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Land surface albedo is an important parameter to describe the radiant forcing in
the climate system. A long-time series of global albedo products is needed to
understand the mechanism of climate change. Aiming to support global change
and Earth system studies, GLASS (Global LAnd Surface Satellites) provides
long-term global land surface albedo product from 1981 to 2010, which are
generated from multisource remote sensing data and newly developed algorithms.
It is critical to assess the quality of the GLASS product when it is released to the
public. This paper first introduced the algorithms and then analyzed the integrity,
accuracy, and robustness of the GLASS albedo product. The results show that the
GLASS albedo product is a gapless, long-term continuous, and self-consistent
data-set with an accuracy similar to that of the widely acknowledged MODIS
MCD43 product. The quality flag, which is provided along with the black-sky
and white-sky albedo, gives a pertinent indication of the expected uncertainty in
the product.

Keywords: land surface broadband albedo; validation; GLASS; MODIS;
AVHRR

1. Introduction

As the effects of global warming become more and more drastic, there comes an
urgent demand to understand the global climate system as well as its influence on
and reaction to environmental change or human activities (Liang et al. 2010). Land
surface albedo is one of the major radiant forcing factors in the climate system
because the albedo determines how much solar radiation will be absorbed at the land
surface (Dickinson 1995). The variation of the land surface albedo is hard to predict,
as this variation is affected by many factors (Gao et al. 2005), such as snow/rain and
vegetation status. Therefore, satellite remote sensing is the most effective technique to
map the spatial and temporal distribution of the global land surface albedo (Schaaf
et al. 2008; Zhang et al. 2010).
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As a result of the advances in quantitative remote sensing research, many global or
regional land surface albedo products have been released. These products are derived
either from polar orbit satellite data, e.g. Moderate Resolution Imaging Spectro-
radiometer (MODIS) (Lucht, Schaaf, and Strahler 2000; Schaaf et al. 2002; Gao et al.
2005), POLarization and Directionality of the Earth’s Reflectances (POLDER) (Leroy
et al. 1997; Maignan, Bréon, and Lacaze 2004; Bacour and Breon 2005), MEdium
Resolution Imaging Spectrometer (MERIS) (Muller 2008), Clouds and Earth’s Radiant
Energy System (CERES) (Rutan et al. 2006), Multi-angle Imaging SpectroRadiometer
(MISR) (Weiss et al. 1999; Diner et al. 2008), and VEGETATION (Geiger and Samain
2004), or from geostationary satellite data, e.g. Meteosat First Generation (MFG)
(Pinty et al. 2000; Govaerts et al. 2008) and Meteosat Second Generation (MSG) (van
Leeuwen and Roujean 2002; Geiger et al. 2005). The MODIS MCD43 series of BRDF
(Bidirectional Reflectance Distribution Function) and albedo products, generated by
NASA's MODLAND team, provide a global albedo map in a continuous time series
from 2000 to the present (Schaaf et al. 2008). The MCD43 series of products are the
most complete and widely recognized data-set for the global albedo, and their algorithm
has a profound influence on other albedo inversion algorithms. Before 2000, however,
the available global albedo data-sets are very limited. The published Advanced Very
High Resolution Radiometer (AVHRR) albedo products (Saunders 1990; Hu et al.
2000; Strugnell, Lucht, and Schaaf 2001; Trishchenko et al. 2008), the POLDER albedo
product, and the VEGETATION albedo product cannot compose a continuous time
series.

To the users of a remote sensing data product, the quality of the product is critical.
There are many aspects of data quality, including integrity, robustness, and accuracy.
Integrity refers to the availability of valid data in the user-required spatial and
temporal domain. As most remote sensing products suffer from weather influence and
leave gaps (invalid data) in cloud-contaminated areas, these gaps often handicap data
users. Robustness implies that there should be no unreasonable (but valid) value in the
product if the quality flag indicates a valid value. Although most of the existing
products have token efforts in quality control (QC) and unreasonable values are
generally avoided, anomalies are still occasionally found. The robustness should
always be considered, especially for newly derived algorithms or products. Compared
with integrity and robustness, much more effort has been devoted to evaluating the
accuracy of remote sensing products. For example, the accuracy of the MCD43 series
of albedo products has been investigated in many approaches (Liang et al. 2002; Jin et
al. 2003; Liu et al. 2009; Roman et al. 2009; Wang et al. 2010; Cescatti et al. 2012).
These albedo products are generally agreed to be satisfactorily accurate in snow-free
conditions and when a full-retrieval algorithm is applied. Many authors have also
emphasized that the scale discrepancy between ground observations and remote
sensing pixels should be considered when validating remote sensing products with
ground-based measurements (Lucht et al. 2000; Liang et al. 2002; Roman et al. 2009).

