varying from −90° to +90° with respect to a
fixed light source. Results from this work show that cosine corrections
increase albedo results by about 1% in the visible, with negligible cor-
rections elsewhere in the measured spectrum. Because this correction
is not large enough to significantly affect our results, we have not
implemented this correction to our data, however readers should refer-
ence Carmagnola et al. (2013) for details regarding methods of the lab
routine and cosine correction calculations.

2.5.3. Measured albedo quality control procedure
The discontinuities present in the final dataset of measured albedo

are a result of eliminating data thatwas determined to be of poor quality.
Other than instrument failure in extremely cold or windy conditions,
poor data were predominantly a result of inconsistent lighting condi-
tions resulting from passing clouds on days that were not entirely clear
or entirely overcast.

Albedo spectra were removed from the dataset that: 1) plotted N1.0
in the UV/visible; 2) were obvious outliers from the remaining
measurements for a site, that otherwise showed high repeatability;
and 3) displayed “parabolic” instrumental error on the VNIR detec-
tor (b976 nm). The parabolic error problem has been documented by
ASD, appearing as an exponential increase or decrease in the measured
albedo in the UV/shortwave visible region, due to the instability of
the VNIR detector. (Note that these measurements could often still be
used for spectral analysis N976 nm, thus resulting in thehigherN values
for statistical analysis of these bands).

Finally, the remaining albedo measurements for each site were
averaged, usuallywith 3–4measurements used per site. After this initial
data processing, observations including weather field notes, the shape
of themeasured diffuse fraction curves, and signals of nearby irradiance
sensors were used to determine the sky conditions at the time of the
ASD measurements. Days with variable sky conditions were identified,
and coinciding albedo measurements were eliminated for remaining
days that showed especially high standard deviation between the four
consecutivemeasurements andwere obvious outliers in the time series.
The resulting dataset is almost entirely high quality clear-sky measure-
ments, but also includes ten days of entirely overcast measurements,
and a small remainder of measurements in weakly variable sky condi-
tions (often thin cirrus, haze, or diamond dust), that still showed high
repeatability. After the QCQA procedure, there were approximately
40 days of data remaining (depending on the site and the bandwidths
analyzed), out of 65 potential measurement days.

3. Results and discussion

3.1. ASD albedo time series

Fig. 4 shows selected bandwidth integrations for the ASD field-
measured albedo time series for all five measurement sites, displaying
one shortwave visible band (MODIS Band 3, 459–479 nm), one short-
wave IR band (MODIS Band 5, 1230–1250 nm), and the broadband in-
tegration for the full spectral range of the instrument (350–2200 nm).
An important feature of the time series for all of the bandwidths
(including those not displayed) is the high correlation between the
four fixed sites and the roving fifth site, and the constrained range of
spatial variability displayed between all five sites. The five-site measure-
ment technique provided an extensive dataset to quantify the spatial
variability of albedo, both at the 4- to 15-meter scale among the four
fixed sites, and at scales of 100 s of meters as the fifth site moved
throughout and beyond the MODIS pixel, reaching maximum distances
of 600–700 m from the four fixed sites. To examine spatial variability,
the average daily range and the average daily standard deviation in albe-
do between the four fixed sites were analyzed for the entire campaign,
and these values were found to negligibly increase with addition of the
albedo measurements from the fifth roving site. For the broadband
integration, the average range and average standard deviation for the
four fixed sites are 0.019 and 0.009, respectively, and are 0.020 and
0.009, respectively, when the fifth roving stake is added. All seven
narrowband integrations show very similar statistics between the five
stakes, with the addition of the fifth stake never increasing the range
or standard deviation of albedo more than 0.003 for any bandwidth.
These results demonstrate that broadband albedo measured with a 2-
meter radius field of view is, on average, within approximately 0.020 of
albedo at any other location at both 10-meter and 100-meter scales of
spatial variability.

