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Abstract A constant land surface longwave emissivity value, or very simple parameterization, has been
adopted by current land surface models because of a current lack of reliable observations. Of all the
various Earth surface types, bare soil has the highest variations in broadband emissivity (BBE). We propose
here a new algorithm to estimate BBE in the 8-13.5um spectral range based on the Moderate Resolution
Imaging Spectrometer (MODIS) albedo product for bare soil. This algorithm takes advantage of both
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) longwave emissivity and MODIS
shortwave albedo products, as well as the established linear relationship between ASTER BBE and seven
MODIS spectral albedos for bare soil. In order to mitigate step discontinuities in the global land surface BBE
product, a transition zone was established and the BBE estimation method was also provided. Three linear
formulae were derived for bare soil and transition zones, respectively. Given the accuracy of 0.01 for MODIS
spectral albedo, the absolute accuracy of BBE retrieval is better than 0.017. The validation results obtained
from the three field trials conducted in China and one field trial in western/southwestern U.S. indicated that
the average difference between the estimated BBE and the measured BBE was 0.016. We have introduced a
new strategy to generate global land surface BBE using MODIS data. This strategy was used to generate
global 8day 1km land surface BBE products from 2000 through 2010.

1. Introduction

Surface broadband emissivity (BBE) is a key variable for estimating surface longwave net radiation, which is a
component of the surface radiation budget and an important parameter in climate, weather, and hydrological
models [Cheng et al., 2010b; Jacob et al., 2004; Jin and Liang, 2006; Liang, 2004; Liang et al., 2010; Pequignot et al.,
2008; Sellers et al., 1997]. However, due to the lack of reliable observations, a constant emissivity value or very
simple parameterizations are currently used in land surface models and general circulation models [Bonan et al.,
2002; Jin and Liang, 2006; Zhou et al., 2003b]. For example, the National Center for Atmospheric Research
Community Land Model Version 2 calculates the canopy emissivity from the leaf area index and sets the soil and
snow emissivities as 0.96 and 0.97, respectively [Bonan et al., 2002]. A study of the simulated energy balance
sensitivity to changes in emissivity over North Africa and the Arabian Peninsula showed that a decrease of
0.1 in the soil BBE increased the ground and air temperatures by an average of approximately 1.1 and 0.8°C,
respectively, while decreases in the net and upward longwave radiation were about 6.6 and 8.1W/m™2,
respectively [Zhou et al., 2003b]. Jin and Liang also demonstrated the contributions of BBE in improving the
simulation results of climate models [Jin and Liang, 2006].

BBE, with its finer spatial resolution and higher temporal resolution, will be useful for surface energy balance
studies at local scales and serves as medium scale for the validation of coarse resolution data thereby
improving our understanding of land-atmosphere interactions [Liang, 2011; Ogawa and Schmugge, 2004;
Ogawa et al., 2008]. Several studies have mapped the land surface BBE at global or regional scales. Wilber
et al. generated a global BBE (5-100pm) map with a 10 minute spatial resolution based on land cover type
[Wilber et al., 1999]. Ogawa et al. mapped the global monthly BBE (8-13.5um) using the Moderate Resolution
Imaging Spectrometer (MODIS) emissivity product (approximately 5km) and a North African BBE (8-13.5um)
map using the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) emissivity
product (90m) [Ogawa and Schmugge, 2004; Ogawa et al., 2008]. Peres et al. produced a global BBE (3-14um)
map at a 3km spatial resolution by converting the narrowband emissivities retrieved from the Spinning
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Enhanced Visible and Infrared Imager onboard Meteosat Second Generation with vegetation cover method
[Peres and DaCamara, 2005]. However, the spatial resolutions or the temporal resolutions of these products are
limited. To our knowledge, moderate spatial resolutions BBE on the order of 1km are currently unavailable.

One method for generating a high spatiotemporal global BBE map is the conversion of satellite narrowband
emissivity products. Unfortunately, surface temperature and emissivity retrieval from thermal infrared (TIR)
radiometric measurements is an ill-posed problem, i.e., solving N+ 1 variables with N equations [Kanani et al.,
2007; Li et al., 2013; Liang, 2001, 2004]. At least one additional equation must be created to regularize this
ill-posed problem. The equation generated is usually based on empirical formulae or assumptions for which
the solutions are likely to be unstable. This may be the reason why only a few land surface emissivity (LSE)
retrieval algorithms proposed over the past 30years have been selected as operational algorithms [Borel, 2008;
Cheng et al., 2010a; Cheng et al., 2008; Gillespie, 1985; Gillespie et al., 1998; Griend and Owe, 1993; Li and Becker,
1993; Liang, 2001; Peres and DaCamara, 2006; Sobrino et al., 2008; Valor and Caselles, 1996; Wan and Li, 1997].
Another approach that deserves test application is the effort to establish quantitative relationships between the
LSE and factors such as the chemical composition, water content, and microstructure of the land surface [Hulley
et al., 2010; Mira et al., 2007; Mushkin and Gillespie, 2005; Nerry et al., 1988; Xiao et al,, 2003]. However, such
relationships do not hold true at a remote-sensing pixel scale.

The soil BBE (8—12um) varies substantially, ranging from 0.81 to 0.99 [Ogawa et al., 2003]. An accurate estimation
of soil emissivity is crucial when generating a global land surface emissivity record. Sobrino et al. established the
linear relationship between narrowband emissivity and red reflectance for multiple thermal infrared sensors for
bare soils [Sobrino et al., 2008]. Tsvetsinskaya et al. found that the MODIS albedo is correlated with specific
soil and geological features in North Africa and the Arabian Peninsula, which suggests that surface types
can be used to characterize the albedo in those areas [Tsvetsinskaya et al., 2002]. Zhou et al. showed that
ASTER BBE (3-14um) has a correlation with each of MODIS seven narrowband and three broadband
albedos for some specific surface types (10 soil suborders) in the North African desert [Zhou et al., 2003a]. If
this relationship holds true for other soil orders throughout the world, we can produce 8day 1km bare soil
BBEs using the MODIS 8day 1km albedo, which would facilitate global BBE estimation.