Global change studies demand spatially complete and long-term global albedo
products. However, remote sensing retrieval results from a single sensor are limited
by the sensor’s characteristics, spatial and temporal coverage, and acquisition
conditions and cannot satisfy the needs of many applications. To fill this gap, several
international research projects have been devoted to the generation of long-term
global albedo products by combining remote sensing data from different sensors/
satellites. For example, the ESA GLOBALBEDO project has planned to generate
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15 years of gap-filled global albedo products by combining remote sensing data from
several European sensors, i.e. the Along Track Scanning Radiometer (ATSR) series,
the VEGETATION series, and MERIS (Lewis et al. 2011; Muller et al. 2012).
GLASS (Global LAnd Surface Satellite) is a series of remote sensing products
generated by the research team in the College of Global Change and Earth System
Sciences, Beijing Normal University. This project aims to provide long-term land
surface key parameters for global change study and climate modeling (Liang
et al. Forthcoming). The GLASS shortwave albedo product provides a long-time
series of high-quality, gap-filled global albedo map from 1981 to 2010. The V1.0
GLASS product has been formally released to the public in 2012. The work presented
in this article provides the basic description of GLASS albedo product and gives a
first-chance evaluation of its quality in the sense of integrity, robustness, and accuracy.

2. Description of the GLASS albedo products and algorithms
2.1. Algorithm summary

To provide a high-quality and user-friendly data product, the GLASS albedo is
generated in two steps. In the first step, the albedo is retrieved from remote sensing
data by an inversion of the radiative transfer process. The results from the first step
are called intermediate products. In the second step, different types of intermediate
products are merged to generate a unique and gap-filled final product. Three major
algorithms, i.e. ABl (Angular Bin 1), AB2 (Angular Bin 2), and STF (Statistics-
based Temporal Filtering), have been developed to support the GLASS albedo
production.

Both ABI and AB2 are regression algorithms enhanced with the angular bin
method, which was first proposed in Liang, Stroeve, and Box (2005) and further
developed in Qu et al. (Forthcoming). The ABI algorithm builds a linear regression
equation between the ground-surface directional reflectance and the broadband
albedo, specifically the shortwave white-sky albedo (WSA) and black-sky albedo
(BSA) corresponding to the solar angle at local noon. The idea of angular bin
method is to divide the space of the solar/view geometry into small grids, which are
called ‘angular bins, and to derive different regression coefficients in different
angular bins. In this way, the anisotropy of the land surface is empirically corrected.
The AB2 algorithm is similar to the AB1 algorithm but builds a linear regression
equation between the top-of-atmosphere directional reflectance and the land surface
broadband albedo. A detailed description of the angular bin method can be found in
the product Algorithm Theoretical Basis Document (ATBD) (Liu et al. 2012b) or in
Qu et al. (Forthcoming).

The STF algorithm is an approach based on Bayes theory that regards different
intermediate products as samples of the ‘true’ surface albedo with an inversion
error and time discrepancy. Therefore, the optimal estimation of the true albedo is
in the position of the maximum posterior probability according to statistical law. In
this way, the information from different intermediate products is merged, and the
noise is reduced. In the case that there is no valid sample in the temporal filtering
window, a-priori distribution of the albedo is adopted to fill the gap. Details of the
STF method can be found in the product ATBD (Liu et al. 2012b) or in Liu et al.
(2011, 2012a).
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Figure 1. The flowchart of the albedo production line in GLASS.

Figure 1 presents the conceptual flowchart for the GLASS albedo production
line. AB1 and AB2 are applied in step 1, and STF is applied in step 2.

2.2. Product summary
2.2.1. Years 2000-2010

The information source for the GLASS albedo product from 19 February 2000
to 31 December 2010 is the MODIS sensors onboard the Terra and Aqua
satellites.

Both the AB1 and AB2 algorithms are applied to retrieve the shortwave surface
albedo from the MODIS data. The input of ABI is the multiband directional
reflectance at the surface, which corresponds to the atmosphere correction
products MODO9GA/MYDO9GA released by NASA (Vermote, Nazmi, and
Christopher 2002). The output of AB1 is an intermediate product called either
GLASS02A21, which corresponds to Terra, or GLASS02A22, which corresponds
to Aqua. The AB2 algorithm is based on the apparent reflectance at the top of the
atmosphere. The main input of AB2 is the MODIS calibrated radiance products
MODO021km/MYDO021km released by NASA. For the purpose of geometric
processing, the geolocation products MODO03/MYDO3 are necessary. The MODIS
cloud mask products MOD35/MYD35 are also adopted to provide cloud
information. The outputs of AB2 are intermediate products called GLASS02A23
and GLASS02A24, corresponding to Terra and Aqua, respectively.

In summary, we have four intermediate products, each corresponding to different
algorithms and data sources. Instead of sending all these products together to the
user, GLASS chooses to merge them into one final product with the STF algorithm.
The inputs of STF are the four intermediate products introduced above, and the
length of temporal filter window is 17 days. The output final product is called
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GLASS02A06, which provides a gap-filled land surface shortwave BSA and WSA
with a spatial resolution of 1 km and a temporal step of 1 day.