3.2. Comparison to MODIS direct broadcast and v006 daily albedo

Figs. 5 and 6 show the time series plots of ASD field-measured albe-
do as an average of the four fixed sites, with MODIS albedo for the cor-
responding bandwidths. Fig. 5 shows the ASD broadband integration
with the MODIS shortwave products, and Fig. 6 shows ASD and MODIS
albedo for all seven narrow bandwidths. The spectral range of the
MODIS shortwave bandwidth is considerably larger than that of the
ASDmeasurements, however the shortwave product is very comparable
to the ASD broadband integration, as there is very little downwelling
solar energy represented above 2200 nm, or below 350 nm. MODIS
Direct Broadcast low-quality flagged data are indicated in red, and
high-quality flagged data are indicated in blue. The MODIS v006 dataset
consists of only high quality data for the campaign period, and includes
one period of missing data near the end of the campaign. As described
in Section 2.5.3, the ASD measurements shown here represent the
highest quality measurements of the campaign, with many individual

image of Fig.�3


Fig. 4. Time series of ASD field-measured albedo at all five sites, for Band 3 (459–479 nm), Band 5 (1230–1250 nm), and Broadband (350–2200 nm) integrations.
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points representing 16 consecutive albedomeasurements (an average of
4 measurements at all 4 locations).

Figs. 5 and 6 show that theMODIS Direct Broadcast albedo is consis-
tently lower in magnitude than the ASD field measurements, while
the MODIS v006 albedo is much more tightly matched to the ASD
measurements, at times both slightly lower and slightly higher than
the ASD. Additionally, the ASD field measurements show much greater
temporal variability over day to day and multiday periods, a consistent
difference betweenfield-measured albedo andMODIS albedo throughout
the campaign.

Statistical results for all bandwidths betweenMODIS Direct Broadcast
albedo and the ASD measurements are shown in Table 2, and corre-
sponding results for the MODIS v006 albedo are shown in Table 3. In
general, the MODIS products better match the ASD measurements at
the shorter wavelength narrowbands, with the lowest values at Bands
3 and 4 for the Direct Broadcast product, and at Bands 4 and 1 for
the v006 product. Maximum RMSE values are seen at Band 5 in both
products, reflecting periods of high variability at these wavelengths in
the field-measured albedo that create larger absolute differences from
the MODIS albedo.

RMSE is a more representative error indicator in the case of this
and previous studies, where datasets commonly show both positive
andnegativemean difference. TheRMSEof 0.026 forMODIS v006 short-
wave broadband albedo represents the lowest error value reported in a
MODIS validation study (Table 4), indicating a significant improvement
Fig. 5. Time series of ASD field-measured albedo, MODIS Direct Broadcast daily albedo, and MO
data is shown in blue, low-quality in red. All MODIS v006 albedo shown is high quality. ASD alb
deviation of the four sites, where standard deviation at a single site represents the variability b
from previous MODIS albedo products. Previous studies show RMSE
values specifically for the Summit AWS of 0.035–0.037 (Stroeve et al.,
2006), and 0.036 (Liang et al., 2005), however some RMSE values
for the Summit AWS, and many for the entire AWS network range
0.040–0.075.

Although the MODIS albedo products are generally well matched
in magnitude to the ASD albedo, with relatively low RMSE and mean
difference values, the difference in temporal variability is very distinct,
indicated in part by very low r2 values. This relationship is also obvious
in Table 5, showing the range of albedo (max. value–min. value) for
all three time series, and in Table 6, showing the mean and standard
deviation. The ASD measurements have a considerably greater range
and standard deviation than bothMODIS products, with the v006 prod-
uct showing the lowest values, a somewhat unexpected result consider-
ing the emphasis on daily data in the v006 product. Also, it is observed
that MODIS v006 Band 3 albedo occasionally reaches values N1.0
(up to 1.02), due to possible minor problems with the original surface
reflectance atmospheric corrections, the MODTRAN simulated AODs,
and/or the construction of the BRDF for that wavelength.

