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Fig. 3. Ten-year average white-sky shortwave albedo (a) and its multi-year standard deviation (b) for Julian day 121 from MODIS albedo product 2000-2009 over North America

and Greenland (white color means water/ocean or lack of data).

three minutes. The “ground truth” blue-sky albedo was calculated by
averaging the ratio between the upward and downward radiation
within a 15-min range before and after the satellite observing time
to reduce the ground measurement errors and temporal/partial
cloud effects. In addition to radiation flux data, AOD measurements
are also available at these sites. Aerosol information is measured for
five channels (415, 500, 614, 670, 868, and 940 nm) at a 2-min tem-
poral resolution. In order to make comparisons with AOD retrievals
in this study, the ground measurements were converted to AOD at

550 nm with the Angstrom exponent data provided and then aver-
aged within 4 10-min range of the MODIS overpass time.

Ground radiation measurements over Greenland are regularly col-
lected at GC-Net. This dataset provides unique and extensive observa-
tions, which can help verify the validity of this proposed algorithm
over snow-covered surfaces. Shortwave upward and downward radi-
ation at the surface is observed on an hourly basis. To account for the
reduced sensitivity of the GC-Net instruments, ground data were pre-
processed using the method proposed by Stroeve et al. (2005). The
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Table 2
SURFRAD site information.

Site name Location Land cover type
Bondville, IL 40.05N, 88.37W Crop

Boulder, CO 40.13N, 105.24W Grass

Desert Rock, NV 36.63N, 116.02W Open shrub
Fort Peck, MT 48.31N, 105.10W Grass

Goodwin Creek, MS 34.25N, 89.87W Grass and forest
Penn State, PA 40.72N, 77.93W Crop

Sioux Falls, SD 43.73N, 96.62W Grass

“ground truth” blue-sky albedo was calculated based on that. Thir-
teen sites were chosen in this study according to data availability

and data quality during the year 2003 (information listed in Table 3).

3.4. MODASRVN data set

Due to the limited spatial representation of ground measure-
ments, it is always difficult to validate satellite pixel-based surface al-
bedo estimations solely through comparison with ground measured
data, especially when the pixel is not quite homogeneous. Using
other satellite-derived data sources can help verify the algorithm es-
timations. Based on the ancillary information on aerosol and water
vapor from the Aerosol Robotic Network (AERONET) sites, a set of
surface albedo and reflectance data is retrieved through an indepen-
dent atmospheric correction with the Ross-Li BRF kernel models
using TOA data from MODIS observations (Wang et al., 2009). The
MODASRVN data products from the year 2000 onwards are stored
with the AERONET site in the center of the image covering
50x 50 km? at 1-km resolution.

According to the location, land cover type, and MODASRVN data
availability from the AERONET sites, sixteen sites were chosen in
this study for the validation of the estimated surface reflectance
(see detailed information in Table 4). Similar to the ground measure-
ment section, data for the year 2005 for MODASRVN and MODIS L1B
TOA observations were collected and processed.

Cloud-screened AOD data from AERONET are available all year
round at minimum intervals of 3-min for almost all the MODASRVN
sites. Around 16 channels of AOD measurements are provided from
340 nm to 1640 nm. Data were converted into AOD at 550 nm for
comparison. Similar to the data processing for SURFRAD AOD, + 10-
min average AOD values were calculated.

3.5. Algorithm implementation

As mentioned in the previous section, MODIS TOA reflectances were
calculated from the 1km MODIS L1B dataset and collected within the
sliding temporal window. Cloud pixels were excluded based on the
MODIS cloud mask product. Following the flowchart in Fig. 1, all the
clear sky observations were used in the retrieving procedure as long
as they satisfied the minimum number required. The aerosol type was
adopted from the MODIS aerosol product (MOD04/MYDO04). Monthly
statistics of AOD were calculated from the ground aerosol observations
(Augustine et al., 2008; Holben et al., 2001) and used as a “first guess” in
the retrieving process to constrain the AOD retrievals. BRF kernel pa-
rameters from the preceding day supported the radiative transfer and

Table 3

GC-Net site information.
Site name Location Site name Location
Swiss Camp 69.57N, 49.30W NASA-SE 66.48N, 42.50W
JAR1 69.50N, 49.68W NASA-E 75.00N, 30.00W
JAR3 69.40N, 50.31W GITS 77.14N, 61.10W
Summit 72.58N, 38.50W DYE-2 66.48N, 46.28W
Saddle 66.00N, 44.50W

Table 4
MODASRVN-AERONET site information.