2.2.2. Years 1981-2000

The information source of the GLASS albedo product before 2000 is the AVHRR
data. The Long-term Land Data Record (LTDR) project has archived and
preprocessed the AVHRR data from 1981 to 2000 (Pedelty et al. 2007). Version 3
of the project’s releassd AVHRR data-set has been geometrically and atmo-
spherically corrected (Vermote 2007). GLASS combines the ABI algorithm and
STF algorithm in a pipeline program to generate an albedo product from the LTDR
AVHRR data-set. Compared to MODIS, the AVHRR data has less spectral
channels, reduced number of temporal samples (AVHRR is once a day while
MODIS is twice a day) and much lower spatial representativeness (AVHRR Global
Area Coverage data-set processes only one scan line out of every three). In order to
adequately accumulate valid observations for the STF algorithm, the length of
temporal filter window is enlarged to 33 days. The resulting final product is called
GLASS02B05; it has a spatial resolution of 0.05° and a temporal step of § days, and
it extends from 4 July 1981 to 18 February 2000.

A summary of all of the intermediate and final albedo products in GLASS is
presented in Table 1. Because only the final products will be available to public users,
the term ‘GLASS albedo product’ hereafter refers to GLASS02A06 after 2000 and
GLASS02B05 before 2000 by default.

3. Reference data-sets

To assess the accuracy of a remote sensing product, the product is usually compared
with a reference that is considered to be more accurate or trustworthy. A ground-
based measurement is a natural candidate to act as the reference and is often referred
to as the ‘ground truth.” However, for coarse-resolution remote sensing products,
there is a significant scale discrepancy between ground-based measurements and
remote sensing measurements. The ‘ground truth’ may no longer be the best
reference data for the evaluation of the coarse-resolution remote sensing product. In
this case, another existing remote sensing product is more readily available and scale-
consistent to the product to be evaluated. Therefore, a cross comparison with a
sophisticated product can provide an even better indication of the product’s quality
than a direct validation. In this paper, the GLASS albedo is compared not only with
the ground-based measurement but also with the MODIS MCD43 product released
by NASA.

3.1. Ground-based measurements

The FLUXNET network (Baldocchi et al. 2001) is currently the largest global data-
set of energy and mass flux measurements at the ecosystem scale. In a recent
approach (Cescatti et al. 2012), the ‘La Thuile’ database of FLUXNET (www.
fluxdata.org, October 2010) has been compared with the MODIS BRDF/albedo
product MCD43A1, which has a 500-m spatial resolution and an 8-day temporal
step, and the consistency between these data-sets at different areas and plant
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Table 1. List of GLASS albedo intermediate and final products.

Product name  Product type  Algorithm Input data Temporal step  Composition interval  Projection  Spatial resolution
GLASS02A21  Intermediate ABI1 MODO09GA 1 day 1 day SIN 1 km
GLASS02A22  Intermediate ABI MYDO09GA 1 day 1 day SIN 1 km
GLASS02A23  Intermediate AB2 MODO021km 1 day 1 day SIN 1 km
GLASS02A24  Intermediate AB2 MYDO021km 1 day 1 day SIN 1 km
GLASS02A06  Final STF GLASS02A21 1 day 17 days SIN 1 km

GLASS02A22

GLASS02A23

GLASS02A24
GLASS02B05  Final AB1 +STF LTDR AVHRR data-set 8 days 33 days CMG 0.05°

YL

TR D
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functional types has been analyzed. In this approach, 53 FLUXNET sites were
considered to meet the criterion of land cover homogeneity. To minimize the
uncertainty caused by the discrepancy in the observation scale, the same 53 homo-
geneous sites in the ‘La Thuile’ database are also used to validate the 1-km resolution
GLASS albedo products in this paper. In processing the ground measurements, the
actual albedo, which is the ratio of the upward to the downward shortwave radiant
flux measured by tower-based pyranometers within 2 hours around local noon, is
extracted from the database. Invalid values or measurements of insufficient incoming
radiant flux, which is mostly caused by clouds and determined when the downward
radiant flux is less than 70% of the clear-sky irradiance, have been screened off. The
clear-sky irradiance is calculated with a 6S atmospheric radiative transfer model
(Vermote et al. 1997) with the default atmosphere parameters of a mid-latitude
summer and a solar angle corresponding to the measurement time and location.
Although we choose the same ground data-set as the reference paper (Cescatti
et al. 2012), our results may not be totally comparable to those of the paper because
the MCD43A1 product is in 500 m resolution while the GLASS albedo product is in
1 km spatial resolution, and these two approaches have different aims and focuses.

3.2. Other satellite remote sensing data products

The MCD43 series of land surface BRDF/albedo products generated by NASA’s
MODLAND team is one of the most successful quantitative remote sensing products
in the EOS project. This series has been extensively validated and widely applied in
many research fields. It also shares the same information source, i.e. MODIS onboard
Terra and Aqua, with the GLASS albedo product after 2000. The version 5 of the
MCD43A3 product, which is derived from the combined inversion of the MODIS data
from both the Terra and Aqua platforms in 16-day composition window, with a 500-m
spatial resolution and an 8-day temporal step, is the currently available standard
product with highest quality in this series. And its quality flag is provided in the
MCD43A2 product. There are also MCD43B3/MCD43B2 products, which are
derived by aggregating MCD43A3/MCD43A2 products into 1-km resolution and
thus more comparable to GLASS albedo product. These four MCD43 products are
adopted as the reference data-set to evaluate the GLASS albedo product.