3.3. BSRN albedo measurements at Summit

Fig. 7 shows the BSRN albedo measurements for 1100 local Summit
time (selected from 1-minute resolution data), along with the ASD
broadband albedo and the two MODIS shortwave albedo products.
DIS v006 daily albedo, for the shortwave broadband. MODIS Direct Broadcast high-quality
edo is an average of the four fixed sites, with error bars representing the average standard
etween repeated measurements at that location.
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Fig. 6. Time series of ASD field-measured albedo, MODIS Direct Broadcast daily albedo, and MODIS v006 daily albedo, for MODIS Bands 1–7. MODIS Direct Broadcast high-quality data is
shown in blue, low-quality in red. All MODIS v006 albedo shown is high quality. Left axis is albedo for all plots.

Table 2
Statistical results for MODIS Direct Broadcast albedo product vs. ASD albedo measure-
ments (4-site average). N indicates the number of days with coinciding measurements.

Direct Broadcast
(high-quality only)

Direct Broadcast (all data)

MODIS
band

N r2 Mean
difference

RMSE N r2 Mean
difference

RMSE

Broadband 25 0.136 0.023 0.033 37 0.168 0.027 0.035
Band 3 25 0.018 0.009 0.024 37 0.000 0.020 0.031
Band 4 25 0.138 0.010 0.022 37 0.011 0.020 0.031
Band 1 25 0.170 0.028 0.035 37 0.029 0.040 0.047
Band 2 25 0.392 0.045 0.050 37 0.277 0.055 0.059
Band 5 32 0.229 0.063 0.077 45 0.212 0.058 0.073
Band 6 32 0.138 0.045 0.059 45 0.130 0.037 0.054
Band 7 32 0.167 0.045 0.052 45 0.141 0.039 0.048

Table 3
Statistical results for MODIS v006 albedo product vs. ASD albedo measurements (4-site
average). N indicates the number of days with coinciding measurements.

MODIS band N r2 Mean difference RMSE

Broadband 32 0.103 −0.015 0.026
Band 3 32 0.000 −0.030 0.036
Band 4 32 0.000 −0.007 0.021
Band 1 32 0.000 0.005 0.020
Band 2 32 0.216 0.012 0.025
Band 5 38 0.355 0.022 0.048
Band 6 38 0.258 0.026 0.045
Band 7 38 0.294 0.035 0.043
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Table 4
Statistical results from previous MODIS snow albedo validation studies, shownwith the broadband results of this study. Previous MODIS products/algorithms used include: MOD10A1 in
Box et al. (2012) and Stroeve et al. (2006), MODSCAG in Painter et al. (2009),MOD43 in Stroeve et al. (2005), andDEA in Liang et al. (2005). GCNet AWS is the Greenland Climate Network
Automatic Weather Stations, shown with the number of stations used.

Location (year) N
(days)

r2 Mean difference RMSE MODIS quality flags Reference

Summit (2011) 32 0.103 −0.015 0.026 high only This study (v006)
Summit (2011) 25 0.136 0.023 0.033 high only This study (Direct Brd.)
Summit (2011) 37 0.168 0.027 0.035 all This study (Direct Brd.)
GCNet AWS (17) (2000–2010) monthly (MJJA) 0.909 −0.009 0.041 N/A Box et al. (2012)
San Juans, CO (2006) 30 – 0.036 0.042 all Painter et al. (2009)
GCNet AWS (5) (2004) 158 0.624 (Terra)

0.593 (Aqua)
– 0.067 (T)

0.075 (A)
all Stroeve et al. (2006)

Summit AWS (2004) ~55 – – 0.035 (T)
0.037 (A)

all Stroeve et al. (2006)

GCNet AWS (16) (2000–2003) –

~175/yr
–

–

b0.020
b0.020

0.040
0.070

high only
all

Stroeve et al. (2005)

Summit AWS (2000–2003) – All-sky/BSA 0.253
All-sky/WSA 0.319
Clear-sky/BSA 0.135
Clear-sky/WSA 0.161