The objective of this study was to explore the relationship between the Moderate Resolution Imaging
Spectrometer (MODIS) albedo and the Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) BBE for bare soil at a global scale to facilitate the estimation of a global land surface BBE product. This
idea has been used to estimate the BBE for vegetated area from MODIS albedo and to estimate the global BBE
from the Advanced Very High Resolution Radiometer visible and near-infrared data [Cheng and Liang, 2013;
Ren et al., 2013].

The paper is arranged as follows. Section 2 exhibits the relationship between ASTER BBE and MODIS seven
narrowband albedo and describes the method of estimating BBE for global bare soil; section 3 presents the
retrieval results and error analysis; and section 4 shows the validation results. The schemes for producing
global bare soil BBE are given in section 5, and a brief discussion and conclusion are provided in sections 6
and 7, respectively.

2. Methodology
2.1. Establishing the Relationship Between MODIS Shortwave Albedo and ASTER BBE

Zhou et al. investigated the relationship between MODIS albedo and ASTER BBE over a study area of 520
1400km? in North Africa that covers Algeria, Libya, and Tunisia [Zhou et al., 2003a]. The author derived seven
spectral albedos and three broadband albedos from the MODIS albedo product from November 2011 to
January 2012, and the ASTER BBE from the ASTER emissivity product ranging from 2000 to 2002 using a liner
combination of ASTER five band emissivities [Ogawa et al., 2003]. The MODIS albedo and ASTER BBE were
reprojected to 2min resolution to match the spatial resolution of the used soil taxonomy, which was used
to extract the BBE-albedos pairs for each soil order. In total, 35,507 BBE-albedos pairs were obtained for
nonvegetated pixels. A liner relationship was fitted for ASTER BBE and MODIS broadband albedo. The R?
were 0.37, 0.61, and 0.58 for broadband albedo at 0.4-0.7 um, 0.7-5.0um, and 0.4-5.0um spectral range,
respectively. The R? for each spectral albedo and ASTER BBE varied from 0.03 (0.459-0.479um) to 0.72
(2.105-2.155um). The relationship for each soil order is similar to that derived using all soil orders.
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Table 1. Spectral Bands and Their Wavelength Ranges of the MODIS Spectral Albedo
Spectral Bands 1 2 3 4 5 6 7

Wavelength ranges (um)  0.62-0.67 0.84-0.87 0.46-048 0.54-056  1.23-125 1.63-165 2.11-2.15

We acquired the MODIS albedo product, vegetation index product, and ASTER emissivity product in North
Africa (23.6°-37.5°N, 6°-14°E) that covers Algeria, Libya, and Tunisia from 2000 through 2002. During
November 2001 and January 2002, a total of 223 ASTER scenes and 336 MODIS tiles were acquired. We
derived 303,205 BBE-albedos pairs for bare soil (nonvegetated) using the normalization vegetation indices
(NDVI) threshold of 0.156 according to a previous study [Momeni and Saradjian, 2007]. The spectral
wavebands and wavelength ranges of the MODIS spectral albedo are specified in Table 1. We established
the linear relationship between BBE and each spectral albedo, BBE, and seven spectral albedos, respectively.
Figure 1 shows the scatterplot of BBE predicted by the fitted linear relationship between BBE and seven
spectral albedos versus ASTER BBE as well as the histogram of the difference. The R* of the fitting is 0.831,
the bias is 0.0002, and the root mean square error (RMSE) is 0.011. If only one spectral albedo was used in
the fitting, the corresponding R? are 0.453, 0.405, 0.002, 0.197, 0.430, 0.454, and 0.610, respectively. We also
tried fitting the relationship using the data ranging from November 2000 through January 2001 and the
entire year 2002. Similar results were obtained. It is evident that the information provided by single spectral
albedo is not enough for predicting BBE for bare soil. Predicting BBE with seven spectral albedos together
may be an effective way that should be employed. If the NDVI threshold was increased to 0.2, the
conclusion still holds true.
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Figure 1. Comparison of BBE predicted by the fitted linear relationship between BBE and seven spectral albedos versus ASTER BBE as well as
the histogram of the bias.
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Figure 2. Flowchart for establishing the relationship between the MODIS spectral albedos and ASTER BBE.

2.2. Estimating BBE of Global Bare Soil

The scheme of our method is presented in Figure2, where &y, is the broadband emissivity, a; is the MODIS
spectral albedo, and A; is the regression coefficient. The input satellite data were (1) the MODIS albedo

products (including the MODIS albedo product (MCD43B3) and its quality control (QC) data (MCD43B2)), (2)
the MODIS NDVI product (MOD13A2), and (3) the ASTER emissivity product (AST05). The temporal and spatial
resolutions of the MCD43B3 product were 8days and 1km, respectively. There are two types of albedo: white-
sky (diffuse) and black-sky (direct). The seven spectral black-sky albedos were used in this study. MODIS NDVI
was used to identify bare soil pixels. The temporal and spatial resolutions of the NDVI were 16days and 1km,

MiGelisols [J Andisols [T Aridsols M Alfisols
M Histosols [10xisols [ Ultisols M Inceptisols
[T Spodosols [CIVertisols EiMollisols M Entisols

Figure 3. The U.S. Department of Agriculture Natural Resources Conservation Service soil taxonomy and selected experiment areas. Other classes such as rocky land, shifting sand, and ice/
glacier are not included in the map.
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Table 2. Geographical Locations of Selected Study Areas and Time Intervals for the Used Data