4. Results analysis
4.1. Statistics of the GLASS albedo quality flag

To evaluate the quality of the GLASS albedo products, we start by analyzing the QC
flag in the final GLASS albedo products. The flag is a 16-bit data field provided for
each pixel. The bitwise interpretation of the QC flag for GLASS02A06 and
GLASS02B05 products is given in Table 2, and the details of this interpretation
can be found in the user manual. The lowest two bits give an indication of the overall
quality of the albedo product in the pixel, with ‘00’ indicating a ‘good’ estimation
result with the criterion of an uncertainty of less than 0.01 absolutely or 5% relatively,
‘01’ indicating an ‘acceptable’ estimation with the criterion of an uncertainty of less
than 0.05 absolutely or 10% relatively, ‘11’ indicating the most uncertain estimation
in which the a-priori value has been applied to fill the pixel, and ‘10’ indicating the
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Table 2. Quality control (QC) flags of the final GLASS albedo product.

Bit number Parameter name Value/state

0,1 Overall quality 00: good 01: acceptable
10: with 11: prior value
uncertainty

2,3 Land cover state 00: vegetation 01: bare ground
10: snow 11: un-classified

4,5 Length of composite window 00: 9-day 01: 17-day
10: 25-day 11: 33-day

6-8 Number of actually used (clear-sky)  000: 0 001: 1

intermediate products 010: 2-3 011: 4-7

100: 8-15 101: 16-31
110: 32-63 111: 64-127

9,10 Ratio of actually used to total 00: more than 50% 01: 25-50%

number of intermediate products 10: 10-25% 11: less than 10%

11-14 Uncertainty of albedo retrieval 0000: 0.00-0.01 0001: 0.01-0.02
0010: 0.02-0.03 0011: 0.03-0.04
0100: 0.04-0.05 0101: 0.05-0.06
0110: 0.06-0.07 0111: 0.07-0.08
1000: 0.08-0.09 1001: 0.09-0.10
1010: 0.10-0.11 1011: 0.11-0.12
1100: 0.12-0.13 1101: 0.13-0.14
1110: 0.14-0.15 1111: >0.15

15 Albedo validity flag 0: valid value 1: invalid value

state between ‘acceptable’ and a ‘fill value.’ In addition to the overall quality
assessment, the uncertainty of the albedo estimation is also quantitatively given in
bits 11-14. This uncertainty estimation is first generated in the ABl and AB2
algorithms and passed to the STF algorithm to derive the final uncertainty using
statistical principles. However, this uncertainty is only a statistical estimation and
does not always reflect the actual error in a specific case.

To understand the spatial and temporal distribution of the quality of the GLASS
albedo product, we first investigate the seasonal variation of the quality flag at
typical sites. Histograms of the overall quality flag are derived in monthly temporal
windows and 7*7-pixel spatial windows around six typical FLUXNET sites, the
names and basic information of which are listed in Table 3. The statistics are
presented as a percentage bar in Figure 2. The yellow bar indicates the percentage of

Table 3. Information about six typical FLUXNET sites in different continents.

Site_name Latitude Longitude Cover_type
AU-Tum —35.6557 148.152 Evergreen broadleaf forest
BR-Cax —1.71972 —51.459 Evergreen broadleaf forest
DE-Hai 51.0793 10.452 Deciduous broadleaf forest
RU-Che 68.6147 161.339 Mixed forest

US-Fpe 48.3077 —105.1019 Grassland

ZA-Kru —25.0197 31.4969 Savanna
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Figure 2. Monthly average percentage of GLASS albedo products of different overall quality
flags in 2004. (a) AU-Tum; (b) BR-Cax; (c) DE-Hai; (d) RU-Che; (e) US-Fpe; (f) ZA-Kru.

pixels with the overall quality flag ‘11, which represents the lowest quality. We
observe that these yellow bars occur in the RU-Che site, the DE-Hai site, and the
BR-Cax site. In winter in high-latitude areas, it is either polar night or the solar
zenith angle is larger than 80°; therefore, there is no valid observation in the MODIS
shortwave bands to provide information regarding the surface albedo. This fact
explains the low-quality product in the RU-Che site and the DE-Hai site. In the case
of the BR-Cax site, there are always heavy clouds from November to May in the
tropical forest area; therefore, many of the pixels could not obtain a cloud-free
observation within the 17-day composition window and were filled with an a-priori
value. The blue, dark-green, and light-green bars indicate the data with ‘good,
‘acceptable,” and ‘with uncertainty’ quality flags, respectively. Most of the ‘good’ data
can be found in mid-latitude areas, such as the US-Fpe site, the AU_Tum site, and
the ZA_Kru site. The pixels marked as ‘acceptable’ and ‘with uncertainty’ also
indicate cloud contamination, which mostly occurs in the rain/snow seasons.