0.027
0.032
0.020
0.025

0.065
0.074
0.061
0.069

all Stroeve et al. (2005)

Summit AWS (2000–2003) – – −0.007
0.003
−0.012
−0.012

– high only Stroeve et al. (2005)

GCNet AWS (5) (2002) ~20 – b0.02 0.04 all Liang et al. (2005)
Summit AWS (2002) ~20 – −0.005 0.036 all Liang et al. (2005)
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Table 7 demonstrates the relative magnitudes between the various albe-
domeasurements, with the ASD andMODIS v006 albedo both showing
lowmean difference and RMSE values. However, theMODIS v006 albedo
best matches the BSRN measurements, with an RMSE of 0.029, only
slightly greater than the RMSE value comparing MODIS v006 albedo to
ASD albedo (Table 3).

Perhaps the strongest confirmation of the ASD-measured temporal
variability is the statistical results for the magnitude of temporal
variability from the BSRN albedo time series, again demonstrating a
much greater range of temporal variability than the MODIS results.
Table 8 shows values for range and standard deviation that are almost
matching between the ASD and BSRN measurements, and values that
are considerably lower for theMODIS products. The range and standard
deviation results for the BSRN time series were calculated with data
only from coinciding days with the ASD measurements to prevent dif-
ferences in atmospheric screening that could add an additional source
of variability to the BSRN results. Even though the range of temporal
variability is very similar between the two ground measurements, the
poor correlation between the two time series could be a result of the
difference in location: the BSRN station is located slightly less than
1 km from the ASD site, and it is likely seeing somewhat different
snow conditions at any given time. It is also possible that the ASD sees
a slightly different field of view than the BSRN station, which will
change with snow depth over the season. However, the agreement
Table 5
Range (max. value–min. value) for theASD 4-site average albedo and for theMODIS Direct
Broadcast and v006 albedo time series.

MODIS band Range
(ASD)

Range
(Direct Broadcast,
high-quality only)

Range
(Direct Broadcast,
all data)

Range
(v006)

Broadband 0.113 0.054 0.065 0.042
Band 3 0.074 0.054 0.061 0.037
Band 4 0.085 0.052 0.069 0.028
Band 1 0.091 0.057 0.082 0.021
Band 2 0.103 0.059 0.083 0.049
Band 5 0.217 0.087 0.087 0.097
Band 6 0.175 0.066 0.066 0.075
Band 7 0.130 0.035 0.035 0.040
between the magnitude of ASD and BSRN variability is significant
for the overall campaign goals, as the variability of the BSRN signal
in part provided the motivation to investigate albedo variability at
Summit.

3.4. DISORT modeled spectral albedo

The temporal variability of the ASD-measured albedo is additionally
supported by radiative transfer modeling, using daily measurements of
snow specific surface area, density, and chemistry (particularly dust and
black carbon), as input to the DISORT code (Carmagnola et al., 2013).
Those authors found that the field-measured spectral albedo on any
day can be reproduced with an RMSE of 0.032. These results are consis-
tent regardless of whether snowparticulate absorbers (dust and BC) are
included, demonstrating that the addition of impurities has a negligible
effect on albedo at this location.

The model results provide support to the field measurements as an
independent reproduction of the albedo time series. By using only
inputs of snow physical properties, daily albedo spectrums are pro-
duced which closely match the measurements, giving particular sup-
port to the measured range of temporal variability, and providing
evidence that most of the temporal variability of albedo is due to
changes in snow physical properties, especially snow grain size. These
results agree with observations of relatively low amounts of impurities
Table 6
Mean and standard deviation for the ASD 4-site average albedo and for the MODIS Direct
Broadcast and v006 albedo time series.