Soil Order (Latitude; Longitude) Time Interval

Alf sols (38.67° to 41.77°;, —86.7° to —80.03°) 2009.01-2009.03; 2007.01-2007.03
Andisols (18.3° to 20.7°% —103.3° to —96.7°) 2009.02-2009.03; 2008.01-2008.03
Aridisols (26.7° to 43.4° —120° to —103.3°) 2009.01-2009.02; 2008.01-2008.03
Entisols (13.3° to 26.7° —3.3° to 30°) 2009.02-2009.02; 2008.01-2008.02
Gelisols (30.03° to 36.7° 86.63° to 96.63°) 2008.01-2008.01; 2009.01-2009.04
Inceptisols (30.03° to 36.7° 86.63° to 96.63°) 2008.01-2008.01; 2009.01-2009.04
Mollisols (30° to 53.4°% —113.3° to —93.4°) 2009.03-2009.03; 2008.01-2008.03
Oxisols (=27.5° to —22°% —55° to —50°) 2008.07-2008.09; 2009.01-2010.01
Ultisols (30° to 38.4°% —96.7° to —75°) 2008.10-2009.02; 2007.01-2007.04
Vertisols (13.3° to 26.7°% 73.3° to 80°) 2009.02-2009.03; 2008.01-2008.03

respectively. The requisite auxiliary data were the soil taxonomy, which is a basic system of soil
classification for making and interpreting soil surveys. The soil taxonomy used in this study is based on a
reclassification of the 1994 Food and Agriculture Organization-United Nations Educational, Scientific and
Cultural Organization soil map of the world combined with a soil climate map (http://soils.usda.gov/use/
worldsoils/mapindex/order.html). There were 12 soil orders in the map (Figure 3). The map's spatial
resolution was approximately 0.0333°, with 5400x% 10,800 pixels. According to the soil taxonomy, we
selected study areas for each soil order. To extract as many bare soil pixels as possible, we selected a
relatively large and homogeneous region as the study area for each soil order. For some minor soil orders
such as histosols and spodosols, we tested several areas and time intervals but found no bare soil pixels. We
found it difficult to locate bare soil pixels at high latitudes and equatorial zones. The selected study areas
are shown in Figure 3. Table2 provides the detailed geographical locations of the selected study areas for
each soil order and the time intervals for the data used. The ASTER and MODIS data were matched
temporally based on the ASTER overpass time and the production period of the MODIS albedo product.
The Universal Transverse Mercator projection of the ASTER emissivity product and the sinusoidal
projection of the MODIS albedo product were transformed into the geographical projection. The ASTER 90
m emissivity product was aggregated to 1km by averaging the values of ASTER pixels that fell into the
MODIS 1km pixel, thereby matching the spatial resolution of the MODIS albedo. High-quality and clear-sky
data were extracted based on their respective QC data. The NDVI threshold was set to 0.156 to discriminate
bare soil pixels, based on a previous work [Momeni and Saradjian, 2007]. If the NDVI was >0 and <0.156, the
pixel was labeled as bare soil. A pixel was specified as vegetated pixel when the NDVI was >0.156. After
spatiotemporal matching and bare soil pixel identification, we obtained the seven MODIS spectral albedos
and five ASTER narrowband emissivities for a certain soil order. The ASTER narrowband emissivities were
converted into BBE using a linear formula. Several formulae can be used to calculate the BBE in different
spectral domains using satellite narrowband emissivities [Liang, 2004; Ogawa et al., 2008; Peres and
DaCamara, 2006; Tang et al., 2011; Wang et al., 2005]. Using the simulated emissivity spectra with a spectral
range of approximately 1-200um, Cheng et al. investigated the accuracy of BBE in different spectral
regions when estimating surface longwave net radiation [Cheng et al., 2013]. They suggested that the
surface longwave net radiation in the 1-200um spectral range can replace all-wavelength surface
longwave net radiation, and the BBE in the

8-13.5um spectral range is the most
. a
Table 3. ASTER and MODIS TIR Channels and Their Spectral Ranges appropriate for calculating land surface

Band spectral Range (um) 51 gvvave net radiation in the 1-200um spectral
ASTER range. The linear formulae for converting

Elo glgg:ggg narrowband emissivities to BBE in the 8-13.5um

B 8025-0275  spectral range for ASTER and MODIS were

Bi3 10.25-10.95 derived using 424 emissivity spectra (240 from

Bis NGEE 10.95-11.65 the ASTER spectral library, i.e., http://speclib.jpl.

Boo 8.40-8.70 nasa.gov/, 109 from the MODIS The University

Bs, 10.78-11.28 of California, Santa Barbara (UCSB) spectral

Bs> 11.77-12.27 library, i.e., http://g.icess.ucsb.edu/modis/EMIS/

2B,o-B14 represent the five ASTER TIR channels, and B,o-Bs, html/em.html, and our 75 outdoor measured

denote the six MODIS TIR channels. soil emissivity spectra), which included soil,
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Figure 4. Comparison of ASTER BBE and that predicted by equation 3 from the derivation data for andisols in bare soil, as well as the histogram
of the bias.

rock, vegetation, water, and snow/ice. Table3 shows the TIR bands and their spectral ranges for ASTER and
MODIS. The formulae are expressed as follows

Ebb_ast = 0.197 + 0.025€19 + 0.057€77 + 0.237€1;, + 0.333g43 + 0.146¢€1,4 (1)
€bb_mod = 0.095 + 0.329¢59 + 0.572¢3, (2)

where &y, ot iIs ASTER BBE, €19—¢14 are five ASTER narrowband emissivities, €pp,_mod is MODIS BBE, while &59
and &3, are the MODIS narrowband emissivities for channels 29 and 31. The R? and RMSE for ASTER were
0.983 and 0.005, respectively. The R? and RMSE for MODIS were 0.932 and 0.010, respectively. Equation 2 was
used to calculate the MODIS BBE in section 4.1. The extracted BBE-albedo pairs for each soil order were
randomly split into two parts, 70% BBE-albedo pairs were used to derive a linear function of ASTER BBE in the
form of seven MODIS spectral albedos by linear regression, and 30% BBE-albedo pairs were used for testing
the derived linear function.