To obtain a clearer view of the spatial distribution of the quality of the GLASS
albedo product, maps of the yearly average percentage of good quality data and the
average uncertainty in the global scope have been derived. Figure 3(a) presents the
spatial distribution of the average percentage of ‘good’ quality pixels in the GLASS
albedo final product throughout 2003 and 2004. A large part of the land areas in low
latitude have approximately 100% ‘good’ quality product, with exceptions in the
tropical rain forests in Amazonia, Central Africa, and Indonesia and the monsoon
areas in India and Southeast Asia, where cloud cover is present throughout the
season or the year. In the high-latitude areas, the percent of good quality pixels
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Figure 3. Spatial distribution of the average quality of the GLASS albedo product in 2003 and
2004. (a) Percent of the product with a ‘good’ quality flag. (b) Average product uncertainty.

decreases with latitude. This decrease is due to the phenomenon of large solar zenith
angle or polar night. We can find horizontal strips in the high-latitude areas because,
if the average solar zenith angle of a MODIS tile is larger than a threshold (80°), the
entire tile is excluded in the calculation. Figure 3(b) presents the spatial distribution
of the average uncertainty in the GLASS albedo final product throughout 2003 and
2004. The pattern is essentially the inverse of Figure 3(a) because there are fewer
good quality pixels where large uncertainties occur. We can see that, except for the
polar areas, the yearly average uncertainty is less than 0.05 in most of the areas.
To view the interannual variation in the quality flag of the GLASS albedo
product, we chose 402 sample sites scattered all around the world and derived the
statistics of the quality flags in these sites. These sites are in the network of
Benchmark Land Multisite Analysis and Intercomparison of Products (BELMA-
NIP) (Baret et al. 2006). Figure 4 shows the location of these sites on top of a global
land/sea boundary map. Figure 5 shows the seasonal average percentage of the
quality flags in all of these sites from 1982 to 2010. The percent of good quality
products is significantly larger in 2000-2010 than in 1982—-1999 because the former is
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Figure 4. Locations of the sample sites used in this paper.

a MODIS-derived product and the latter is AVHRR-derived. The quality improves
more after 2003 because the successful launch of the Aqua satellite doubled the
available MODIS observations. In the latter half of 1994 (October 1994 to January
1995), there is a gap where no GLASS albedo product is produced. This gap exists
because the LTDR version-3 archive does not provide AVHRR data for this period
between NOAA 11 and NOAA 14.

4.2. Validation of the GLASS albedo product with ground measurements

The 53 homogeneous FLUXNET sites selected by the former approach (Cescatti
et al. 2012) are used to validate the accuracy of the GLASS albedo product. The
albedo measurement of the flux tower is affected by atmospheric conditions and has
less credibility when the incoming solar irradiance is blocked by clouds. Therefore,
we screen out the observations with a downward irradiance of less than 70% of the
clear-sky irradiance, which are approximately 45% of the total valid data in these
sites. The blue-sky albedo of the GLASS product is calculated as a combination of
BSA and WSA weighted by a sky light ratio factor, which is simply estimated as the
function of the solar angle given in Long and Gaustad (2004). Because only the
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Figure 5. Interannual variation of the quality flags of the GLASS albedo product, averaged
on all BELMANIP sites and every three months.
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clear-sky ground measurements are used to validate the GLASS product, the error
resulting from this simplistic estimation of the sky light ratio is acceptable.

Figure 6 presents the time series of the ground measurement and the GLASS
blue-sky albedo in the six typical sites. The black dots indicate the clear-sky ground
measurements, whereas the green dots indicate the ground measurements that are
screened out. The thick red solid lines indicate the blue-sky albedo extracted from the
GLASS02A06 daily product. The blue solid lines with triangular markers indicate
the blue-sky albedo from the MCD43A3 8-day product. Generally, the GLASS
product reflects the trend and magnitude of the ground observations. The accuracy is
better for clear days than for cloudy days. However, some general underestimation of
the albedo can be found in winter when snow is most likely present and clear-sky
days are rare. A bias is scarcely found in snow-free seasons, except in the DE-Wet site
where the GLASS product is slightly higher, which may be caused by the scale
discrepancy. The footprint size of surface albedo measurements (mostly 10-20 m) is
considerably different from that of MCD43A3 product (500 m) or GLASS02A06
product (1 km). These selected 53 FLUXNET sites are relatively homogeneous in up
to a 2 km region around each site. The scale discrepancy is minimized but still exists.
Smoothing effects can also be observed in the GLASS product; although the GLASS
algorithm tries to preserve the details of the temporal variation of the true surface
albedo, there is still a compromise between the actual temporal resolution and noise
sensitivity.

A scatter plot of all of the clear-sky observations in these 53 homogeneous sites is
given in Figure 7(a), and the statistics are given in Table 4. To further analyze the
error statistics of the GLASS product, we investigated the GLASS quality flag and
selected only the observations with ‘good’ quality flags and the ground measure-
ments of the corresponding date in the clear-sky data-set. The scatter plot for these
‘good’ observations is given in Figure 7(b). The points are clearly closer to the
diagonal line, and the Root Mean Square Deviation (RMSD) drops from 0.0587 to
0.0455, which means that the quality flag is a pertinent indicator of the accuracy of
the GLASS product.

The GLASS albedo algorithm follows a very simple classification rule when
generating the product. The land surface state is divided into three categories by the
band threshold: vegetation (when NDVI is larger than 0.2), snow/ice (when
the reflectance in the blue band is larger than 0.3), and bare ground (other cases).
The statistics of these three categories of GLASS albedo are given in Table 4. We can

Table 4. Statistics comparing the FLUXNET ground measurements with the GLASS albedo
product.