MODIS band Mean,
std. dev.
(ASD)

Mean, std. dev.
(Direct Broadcast,
high-quality only)

Mean, std. dev.
(Direct Broadcast,
all data)

Mean,
std. dev.
(v006)

Broadband 0.814, 0.023 0.790, 0.017 0.784, 0.018 0.828, 0.008
Band 3 0.962, 0.018 0.947, 0.014 0.940, 0.016 0.993, 0.014
Band 4 0.956, 0.018 0.940, 0.015 0.932, 0.018 0.964, 0.007
Band 1 0.940, 0.019 0.906, 0.018 0.897, 0.022 0.936, 0.006
Band 2 0.891, 0.024 0.842, 0.019 0.833, 0.023 0.879, 0.007
Band 5 0.551, 0.050 0.490, 0.034 0.490, 0.028 0.529, 0.030
Band 6 0.174, 0.042 0.134, 0.025 0.136, 0.021 0.145, 0.024
Band 7 0.099, 0.030 0.059, 0.013 0.060, 0.011 0.064, 0.013



Fig. 7.Albedo time series for the BSRN station, the ASD broadband integration, and theMODIS Direct Broadcast and v006 shortwave products. MODIS Direct Broadcast high-quality data is
shown in blue, low-quality in red. All MODIS v006 albedo shown is high quality.
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in the snow at summit (Hagler, Bergin, Smith, & Dibb, 2007), and
highest albedo variability observed in the ASD Band 5 integration,
which is sensitive to changes in snow grain size of the near-surface.
Bands 6 and 7 also show high variability (relative to the lower albedo
at these wavelengths), additionally indicating the influence of snow
grain size.

The link between snow physical properties and albedo is also
observed in the field, where distinct albedo changes are often observed
coincidingwith distinct snow surface changes. It is common to see diur-
nal progressions such as the formation of abundant surfacehoar or rime,
that is then buffed into a layer of high density wind pack, that may then
be covered by a layer of new snow precipitation (plates, columns,
or dendrites). These sort of changes in the snow surface are thought to
be largely responsible for the variability of albedo observed in both
the ASD and BSRN measurements.

3.5. Possible sources of MODIS error

The MODIS values of “blue-sky” albedo for this study have been
computedwith a generalized aerosol optical depth, as opposed to actual
coincident atmospheric measurements. It is therefore likely that some
of the variability due to atmospheric effects as seen by the ASD field
measurements is not being correctly captured in the MODIS values.

It is also possible that the MODIS albedo products lack the large
temporal variability of the field measurements as a result of both
the 16 day input required to build an accurate BRDF model, and the
emphasis on all of the observations available over a single day to create
the daily product, rather than focusing on observations specifically at
the time of surface measurements. Even using both Aqua and Terra
measurements, it is still necessary to use a 16-day period to have suffi-
cient clear-sky, atmospherically corrected, multi-angular looks over the
viewing hemisphere to adequately model the surface BRDF. The algo-
rithm then emphasizes the measurements from a single day coupled
with the generalized BRDF model, to better refine the albedo product
by capturing the more subtle effects happening on a day to day basis.
However, because the basic structure of the generalized BRDF is
Table 7
Statistics for the Baseline Surface Radiation Network albedo vs. the ASD broadband albedo
measurements (4-site average), and vs. theMODIS shortwave albedoproducts. N indicates
the number of days with coinciding measurements.

N r2 Mean difference RMSE

BSRN vs. ASD 37 0.142 0.036 0.045
BSRN vs. Direct Broadcast (high-quality only) 39 0.173 0.060 0.065
BSRN vs. Direct Broadcast (all data) 58 0.140 0.065 0.069
BSRN vs. v006 50 0.000 0.018 0.029
utilizing the reflectance signals from16 days of snow surface variability,
the day to day variability likely becomes muted. Additional muting oc-
curs by using all available observations on the single day of emphasis,
which masks the maximum or minimum values that could be captured
as a result of specific snow conditions that exist at the exact time of the
surface measurements.