Site Location Land cover Site name Location Land

name cover

Bondville 40.05N, Crop Mexico City 19.33N, Urban
88.37W 99.18W

GSFC 38.99N, Forest and Rimrock 46.49N, Grass
76.84W urban 116.99W

Missoula 46.92N, Grass and MD Science 39.28N, Urban
114.08W urban Center 76.62W

SERC 38.88N, Forest and KONZAEDC 39.10N, Grass
76.50W wetland 96.61W

CARTEL  45.38N, Grass and BSRNBAO 40.05N, Grass
71.93W urban Boulder 105.01W

Bratts 50.28N, Crop Railroad 38.50N, Grass

Lake 104.70W Valley 115.96W
Sioux 43.76N, Grass Frenso 36.78N, Urban
Falls 96.63W 119.77W

Egbert 44.23N, Crop Halifax 44.64N, Urban

79.75W 63.59W

optimization process by providing the “first guess” BRF shape. This
prior information can also help reduce the uncertainty that may be in-
troduced by the insufficient angular sampling of the TOA signal during
a short period of time. The SCE algorithm then searched for the optimal
kernel parameters and instantaneous AODs, which best fit the satellite
observations and the albedo climatology considering the error distribu-
tions for both parts of Eq. (1). The retrieved BRF models can generate bi-
directional reflectances for all the seven spectral bands as well as
spectral black-sky/white-sky albedos through angular integration
based on Eqgs. (8) and (9). With the retrieved AOD as an inference, the
“blue-sky” albedo was calculated using Eq. (3) following the
narrowband-to-broadband conversion based on spectral albedos.

4. Results and discussions
4.1. SURFRAD sites

Ground measurements from SURFRAD sites have been extensively
used for validating the MODIS albedo product (Jin et al., 2003; Liu et al.,
2009; Salomon et al., 2006). The direct comparisons of the retrieved albe-
do values with ground measurements and MODIS data over the seven
SURFRAD sites are shown in the time series in Fig. 4, and the statistics
listed in Table 5(a). MODIS 1-km albedo products (MCD43B3) and the
corresponding quality products (MCD43B2) were used in this study.
Only the best quality MODIS albedo values are shown for snow-free con-
ditions in the comparison. While the MODIS albedo algorithm intends to
produce snow-free albedo values, the total shortwave albedo products
for snowy conditions are always flagged as having lower quality. Those
snow data are included in the comparison, in black color.

Generally, the retrieved albedo values have a good match with the
field measurements and MODIS albedos. The proposed algorithm in
this study generates albedo estimates, which are very close to the
MODIS data since large albedo changes are rarely encountered over
the snow-free period especially for these vegetated sites. For the
non-snow cases (Desert Rock and Goodwin Creek), the Root Mean
Square Errors (RMSE) are quite small, although the R? values are
rather low due to the small range of albedo variations. At Goodwin
Creek, both our estimations and the MODIS products are slightly
lower than the field measurements.

Both our retrievals and the MODIS albedo data can represent the
seasonal snow albedo over Bondville and Sioux Falls reasonably
well. However, due to the failure of the MODIS albedo algorithm,
the albedo values cannot reflect the snow covered situations in
some cases, either due to a mismatch of the snow or a non-snow con-
dition (e.g., around DOY 40 over Bondville) or to having filled values
in winter (e.g., over Fort Peck).
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Fig. 4. Verification of time series shortwave albedo from MODIS observations in 2005 over seven SURFRAD sites (red diamond: ground measured shortwave albedo; blue diamond:
estimated albedo from MODIS observations; green diamond: MODIS 16-day snow-free albedo; black cross: MODIS 16-day snow albedo).

The proposed algorithm has difficulty deriving surface albedo over
the site of Penn State in winter and early spring because of lack of
available clear sky observations within the sliding window while
the MODIS magnitude algorithm can produce some estimates.