Number of
Sample criterion observations Bias RMSD R2
Clear-sky ground measurements and 28,881 —2.9516e —06 0.058668 0.80331
all GLASS data
Clear-sky ground measurements and 16,960 —0.00051115 0.045471 0.89306
‘good’ quality GLASS data
Vegetation 14,833 —0.0017354  0.030269 0.61765
Bare ground 938 0.012068 0.053150 0.30924

Snowl/ice 1189 0.0048384  0.12583  0.72306
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Figure 7. Scatter plot of the FLUXNET ground measurements and the blue-sky albedo
extracted from the GLASS product. (a) Clear-sky ground measurements and all GLASS data.
(b) Clear-sky ground measurements and ‘good’ quality GLASS data.

see that the RMSD is the smallest in the vegetation observations and the largest in
the snow/ice-covered observations. Also note that most of the FLUXNET observa-
tions are in the vegetated state. The validation for the bare ground or the snow/ice-
covered surface is not sufficient, and the RMSD is larger.
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4.3. Cross comparison with the MCD43 product

Cross validation is widely used to evaluate a newly derived product by comparing
this product to a more sophisticated existing product. Because both data sources are
remote sensing products, this evaluation method is less limited by space, time, and
scale discrepancy. The MCD43 series of land surface BRDF/albedo products is
currently the most widely used and extensively validated global albedo data-set, and
its algorithm has profound influence to algorithms of other albedo products. GLASS
albedo product, however, is generated with simpler algorithm of totally different
principle. It is interesting to know if the two different algorithms achieve similar
results.

To check the consistency of the GLASS albedo product with the MCD43
product, we choose the GLASS02A06 product and MCD43B3 product which have
exactly the same spatial coordinates and resolution, as well as similar temporal
composition window. The BSA time series from 2003 to 2004 were extracted from
402 BELMANIP sites all around the world. Figure 8(a) gives the scatter plot of these
two products for all valid pairs. Because GLASS provides a gap-filled final product,
the term ‘valid pairs’ actually refers to all pairs with a valid MCD43B3 value. The
RMSD is 0.031048, and the coefficient of determination (R2) is 0.92225. Figure 8(b)
gives the scatter plot for the good quality GLASS02A06 data and all valid
MCD43B3 data. The consistency is better in this refined sample set, with
RMSD =0.022632 and R2 =0.96682.

We also divide the data samples into different land surface states with the
classification flag in the GLASS product. The statistics in each of the surface states
are given in Table 5. We can see that most of the samples are categorized as
‘vegetation’ or ‘bare ground,” and their RMSDs are less than 0.02, indicating a good
consistency between the GLASS and MCD43 products in these two surface states.
When the surface is most likely covered by snow/ice, the discrepancy is larger, with an
RMSD of 0.079677 and a bias of 0.037569. The GLASS albedo product is slightly
higher than the MCD43 albedo product for the snow/ice-covered states. Comparing
with Table 4, the bias between the GLASS and MCD43 products is larger than that
between the ground-truth data and the GLASS product. This bias can possibly be
attributed to an underestimation of the albedo in the MCD43 product when the
surface is covered by snowl/ice; the algorithm for NASA’s MODIS albedo product
has dropped the partially snow-covered observations to maintain the accuracy of the
snow-free albedo at the expense of an underestimation of the partial-snow albedo.

4.4. Consistency of the MODIS-based and AVHRR-based GLASS albedo products

The GLASS albedo product before 2000 is derived from the AVHRR historical data-
set, which has considerable lower quality than other newly acquired remote sensing
data. Not only are this product’s spatial and temporal resolution considerably lower
than that of the product after 2000, which is derived from the MODIS data, but
the accuracy is also lower. It is very important to evaluate the quality of the
AVHRR-derived GLASS product, but this evaluation is also very difficult because of
the scarcity of ground observations or other sophisticated albedo products before
2000. For this reason, as an indirect evaluation of the algorithm, we derived a test
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Figure 8. Scatter plot of the black-sky albedo extracted from the GLASS02A06 product and
the MCD43B3 product in BELMANIP sites. (a) All the GLASS data and valid MCD43
product. (b) The ‘good’ quality GLASS data and valid MCD43 product.
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Table 5. Statistics of comparing the GLASS02A06 albedo product to the MCD43B3 product.

Number of
Sample criterion observations Bias RMSD R2
All GLASS data and valid MCD43 29,719 0.0070278  0.031048 0.92225
data
‘Good’ quality GLASS data and 18,605 0.0073186  0.022632 0.96682
valid MCD43 data
Vegetation 14,229 0.0068744 0.012155 0.92592
Bare ground 3319 —0.00041133 0.014702 0.97276
Snowl/ice 1057 0.037569  0.079677 0.81386

product in 2003-2004 from the AVHRR data and compared this product with the
MODIS-derived product.

Figure 9 presents the scatter plot of the AVHRR-derived product and the
MODIS-derived product in 2003-2004 in all of the BELMANIP sites. Table 6
gives the statistics of this comparison. In performing the comparison, the MODIS-
derived product is upscaled and reprojected into the same geometric grid as the
AVHRR-derived product. When the quality flag is not considered, the RMSD of
these two products is 0.036668; however, the bias is very small (less than 0.01). This
small bias means that in large-scale applications, the random errors will cancel each
other, and the overall effect will not be prominent.