Even thoughwe have demonstrated that a constrained albedo signal
is measurable anywhere throughout the MODIS pixel, it still must
be considered that MODIS is viewing over a 500-m resolution pixel.
This larger scale of view could be affected by large-scale undulations
in surface topography, and likely plays a role in the inability to capture
changes due to snow crystal variability, which will dominate the ASD
2-meter radius field of view.

3.6. Spatial variability, surface slope effects, and surface roughness

Two spatial transect surveys were completed on May 17 and June 8
to measure the spatial variability of albedo, with measurements
approximately every 50 m, moving 1.5 km east along the clean air sec-
tor boundary (Fig. 8). These surveyswere completed near solar noon on
clear sky days, attempting to eliminate the effects of solar zenith angle
or variable diffuse light conditions. Only one measurement per location
was completed on the May 17 survey, and the error bars on the June 8
survey represent one standard deviation of four repeated measure-
ments at each location. The range,mean, and standard deviation of albe-
do for each survey are shown in Table 9.

It is unexpected that the range and standard deviation of albedo
measured in the spatial surveys does not more closely match the scale
of spatial variability present between the four fixed sites and the fifth
roving site. Broadband spatial variability between thefivemeasurement
sites shows a range and standard deviation of 0.020 and 0.009, respec-
tively, whereas the spatial surveys shows a range between
0.064 – 0.100, and standard deviation between 0.014 - 0.024. These
surveys reach distances nearly twice as far from the fixedmeasurement
site than was reached by the fifth roving stake, but the data from nearly
twomonths of measurements at the fivemeasurement sites shows that
Table 8
Range (max. value–min. value), mean, and standard deviation for the BSRN albedo, for
the ASD broadband albedo, and for the MODIS shortwave albedos. The values for BSRN
are calculated only using coinciding days with the ASD measurements.

Range Mean, std. dev.

BSRN 0.108 0.850, 0.025
ASD broadband 0.113 0.814, 0.023
Direct Broadcast shortwave (high-quality only) 0.054 0.790, 0.017
Direct Broadcast shortwave (all data) 0.060 0.784, 0.018
v006 shortwave 0.042 0.828, 0.008
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Fig. 8.ASDbroadband albedomeasurements from spatial surveys onMay 17 and June 8.Measurements are approximately every 50 m,with onemeasurement per location onMay 17 and
4 measurements per location on June 8 (error bars are 1 standard deviation of the repeated measurements).
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albedo variability is largely constrained to scales less than 10 m. We
would expect that the scale of albedo variability sampled with the
fifth roving site would be quite similar to the variability measured at
many hundreds of meters in the spatial transects. Because there were
nearly 30 measurement locations in the spatial transects, and only 5
locations during daily measurements at the fixed sites, one could
argue that we simply did not have enough measurement locations in
the daily surveys to accurately represent spatial variability. However,
if the larger range of variability represented by the spatial transects
actually existed throughout the area of the long term sites, it seems
very unlikely that this range of variability was never sampled over
two months of randomly located measurements with the roving site,
up to 700 m away.

The reasons for the difference in spatial variability are not entirely
clear, however there are still important distinctions in the data between
the scale of spatial variability and that of temporal variability in the ASD
albedo time series. Although both spatial surveys display considerably
larger variability than seen spatially among the five long-term sites, the
range of temporal variability over the campaign is still greater (broad-
band value of 0.113), and it is also greater for most narrow bandwidths.
This is especially true for Band 5 in the ASD time series, showing daily
shifts in albedo of 0.075 and a total range of 0.217 over the course
of the campaign, far greater than the range of spatial variability at any
wavelength, and another strong indicator of the influence of snow
grain size at these wavelengths. Bands 6 and 7 are also highly sensitive
to changes in snow grain size, and similarly show high variability when
analyzed relative to the lower albedo at these wavelengths. The dataset
of the five long-term albedo sites is the campaign's largest density of
measurements, and here we clearly see a pattern of a defined range of
spatial variability at a given time, that moves through a greater range
of temporal variability as surface conditions change.