3. Results Analysis
3.1. Bare Soil

It is more desirable to derive one formula using all the extracted BBE-albedo pairs for two reasons: (1) the
spatial resolution of the soil taxonomy is much coarser than that of the satellite data used, and (2) the
accuracy of the soil taxonomy is relatively low. We derived one formula using all the extracted BBE-albedo
pairs for bare soil. However, it did not work well for all soil orders combined. Thus, we derived three formulae,
i.e., one formula for andisols, one formula for ultisols, and one formula for the remaining eight soil orders.
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4 : : ; : : : : ;
. Each formula and the coefficient for
Bias=-0.014 R .
RMSE=0.015 each variable were significantly below
3 LR | the confidence level of P<0.05. The

formulae are expressed as follows

€BB_s1 =0.963 + 0.643a,
-1.011a3-0.137a;  (3)

Frequency
N

€BB 52 = 0.976 + 0.138a,

1 + 0.040a;

4 0.264a5-0.383a,
+0.03106—-0.124a; (4)

0 1 1 1 1
-005 -004 -003 -002 -001 0 001 002 003 004 005

€gg s3 = 0.953-0.827a; + 0.447a,

Predicted minus ASTER
+ 0.570a3—-0.041a4
Figure 5. Difference histograms of ASTER BBE and that retrieved by equation (3) + 0.130as
from the test data for andisols in bare soil. + 0.006a4—-0.153a7 (5)

where ggg_s1, €p8_s2 and &gp_s3 are the BBE for andisols, ultisols, and the remaining eight soil orders, respectively.

Figure4 shows the scatterplot for the BBE predicted using equation (3) versus the ASTER BBE for andisols and
the histogram of the bias. The correlation was 0.842. The bias was centered on zero and distributed in a
narrow band, but its value was very small and it can be neglected, while the RMSE was 0.004. The test result is

1 T T T T T
R2=0.51
| Bias=3e-4 i
0.99 RMSE=0.002
N=44
w 098t .
&
- $0 Co
o 097} & .
(¥
£
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094 1 1 1 1 1
094 095 0.96 097 0.98 0.99 1
ASTER BBE
10

Frequency
N w n (4] » ~ (o] ©

-

0
-0.01 -0.005 0 0.005 0.01
Predicted minus ASTER

Figure 6. Comparison of ASTER BBE and that predicted by equation 4 from the derivation data for ultisols in bare soil, as well as the histo-
gram of the bias.
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shown in Figure5. The bias was as high

Elarti A as —0.014, and the RMSE was 0.015. The
N=40 number of pixels used to establish and

test equation (3) was quite limited,
which might have made equation (3)
more unstable and insufficiently
representative. The test results may also
have been affected by this problem.
Figure6 shows the scatterplot for the
BBE predicted using equation (4) versus
the ASTER BBE for the ultisols and the
histogram of the bias. The correlation
was slightly lower as 0.51, the bias was
3e™* and the RMSE was 0.002. The test
Figure 7. Difference histograms of ASTER BBE and that retrieved by equation (4)  result is shown in Figure7. The bias was
from the test data for ultisols in bare soil. —0.005 and the RMSE was 0.006. Figure8

shows the scatterplot for the BBE
predicted using equation (5) versus the ASTER BBE for eight soil orders and the histogram of the bias. The
correlation was 0.799, the bias was —0.001, and the RMSE was 0.012. Table4 shows the bias and RMSE for each
of the eight soil orders. The absolute bias and RMSE were <0.008 and 0.019, respectively. The test result is
shown in Figure9. The bias was —0.001 and the RMSE was 0.013.

Frequency

O 1 1
-0.015 -0.01 -0.005 0 0.005 001 0015
Predicted minus ASTER

3.2. Transition Zone

In sparsely vegetated areas, it is hard to determine whether the pixels relate to bare soil or a vegetated
surface. The BBE of such pixels was calculated using the formula for bare soil or a vegetated surface. Thus, the
variation in the BBE for these pixels would be larger than the actual variation. This leads to step
discontinuities when generating a global land surface BBE product. We propose to specify a transition zone to
mitigate the BBE difference between the bare soil and vegetated pixels by using the NDVI and give a BBE
estimation method for the transition zone. The BBE of the pixels located in the transition zone is the average
of their affiliations, which depends on the NDVI of the pixels. In this study, pixels with an NDVI ranging from
0.1 to 0.2 were labeled as transition zone pixels. If the NDVI is between 0.1 and 0.156, its BBE is the average of
that calculated using the formula for bare soil and the transition zone. If the NDVI lies between 0.156 and 0.2,
its BBE is the average of that calculated using the formulae for the transition zone and vegetation.

Similar to the method used for bare soil, we first derived one formula for all soil orders. However, this method
did not perform well for all soil orders combined. Thus, we derived three formulae, i.e., one formula for
andisols, one formula for vertisols, and one formula for the remaining eight soil orders. Each formula and the
coefficient for each variable were significantly below the confidence level of P<0.05. The formulae are
expressed as follows:

€sg. = 1.006-0.339a; + 0.142a; ©)
€881 = 0.964 + 0.195a; + 0.2560,~0.745a3 -+ 0.099a6—0.300a; ?)
€583 = 0.954-0.782a; + 0.345a; + 0.776a3-0.111a, + 0.056as + 0.080as-0.131a; ®)

where &g 11, €gs_t2, aNd €gp_13 are the BBEs for andisols, vertisols, and the remaining eight soil orders, respectively.