Overall, the proposed algorithm in this study provides good esti-
mations at all the seven sites with a small bias (—0.0016) and
RMSE (0.0268) for no snow conditions, and reasonable results for
snow events (bias: 0.0324, RMSE: 0.1319, R%: 0.3855). Besides resid-
ual cloud contamination, the pixel mixture (e.g., partial snow and sur-
face heterogeneity during the non-snow season) problem could be
one of the main reasons for the bias found at Fort Peck and Goodwin
Creek. It should be noted that the surface condition is very stable over
some sites mainly covered by grass (e.g. Boulder, Desert Rock and
Goodwin Creek). In these cases, the R? can be quite low due to the
small change in surface albedo and the reduced RMSE is observed as
well.

Comparisons of AOD estimations from the proposed algorithm
and the MODIS algorithm with ground measurements are provided
along with the statistics in Table 5(b). MODIS instantaneous AOD
data (Collection 5) from both Terra (MOD04_L2) and Aqua
(MYDO04_L2) observations were used in this comparison. For Bond-
ville, significant positive bias and RMSE are found for both the re-
trieved AODs and MODIS estimations. The site's close vicinity to the
urban area could be a main reason for the large aerosol variations,
which may contribute to an underestimation of the albedo. The slight
underestimation over Boulder is one of the possible reasons for the
introduction of the positive bias in the albedo estimation. There are
some overestimations over Desert Rock where the RMSE (0.0451) is
the smallest among all the sites, indicating accurate surface albedo es-
timations and non-significant surface changes. However, the MODIS
aerosol algorithm generates very few values over Desert Rock,
which makes the comparison impossible. This is probably caused by
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Fig. 4 (continued).
Table 5 the increased surface reflectivity, which its algorithm is not capable of

Statistics of the retrieved values from this study with comparison to ground measure-
ments over SURFRAD sites.

(a)

Site name Bias RMSE R?
Bondville —0.0097 0.0615 0.6268
Boulder 0.0245 0.0781 0.0086
Desert Rock —0.0033 0.0271 0.0013
Fort Peck 0.0241 0.0541 09714
Goodwin Creek —0.0403 0.0581 0.1035
Penn State —0.0135 0.0390 0.4537
Sioux Falls —0.0031 0.0762 0.7884
All sites for no snow —0.0016 0.0268 0.0783
All sites for snow 0.0324 0.1319 0.3855
(b)
Site name Retrieved AOD vs MODIS AOD vs ground

ground measurements measurements

Bias RMSE Bias RMSE
Bondville 0.0529 0.1283 0.0579 0.1416
Boulder —0.0059 0.0567 0.0025 0.0612
Desert Rock 0.0186 0.0451 n/a n/a
Fort Peck 0.0330 0.0654 0.0357 0.0986
Goodwin Creek 0.0095 0.1271 —0.0445 0.1290
Penn State n/a n/a n/a n/a
Sioux Falls 0.0232 0.0901 —0.0480 0.1210
All sites 0.0243 0.0984 —0.0009 0.1187

processing. Both Fort Peck and Goodwin Creek have large AOD varia-
tions; the uncertainty of aerosol retrievals may have deteriorated the
albedo estimations. Due to the lack of ground measurements over
Penn State, no comparison is made for this dataset. For Sioux Falls,
the positive bias (0.0232) corresponds to the slight underestimation
of albedo, while the impact is not very significant. Combining the
comparisons for all the sites, the AOD values generated by the pro-
posed algorithm have accuracy levels similar to those of the MODIS
aerosol products. A positive bias (0.0243) is found for the retrievals
with a slightly smaller RMSE (0.0984) compared to that of the
MODIS AOD (RMSE: 0.1187). The positive biases of the MODIS AOD
data over Bondville (0.0579) and Fort Peck (0.0357) are offset by
the negative ones over Goodwin Creek (—0.0445) and Sioux Falls
(—0.0480) leading to a small bias (—0.0009).

4.2. GC-Net sites

Similar to the comparisons made over the SUFRAD sites, the MODIS
1-km albedo and quality data were processed for the GC-Net sites. Time
series comparisons of ground measurements, retrieved albedo values,
and MODIS albedo products over the GC-Net sites are given in Fig. 5.
From the results shown here, snow and snow-melt events were clearly
captured by the retrievals of our proposed algorithm. The results based
on daily observations show variations in ground measurements and

Fig. 5. Verification of time series total shortwave albedo from MODIS observations in 2003 over six GC-Net sites (red diamond: ground measured visible albedo; blue diamond: estimated

albedo from MODIS observations; green diamond: MODIS 16-day albedo).
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