There is some effect on the spatial variability data due to measure-
ments on sloped surfaces, which at Summit are typically composed of
small wind features that are meters in length and centimeters in height
Table 9
Range (max. value – min. value), mean, and standard deviation for ASD albedo spatial
surveys on May 17 and June 8, 2011.

May 17 spatial survey June 8 spatial survey

MODIS band Range Mean, std. dev. Range Mean, std. dev.

Broadband 0.064 0.830, 0.014 0.100 0.807, 0.024
Band 3 0.057 0.977, 0.013 0.118 0.949, 0.024
Band 4 0.068 0.969, 0.014 0.133 0.942, 0.028
Band 1 0.071 0.955, 0.015 0.135 0.929, 0.029
Band 2 0.075 0.918, 0.017 0.119 0.887, 0.030
Band 5 0.087 0.583, 0.022 0.084 0.581, 0.023
Band 6 0.048 0.211, 0.012 0.035 0.203, 0.009
Band 7 0.032 0.135, 0.008 0.017 0.121, 0.005
(Albert &Hawley, 2002). Sloping surfaces can alter themeasured albedo
under clear skies, resulting in an apparent albedo that is different from
the albedo of the flat surface. Using calculations presented in Grenfell
et al. (1994), it is found that the effect of even a small sloped urface is
significant: a 3° slope can show apparent albedos ranging from 0.90 of
true albedo to 1.04 of true albedo. Although the effect of a sloped surface
on apparent albedo is large given a consistent surface, the actual effect
on our field measurements with the slope angles encountered at Sum-
mit is likely less than this. If features are generally small in relation to
the instrument field of view, and are randomly distributed across an
otherwise very flat surface, it is unlikely that the upwelling measure-
ments would receive the majority of the cosine response from a signif-
icantly sloped or consistently sloped surface. The occurrence of small
but consistent slope angles (0.5°–1°) over longer distances may also
be possible, and this could have a larger effect on albedomeasurements.
In Albert and Hawley (2002), surface geometries were measured that
were judged to be characteristic of the surrounding terrain, but precise
surface geometries at Summit have not been entirely surveyed in detail
at different spatial scales, so it is difficult to know the exactmagnitude of
inaccuracy in our measurements due to surface slope effects.

However, the spectral signals of the spatial surveys tend to indicate a
significant surface slope effect: these surveys show variability in range
and standard deviation that is very similar inmagnitude across all band-
widths. Apparent albedo due to surface slope will tend to shift albedo
measurements uniformly across the entire measured spectrum
(Grenfell et al., 1994), and this is the pattern we observe in the spatial
survey data. In the May 17 survey, there is still a maximum in spatial
variability at Band 5, indicating that grain size is playing some role in
the measured variability, but this relationship is not seen in the June 8
survey.

It is an important distinction thatwe suspect potential error is due to
surface slope, as opposed to sastrugi shadowing effects such as those
discussed . The surface patterns at Summit are not large enough or con-
sistent enough to be considered true sastrugi, and the surface features
rarely produce significant shadows unless the solar zenith angle is very
large. Besides slight surface slopes as discussed above, surface roughness
at Summit largely consists of textural differences between, for example,
wind scoured andwind drifted snow, and the resulting impact on albedo
measurements is captured by measurements of snow specific surface
area variability.
4. Conclusions

We have analyzed ASD spectral albedo measurements completed
at Summit Station, Greenland during May, June, and July of 2011, and
compared these results to both the MODIS v005 Direct Broadcast daily
albedo, and the MODIS v006 MCD43A daily albedo products. Analyzing
MODIS v005 Direct Broadcast, high-quality only retrievals, Root Mean
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Square Error (RMSE) for the shortwave broadband albedo is 0.033, and
the narrow bandwidths range 0.022–0.077. The MODIS v006 albedo
product shows considerable improvement over previous albedo prod-
ucts, with shortwave broadband RMSE of 0.026, and narrow bandwidths
ranging 0.020–0.048. The new Version 006 albedo also shows improve-
ment in reported error values from previous MODIS field validations in
Greenland, which have been limited to broadband data from the Green-
land Climate Network Automatic Weather Stations.