Figure 10 shows a scatterplot of the BBEs predicted using equation (6) versus the ASTER BBE for andisols and
the histogram of the bias. The correlation was relatively low with a value of 0.48, while the bias and RMSE
were 5”8 and 0.008, respectively. The test result is presented in Figure 11. The bias and RMSE were 0.004 and
0.012, respectively. The scatterplot of the BBEs predicted using equation 7 versus the ASTER BBE for vertisols
is shown in Figure 12. The correlation was 0.677, while the bias and RMSE were 1e”” and 0.007, respectively.
The test result is presented in Figure 13. The bias and RMSE were —0.002 and 0.009. The scatterplot of the BBEs
predicted using equation 8 versus the ASTER BBE for the eight soil orders is shown in Figure 14, where the
correlation was 0.804. The bias was 0.001 and the RMSE was 0.012. Table5 shows the bias and RMSE for each
of the eight soil orders. The absolute bias and RMSE were <0.008 and 0.016, respectively. The test result is
shown in Figure 15. The bias was 0.003 and the RMSE was 0.013.
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Figure 8. Comparison of ASTER BBE and that predicted by equation (5) from the derivation data for the remaining eight soil orders in bare
soil, as well as the histogram of the bias.

3.3. Error Analysis

The accuracy of the estimated BBE was determined by the accuracy of MODIS spectral albedos and the
accuracy of regression together. We can calculate the absolute accuracy of estimated BBE with the

formula below
€ = \/RMSE2 + SA%0, )

where ¢ is the BBE accuracy, A; is the coefficient in equations (3)-(8), and o; is the accuracy of MODIS spectral
albedo. According to the validations of the MODIS albedo product [Cescatti et al., 2012; Liang et al., 2002;
Romdn et al., 2009; Wang et al., 2004; Wang et al., 2012], we assigned 0.01 as the average accuracy of MODIS
spectral albedo for vegetated area and 0.02 as the value for bare soil. Assuming the accuracy of the MODIS
spectral albedo is 0.01, the accuracy of BBE estimation with equations (3)-(8) were 0.013, 0.005, 0.016, 0.009,
0.011, and 0.017, respectively. If the accuracy of the MODIS spectral albedo was reduced to 0.02, the accuracy
of BBE estimation with equations (3)-(8) were 0.024, 0.010, 0.025, 0.011, 0.019, and 0.026, respectively.

Table 4. Bias and RMSE for Each of the Eight Soil Orders in Bare Soils

Soil Order Alfisols Aridisols Entisols Gelisols Inceptisols Mollisols Oxisols Vertisols
Sample number 34 12,547 33,025 34,009 513 2821 1 157
Bias 0.004 —-0.002 0.002 —-0.003 —-0.008 —0.006 —0.004 —-0.001
RMSE 0.010 0.011 0.011 0.012 0.019 0.009 0.016 0.008
CHENG AND LIANG ©2014. American Geophysical Union. All Rights Reserved. 622
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Figure 9. Difference histograms of ASTER BBE and that retrieved by equation (5) from the
test data for the remaining eight soil orders in bare soil.

R2=048

0991  Bias=5e-8

0o9s - RMSE=0.008

N=232

097 | ©

A Monte Carlo (MC)-based
uncertainty and sensitivity analysis
software SimLab was used to
conduct uncertainty and sensitivity
analysis. MC-based uncertainty and
sensitivity analyses are based on
performing multiple model
evaluations with probabilistically
selected model input and then using
the results of these evaluations to
determine (1) the uncertainty in
model predictions and (2) the input
variables that gave rise to this
uncertainty. In this study, a global
sensitivity analysis method Fourier
amplitude sensitivity test (FAST) was
used for sampling and sensitivity

analysis [Saltelli et al., 1999]. FAST approach is based on performing numerical calculations to obtain the
expected value and variance of a model prediction. The basis of this calculation is a transformation that
converts a multidimensional integral over all the uncertain model inputs to a one-dimensional integral. The

0.96 -
095

094 | A

Predicted BBE

093
092
091

09 L L L L L L

L L J

09 091 092 093 094 095 096 097

ASTER BBE

098 099

N

40 T T

35

20 +

Frequency

0 L
-0.1 -0.05 0

Predicted minus ASTER

0.05 0.1

Figure 10. Comparison of ASTER BBE and that predicted by equation 6 from the derivation data for andisols in the transition zone, as well as
the histogram of the bias.
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Figure 11. Difference histograms of ASTER BBE and that retrieved by equation (6)

from the test data for andisols in the transition zone.

4, Validation

4.1. Comparison With the MODIS Product

FAST sensitivity indices of the first order
are calculated using the terms in the
Fourier decomposition of the model
output. Provided with the probability
distribution function of each input, we
generated a large number of samples
with FAST sampling technique and then
used FAST to perform sensitivity analysis
for equations (3)—(8). The result was
presented in Table6. We can see clearly
from Table6 that the contribution of
each input to the total variance is
different. For example, the most evident
result is that the most important factor is
B1 in equation (3) that captures 71.4% of
the output variance.

According to the validation of different versions of the MODIS Land Surface Temperature and Emissivity
(LST&E) using laboratory-measured sand emissivities, the V4.1 emissivity product is the best, whereas the V5
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Figure 12. Comparison of ASTER BBE and that predicted by equation 7 from the derivation data for vertisols in the transition zone, as well as

the histogram of the bias.

CHENG AND LIANG

©2014. American Geophysical Union. All Rights Reserved.