In Figure 5, the overall quality of the AVHRR-derived product is decreased in
contrast to the MODIS-derived product. Therefore, in the AVHRR-derived product,
the data with overall quality flags of ‘00" or ‘01’ are above average quality. If we
choose the AVHRR-derived product with ‘00’ or ‘01’ quality flags, the overall
RMSD drops to 0.022548, which is a tolerable difference considering the poor
quality of the AVHRR data.

Additionally, note that the number of samples in Table 6 is significantly larger
than that in Table 5, especially for the snow/ice-covered samples. This difference is
explained by the fact that the MCD43 product has many gaps in the permanent and
seasonal snow-covered areas, but the GLASS product is gap-filled.

4.5. Albedo change in typical sites from 1982 to 2010

As a demonstration of the possible applications, the time series of the BSA in
different latitudinal zones is extracted from the GLASS product, and the changing
trends are analyzed. When deriving the regional average albedo, the GLASS albedos
in the 0.05° pixels covering the 402 BELMANIP sites are extracted and categorized
into four latitudinal zones: S60—S30, S30—N30, N30-N60, and N60-N90. Figure 10
presents the average albedo in these latitudinal zones. To make a clear figure, the
albedo time series are temporally aggregated into monthly and yearly averages. The
yearly average albedo in each latitudinal zone did not change significantly from 1982
to 2010, but the seasonal pattern shows some interannual change, especially in the
third (N30—-N60) zone. In the first (S60—S30) and second (S30-N30) zones, the
seasonal variation seems to be intensified after 2000, which is most likely an artificial
phenomenon due to the difference between the AVHRR-derived albedo and the
MODIS-derived albedo. As has been shown in Figure 3, there are low-quality
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Figure 9. Scatter plot of the black-sky albedo extracted from the MODIS-derived GLASS
product and the AVHRR-derived GLASS product in the BELMANIP sites in 2003—-2004.
(a) All samples. (b) Samples with ‘good’ or ‘acceptable’ quality flags in the AVHRR-derived
GLASS product.
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Table 6. Statistics comparing the MODIS-derived GLASS product with the AVHRR-derived
GLASS product.

Number of
Sample criterion observations Bias RMSD R2
All samples 36,979 0.007993 0.036668 0.90732
‘Good’ or ‘acceptable’ quality AVHRR- 31,478 0.006209 0.022548 0.95047
derived product
Vegetation 16,538 0.004738 0.012139 0.8790
Bare ground 2951 0.004935 0.022529 0.89184
Snowl/ice 11,989 0.008552 0.031728 0.95422

GLASS albedo products distributed in the tropical area, i.e. the second zone, due to
cloud contamination. The albedo products in cloud-contaminated areas obtain very
little information from the AVHRR observations but comparatively more informa-
tion from the MODIS observations. This discrepancy explains why the variation of
the albedo product intensified after 2000. Furthermore, the dynamic ranges for the
vertical axes of Figure 10(a) and 10(b) are very small, which also amplifies the
apparent difference. The largest standard deviation of the yearly average albedo is in
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Figure 10. Time series of the average black-sky albedo of different latitudinal zones, extracted
from the GLASS product and in the BELMANIP sample sites. (a) S60-S30; (b) S30—N30;
(c) N30-N60; (d) N60—N90.
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Table 7. Results of the Mann—Kendall trend test of the yearly average albedo in different
latitudinal zones.

Latitude zone S60-S30 S30-N30 N30-N60 N60-N90

Year range Number of sites 15 118 238 31
1982-2010  Z; 4.7811 2.2918 3.4376 3.5167

Standard deviation 0.0022679 0.00091598  0.0051761 0.0034161

Trend/significance Y Yy Y Yy

Trend anomaly year 1994 1997 2001 1998
1982-1999  Z; 3.5426 1.2358 —0.8239 0.4943

Standard deviation 0.00066697  0.00018284  0.00038373  0.00043273

Trend/significance Y I/N D/N I/N

Trend anomaly year 1992 - - -
2000-2010  Z; 2.2576 0.0778 0.5449 —1.6348

Standard deviation 0.0026565 0.0013428 0.0015823 0.0022592

Trend/significance I’y I/N I/N D/N

Trend anomaly year 2005 - - 2001

According to the principle of the Mann—Kendall test, the increasing trend is significant with above a 95%
confidence level when Z; is beyond 1.96, and the decreasing trend is significant above a 95% confidence
level when Z; is below —1.96. Here, ‘I’ means increasing, ‘D’ means decreasing and “Y’ means significant,
‘N’ means insignificant.

the third zone (N30-N60). However, in contrast to the large seasonal variation, the
interannual variation is not easily detectable by eye.