In comparison to ASD field measurements, the MODIS v005 Direct
Broadcast product is consistently lower in magnitude across all bands,
and the improved Version 006 product is less biased, showing albedo
both slightly lower and slightly higher than field measurements. How-
ever, the MODIS products do not show similar trends in the magnitude
of temporal variability as measured on the surface. The ASD measure-
ments show much greater variability on day to day and multi-day
scales, with the broadband ASD albedo ranging 0.113 over the course
of the campaign, commonly with daily shifts up to 0.060. ASD albedo
integrated for Band 5 (1230–1250 nm) shows the greatest amount of
variability, ranging 0.217 over the campaign with daily shifts up to
0.075. This maximum in albedo variability at Band 5 demonstrates the
control of snow grain size at these wavelengths, which is additionally
supported by the variability at Bands 6 and 7, also highly variable rela-
tive to the lower albedo at these wavelengths. MODIS may be inaccu-
rately representing the range of temporal variability due to both the
16-day construction of the generalized BRDF in the BRDF/albedo algo-
rithm, and due to the utilization of all observations available on a single
day when comparing to surface measurements made at one particular
time of day. Also, the MODIS values have been derived using only a
generalized aerosol model, which likely does not capture the variability
due to actual aerosol conditions as measured from the surface.

The range of temporal variability in the ASD spectral albedo mea-
surements is in agreement with albedo measurements at the Baseline
Surface Radiation Network (BSRN) station at Summit, although the
timing of these variations differ, likely a result of the spatial separation
between the two sites and differences in field of view. The range and
standard deviation for coinciding measurement days between the two
instruments are within 0.005 and 0.002, respectively. The ASD measure-
ments show an RMSE with the BSRN station of 0.045, and the MODIS
v006 albedo product shows an even better match to the BSRN measure-
ments with an RMSE of 0.029.

The high temporal variability of the ASD measurements is also
supported by modeled albedo results presented in Carmagnola et al.
(2013).Modeled spectral albedo produced using theDISORT code, coin-
ciding with each day of ASD measurements, and using daily measure-
ments of snow specific surface area, density, and chemistry as model
inputs, are shown to reproduce field-measured albedo with an RMSE
of 0.032.

An analysis of four fixed measurement sites and a fifth roving site
shows a defined range of spatial variability that exists throughout the
500-meter resolution MODIS pixel, with the range in broadband albedo
averaging 0.020 for the campaign. The four fixed sites are representative
of 4–15 meter variability, whereas the fifth roving site represents
measurements up to 700 m away. Addition of albedo measurements
from the fifth site does not significantly increase the range or standard
deviation of spatial variability measured among the four fixed sites.
The temporal pattern of the measurement sites shows a limited range
of spatial variability that moves through a considerably greater range
of temporal variability as surface snow conditions change on day to
day and multiday scales.

This work confirms the temporal variability of albedo measured by
the BSRN station at Summit, which has important implications for the
radiative balance over central Greenland. Although the MODIS daily al-
bedo products do not capture the range of temporal variability as mea-
sured with the ASD on the surface, the v006 MODIS product is in
considerably better agreement with surface measurements than previ-
ous studies, providing increased potential for the use of remotely sensed
albedo to aid in calculations of atmospheric and surface processes over
the Greenland ice sheet.

Future work should include more extensive surface measurements
of the spatial variability of albedo, as well as a detailed analysis of the
surface geometries of the ice sheet to analyze the effects of surface
slope on albedo. Additionally, the v006 MODIS daily albedo algorithm
should be improved to even better emphasize the single day of interest
within the 16-day period used in the BRDF/albedo algorithm, potentially
gaining an ability to emphasize measurements made at a particular time
within a single day.
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