624

85UB017 SUOWIWIOD 3A 181D 8|l jdde ayy Aq peusenob ae ssjoiie VO ‘88N JO S3|n. 10y Afeid1T8UIIUO AB]IAA U (SUORIPUOD-PUB-SWRI/ALI0D A8 | 1M ARe.d 1 Buluo//Sdhy) SUORIPUOD pue swie 1 8y} 88s *[£202/c0/Tz] uo Ariqiauliuo Aim ‘AiseAun EewioN Builieg A 689020AreT02/200T 0T/I0P/wW00 A8 |mAeiq puljuosqndnbe;/sdny wouy papeojumod ‘z ‘10z ‘96686912



@ AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD020689

500 . ; : ; . L .
emissivity product is the worst
450 Bias=-0.002
RMSE=0.009 [Hulley and Hook, 2009]. We
400 - N=742 compared the estimated BBE with
350 | the BBE derived from MOD11B1
> 300 LST&E products (Versions 4.1 and 5).
5 - The MOD11B1 LST&E products
o L
g (Versions 4.1 and 5) were daily 5km
I 200 - and 6km products in a sinusoidal
150 - projection. They were retrieved
100 | using a day/night algorithm from
50l the coregistered day and night
. ‘ image pair [Wan and Li, 1997]. To
-0.06 -0.04 002 0 0.02 0.04 0.06 collect as many bare soil pixels as

Predicted minus ASTER possible, the study areas we
Figure 13. Difference histograms of ASTER BBE and that retrieved by equation (7) from selected for the four soil orders
the test data for vertisols in the transition zone. (aridisols, entisols, gelisols, and
mollisols) corresponded to large

numbers of bare soil pixels as the study areas in this section. The time intervals of data were the same as
those used in section 3. First, the 8day MODIS BBE was developed in the following two steps. (1) Derive the 8
day narrowband emissivity. The 8day narrowband emissivity was derived by aggregating the daily emissivity
products. (2) Calculate the 8 day MODIS BBE. We calculated the MODIS BBE in the 8-13.5 spectral ranges using

equation (2) from three combined 8day narrowband emissivities. Second, we aggregated the 1km BBE
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Figure 14. Comparison of ASTER BBE and that predicted by equation 8 from the derivation data for the remaining eight soil orders in the
transition zone, as well as the histogram of the bias.
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Table 5. Bias and RMSE for Each of the Eight Soil Orders in Transition Zones

Soil Order Alfisols Aridisols Entisols Gelisols Inceptisols Mollisols Oxisols Vertisols
Sample number 75 22,927 19,977 26,013 944 5418 12 1730
Bias 0.008 —0.002 0.007 —0.001 0.005 —0.008 0.008 0.004
RMSE 0.012 0.010 0.015 0.010 0.016 0.014 0.010 0.007

estimated using the new algorithm into 5km and 6km, respectively. Finally, we compared the MODIS BBE
with the estimated BBE. The results are shown in Figures 16 and 17. The MODIS BBE derived from the Version
5 emissivity product was larger than the estimated BBE, which was similar to a previous result [Wang and
Liang, 2009]. The biases were —0.008 and —0.010, and the RMSEs were 0.026 and 0.023 for the bare soil and
transition zone, respectively. The MODIS BBE derived from the Version 4.1 emissivity product was less than
the estimated BBE, and the biases were 0.001 and 0.003, while the RMSEs were 0.015 and 0.013 for the bare
soil and transition zone, respectively. We also compared the estimated BBE with the ASTER BBE for these four
soil orders. The estimated BBE was in good agreement with the ASTER BBE, i.e., the biases were —0.001 and
0.001, while the RMSEs were 0.012 and 0.011 for the bare soil and transition zone, respectively. Thus, we can
draw two conclusions based on a comparison of the results. The first is that the BBE derived from the different
versions of the MODIS emissivity product were inconsistent. The second is that the accuracy of the estimated
BBE is better than that derived from MODIS emissivity products.

4.2. Validation Using In Situ Measurements

Field trials are of vital importance for validating or testing the algorithms developed to retrieve specific
biogeophysical parameters from satellite or aircraft data [Liang et al., 2002; Sobrino et al., 2006], which is also
helpful to improve the designed algorithm. We collected field-measured emissivity over large homogeneous
surfaces from three field trials conducted in China during the past 6years [Dong et al., 2013; Zhang et al.,
2009]. These emissivity data were used to validate this new algorithm. The first field trial was carried out on 18
August 2006 at the Dunhuang Calibration Site in China for the radiometric calibration of domestic satellites. A
field measurement radiometer (CIMEL CE312-1) and an Infragold board were used to determine the
emissivity of the Gobi Desert surface. The CIMEL CE312-1 was initially calibrated using a thermal infrared
blackbody at five known temperatures, while the radiation of the target and environment were measured
alternately. The measurements were repeated five times. The narrowband emissivity was determined using
the ASTER temperature and emissivity separatio (TES) algorithm [Gillespie et al., 1998]. Following the same
method documented in section 2, we derived the formula for converting the CE312 narrowband emissivities
to BBE at 8-13.5um. The average BBE was 0.945, while the BBE calculated using the new algorithm was 0.946.
Thus, the difference was 0.001. The second field trials were carried out on 31 July and 12 October 2007 at the
Dunhuang Calibration Site in China. A Bomem MR 154 Fourier transform infrared (FTIR) spectrometer and a
Labsphere gold plate were used to measure the spectral radiance emitted by the Gobi Desert surface and the
environment. The measurements were repeated 10 times for each target. The emissivity spectrum was
derived from the radiometric

3500 e : : ' measurements using the iterative
RMSE=0013 spectrally smooth temperature and
3000 N=33041 1 Lo . .
emissivity separation (ISSTES) algorithm
2500+ J [Borel, 2008]. The measured emissivity
o spectra were converted to the BBE at
g 2000 1 8-13.5um. The average BBE
> measurements were 0.927 and 0.923,
9 1500 . . .
uw respectively. The estimated BBEs were
10001 ] 0.947 and 0.945, respectively. Thus,
the average difference was 0.021. The
500 1 final field trial was conducted on 6
June 2011 in the Taklimakan Desert,