To analyze the changing trend of the yearly average albedo, the Mann—Kendall
trend test (Mann 1945, Kendall 1976) is adopted to determine the significance of the
trend and find the trend anomalies. The analysis results are presented in Table 7.
When the year range of 1982-2010 is considered, a significant increasing trend is
detected in all of the zones, and trend anomalies are detected near 2000 in three
zones. This result indicates that the switch of the source data from AVHRR to
MODIS has an influence on the trend analysis. Comparing the bias in Table 6 to the
standard deviation in Table 7, we can conclude that the bias between the two parts of
the GLASS albedo product is not omissible when studying the trend in the variation
of the albedo. As a compromise, we split the time range into two parts, 1982-1999
and 2000-2010, and analyzed the trend in each part. The results are also in Table 7.
In the split time ranges, the trend is not significant except for the increasing trend in
the first zone (S60—S30), and there are possible (not significant) decreasing trends in
the third zone (N30-N60) during 1982—-1999 and in the fourth zone (N60-N90)
during 2000-2010. The increase in the albedo in the southern hemisphere and the
decrease in the albedo in the northern hemisphere are in accordance with other
literature (Zhang et al. 2010).

5. Discussions and conclusions

To facilitate climate modeling and global change studies, the GLASS land surface
shortwave albedo product has been generated by newly developed algorithms that
are different from the commonly used algorithms in other albedo products.
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Consequently, it is very important and urgent to assess the quality of the GLASS
albedo product.

The preliminary evaluation in this paper is based on the V1.0 GLASS products
and is performed on three aspects: integrity, accuracy, and robustness. The GLASS
albedo product has no spatial gaps over the global land surface and has a continuous
time series from 1981 to 2010, except in the latter part of 1994 when no good quality
remote sensing data were available. By directly comparing with ground measure-
ments in the homogeneous FLUXNET sites, the GLASS albedo product shows a
reasonable consistency with the magnitude and trend of the ground measurements,
with a bias of less than 0.001 and an RMSD of less than 0.05 in clear days. The
temporal resolution is also enhanced; in several examples, the quick change in the
ground measurements can be better captured by the daily GLASS albedo product
than the 8-day product. The cross comparison shows that the GLASS product has a
very similar value to that of the 1-km resolution MODIS MCD43B3 product
generated by NASA's MODLAND team, especially for data marked by a ‘good’
quality flag. Therefore, it can be expected that the GLASS product has a similar
accuracy to that of the MCD43 product, which has been widely validated and
acknowledged in the community. On the other hand, the standard MCD43A3
product is in 500m spatial resolution and has advantage in capturing the spatial
variation of land surface albedo.

The QC flag in the GLASS product gives a valuable indication of the good
quality data and those that are uncertain. We can see that more than half of the data
are flagged as ‘good’ or ‘acceptable.” The part of the GLASS product that is most
likely to be subjected to error is the AVHRR-derived product. There are almost no
adequate validation data before 2000; we can only resort to an indirect evaluation
method by comparing the AVHRR-derived product with a theoretically more
accurate product, i.e. the MODIS-derived product. A good consistency is found
between these two parts of the product.

However, there are possible deficiencies in the current version of the GLASS
albedo product, which come either from the algorithm or from the input remote
sensing data. The main inversion algorithms, i.e. AB1 and AB2, are regression
algorithms that are simple and rely on the representativeness of the training data-set.
Although these algorithms are optimized in a statistical way, they certainly cannot
account for all the situations of the complex real world. There will be remnant errors
in the atmospheric correction, anisotropy correction or band conversion processes.
These remnant errors can be partly suppressed in the STF algorithm. However, the
STF is not guaranteed to perform well in all cases because it is also a statistics-based
algorithm. STF also introduces side effects, such as oversmoothing that decreases the
actual temporal resolution of the filtered results. The a-priori database, which is
critical in the STF algorithm, is derived from the MCD43B3 product; thus, this
database inherits the limitations of the MCD43B3 product, such as insufficient
samples in the tropical rain forest areas.

The main information sources of the GLASS albedo product are the MODIS and
AVHRR data. There are many other sensors capable of providing information about
albedo. Some of these sensors, such as the VIIRS onboard NPP, will be integrated
into the GLASS product in the future. However, there is not any likely candidate
other than AVHRR to support the generation of an albedo product before 2000. The
AVHRR data have limitations in the band number, calibration accuracy, and
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geometric processing accuracy. Therefore, the AVHRR-derived product has a coarser
resolution and lower quality than the MODIS-derived product. The discrepancy
between these two parts of the GLASS albedo products are not evident in the large
scale but still must be considered when analyzing the change trend of albedo.

The evaluation work presented in this paper is also limited in data source as well
as methodology. There are always not enough good quality ground measurements
when a global data-set needs to be validated. Measurements in homogeneous sites
that are representative to a pixel size of 1 km are even more scarce. Although many
researchers suggest adopting an upscaling method to validate remote sensing
products in heterogeneous pixels, the procedures are not yet operational. Therefore,
the results given in the direct validation section in this paper cannot be looked upon
as a strict estimation of the absolute accuracy of the GLASS product but only as an
indication.

The GLASS albedo product can be improved in many aspects; for example, the
remote sensing data of new sensors should be utilized, and an inversion algorithm
based on multisource data needs to be developed. These works have already been
started among our fellow scientists. The evaluation/validation of GLASS or any
other global albedo product is an ongoing task for all data users. All of the validation
results, comments and suggestions will be valuable materials to help us improve
GLASS products in the future.
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