Lo -0. -0.02 0 0.02 : . XinJiang Province, China, which is the

FRECHS s A B TER largest active desert in China and the
Figure 15. Difference histograms of ASTER BBE and that retrieved by equation (8) second IargeSt in the world. A Model
from the test data for the remaining eight soil orders in the transition zone. 102 Portable Field Spectrometer and a
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Table 6. FAST Calculated Model Uncertainty for Equations (3)—(8), as Well as the FAST Sensitivity Indices of the First Order
for Each Input in Equations (3)-(8)*

Uncertainty FAST Sensitivity Indices of the First Order

Equation Mean Standard B1 B2 B3 B4 B5 B6 B7

3 0.968 0.023 0.714 = 0.058 @ = = 0.197
4 0.960 0.013 0.104 0.018 0.012 0.276 - 0.031 0.486
5 0.942 0.035 0.501 0.304 0.008 0.001 0.055 0.001 0.104
6 0.968 0.026 - 0.814 0.002 - - - 0.131
7 0.952 0.030 0.095 0.338 0.015 @ = 0.053 0.428
8 0.955 0.040 0.639 0.261 0.006 0.003 0.006 0.015 0.034

?B1-B7 denote MODIS seven spectral albedo bands.

Labsphere gold plate were used to measure the spectral radiance emitted by the target and the
environment. The emissivity spectrum was derived from the radiometric measurements using the ISSTES
algorithm [Borel, 2008]. We selected two relatively homogeneous sites in the center of the Taklimakan
Desert. We conducted three measurements at each site and then randomly selected three points within a
distance of approximately 500m from the site where we conducted three measurements at each point. The
12 emissivity spectra were averaged and regarded as the measured emissivity of the site. The average
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Figure 16. Difference histograms of MODIS BBE and that estimated using the new algorithm for bare soil. (a) Version 5; (b) Version 4.1.
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Figure 17. Difference histograms of MODIS BBE and that estimated using the new algorithm for the transition zone. (a) Version 5; (b) Version 4.1.

emissivity spectra were converted into the BBEs at 8-13.5um. The measured BBEs were 0.915 and 0.913,
whereas the BBEs estimated using the new algorithm were 0.928 and 0.929, respectively. Thus, the average
difference was 0.015. According to the results of three field trials, the average difference between the
estimated BBE and the measured BBE was 0.015.

Hulley and Hook conducted five separate field trials to collect sand samples from nine sand dunes during the
spring and early summer of 2008 to validate the North American ASTER Land Surface Emissivity Database
[Hulley et al., 2009]. The emissivity spectra of the samples was measured in a laboratory using a Nicolet 520
FTIR spectrometer equipped with a Labsphere integrating sphere [Baldridge et al., 2009]. The corresponding
ASTER narrowband emissivities were derived by convolving the laboratory-measured emissivity spectra with
the ASTER TIR spectral response functions. The mineralogy of each dune site was also measured using the X-
ray diffraction method. Further details on the dune sites can be found in the published paper. Five relatively
large and homogeneous dune sites were selected to validate this new algorithm. The spatially matched
ASTER emissivity product and MODIS albedo product were also downloaded for the period from March 2008
to June 2008. Overall, we acquired 9 ASTER images for Algodones and Great Sands, 8 ASTER images for Kelso
and Little Sahara, and 10 ASTER images for Stovepipe Wells. For each dune site, we converted the derived
narrowband emissivity and downloaded ASTER narrowband emissivity to BBEs in the 8-13.5um spectral
range using equation (2) and compared the values with those calculated using the new algorithm. Table7
shows the difference between the estimated BBE and the measured BBE, and that between the retrieved BBE
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Table 7. BBE Difference Between the Retrieved BBE and Field-Measured BBE as Well as That Between the Retrieved BBE
and ASTER BBE

Dune Sites Field ASTER Retrieved Retrieved-Field Retrieved-ASTER
Algodones 0.906 0.900 0.920 0.014 0.020
Great Sands 0.924 0.946 0.946 0.021 0.000
Kelso 0.907 - 0.935 0.028 -

Little Sahara 0914 0.945 0.942 0.028 —0.003
Stovepipe Wells 0.936 0.930 0.935 —0.001 0.005

and ASTER BBE. The estimated BBE agreed well with the ASTER BBE. The difference was 0.005. This result
was consistent with the comparison results for bare soil shown in section 3.1. The difference between
the estimated BBE and the measured BBE was 0.018. When combined with the validation results from
field measurements in China, the average difference between the estimated BBE and the measured BBE
was 0.016.

5. Generating Global Land Surface BBE Product

The data required to generate the global land surface BBEs were the MODIS reflectance data (MODOQ9A1),
MODIS albedo products (MCD43B3 and MCD43B2), and soil taxonomy. The MODIS data were all processed by
another group in our team to ensure good data quality. Processing included cloud clearing, spatiotemporal
filtering, and gap filling. The 8day 500m MODO09A1 was aggregated into 1km and used to calculate the 1km
NDVI. The water and snow/ice pixels were identified based on flags of the aggregated data. The 1km NDVI
was used to determine other land surface types. Overall, the land surface was divided into six types: water,
snow/ice, bare soil (0<NDVI<0.1), soil transition zone (0.1 <NDVI<0.156), vegetation transition zone

(0.156 <NDVI<0.2), and vegetated area (NDVI=0.2) for the generation of the global land surface BBE. We
used different methods to determine their BBEs. Equations (3)—(5) were used to calculate the BBE for bare soil,
and equations (6)—(8) were used to calculate the BBE for the transition zone. The method for estimating the
BBE for vegetated areas is described in a separate paper [Ren et al., 2013]. Equations (3)-(5) and the method
for vegetated areas were used to calculate the BBEs for the soil transition zone, and equations (6)-(8) and the
method for vegetated areas were used to calculate the BBEs for the vegetation transition zone. The emissivity
spectrum of water can be simulated using the Fresnel equation, given its refractive index. Figure 18 shows the
simulated pure water emissivity spectra together with the emissivity spectra in the ASTER spectral library and
the MODIS UCSB spectral library. The measured emissivity spectra were distributed in a narrow band, which
agree well with the simulated emissivity spectrum. The BBE of water in the ASTER spectral library was 0.984
for all three samples, while the value
in the MODIS UCSB spectral library
was 0.985 for all five samples. The
BBE of water was specified as 0.985
during the production of the global
land surface BBE. For snow and ice,
we used the radiative transfer

099+

2 E .

= - model and Fresnel equation,

[ . . .
g respectively, to simulate their
uE.l 097} emissivity spectra [Cheng et al.,

2010b]. However, it was impractical

to obtain the model inputs (snow

0.96} N effective radius and the refractive

indices of snow and ice) on a global

) ) L scale. Moreover, the emissivity

8 9 10 i 12 13135 spectra of snow/ice were angle
Wavelength (um) dependent, and this dependency

cannot be well simulated by
Figure 18. Comparison of simulated pure water emissivity (red), water emissivity spec- diati f dels [Ch
tra in the ASTER spectral library (blue), and water emissivity spectra in the MODIS UCSB radiative transfer models [ eng
emissivity spectra library (green). et al., 2010b; Hori et al., 2006]. We
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Figure 19. Global land surface BBE in Julian day (top) 49 and (bottom) 241 in 2008.

calculated the BBE of snow/ice using the emissivity spectra in the ASTER spectral library and the MODIS UCSB
spectral library, and 0.985 was used as their BBE. The error was less than 0.005 when the viewing angle
was less than 45°. Figure 19 shows an example of the estimated 8day 1km global land surface BBE in 2008.
This product was released to the public on November 2012 along with other products [Liang et al., 2013;
Cheng et al., 2014] and can be ordered from the Beijing Normal University (BNU) Center for Global Change
Data Processing and Analysis (http://www.bnu-datacenter.com) and Global Land Cover Facility (http://glcf.
umd.edu).

6. Discussion

Similar to the NDVI threshold method [Sobrino et al., 2008; Valor and Caselles, 1996], this new algorithm is a
statistics-based algorithm. Though the remote-sensing community prefers to develop and use physical-
based algorithms, a statistics-based algorithm is essentially useful for some specific applications. For
example, we could not derive land surface temperature from a single-band thermal infrared sensor like
Thematic Mapper (TM) without the help of the NDVI threshold method for determining land surface
emissivity in advance. This is also the case for estimates of global 8day 1km land surface BBE for bare soil in
this study as described in section 1.

CHENG AND LIANG

©2014. American Geophysical Union. All Rights Reserved. 630

85UB017 SUOWIWIOD 3A 181D 8|l jdde ayy Aq peusenob ae ssjoiie VO ‘88N JO S3|n. 10y Afeid1T8UIIUO AB]IAA U (SUORIPUOD-PUB-SWRI/ALI0D A8 | 1M ARe.d 1 Buluo//Sdhy) SUORIPUOD pue swie 1 8y} 88s *[£202/c0/Tz] uo Ariqiauliuo Aim ‘AiseAun EewioN Builieg A 689020AreT02/200T 0T/I0P/wW00 A8 |mAeiq puljuosqndnbe;/sdny wouy papeojumod ‘z ‘10z ‘96686912


http://www.bnu-datacenter.com
http://glcf.umd.edu
http://glcf.umd.edu

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2013JD020689

The new algorithm has the usual merits of this type of algorithm such as simplicity, wide applicability, and
acceptable accuracy. However, it also has an unavoidable drawback. This algorithm loses efficacy if the inputs
deviate greatly from the general behavior of samples used to establish the algorithm. This algorithm also has
the following weaknesses. (1) The difficulties of finding bare soil pixels at a 1km spatial resolution with some
minor soil orders means that the extracted BBE-albedo pairs were limited. Thus, the formula might not be
representative even if the established formula can pass the confidence test. The results were greatly
improved for soil orders with a high number of bare soil pixels, as shown in the test results for the derived
formula presented in section 3.1. (2) The spatial resolution of the soil taxonomy was approximately 0.033°,
which was inconsistent with the 1km spatial resolution of the MODIS products used and the resized ASTER
emissivity product. In addition, the errors in soil order classification may affect the established relationship for
each soil order. In order to avoid classification errors, we aimed to derive one formula to represent the
relationship between the BBE and albedo for the bare soil and transition zone. Unfortunately, we could not
obtain an acceptable result for a few minor soil orders. We will incorporate finer soil taxonomy data when
they are available.

Significant relationships were derived between ASTER BBE and MODIS albedos, which enabled the better
accuracy of BBE retrieval, because both ASTER emissivity and MODIS albedo products are the best in the
remote-sensing community [Cescatti et al., 2012; Gillespie et al., 2011; Gillespie et al., 1998; Romdn et al., 2009;
Schaaf et al., 2002; Wang et al., 2012]. Furthermore, the BBE is formulated as a linear function of seven MODIS
narrowband albedos rather than a single MODIS albedo in the study of Zhou et al. [2003a]. More bands bring
more information content and will certainly improve the overall fitting accuracy. As shown in section 3.1,
good agreement was found between this new BBE and the ASTER BBE calculated based on the ASTER
emissivity for the bare soil and transition zone. Moreover, the new BBE also agreed well with the BBEs derived
from field-measured BBEs, as shown in section 4.2. Thus, this new BBE has a comparable accuracy with that of
ASTER BBE for bare soil and transition zone. The advantage of this new algorithm over the method of
converting ASTER narrowband emissivities is obvious for global land surface BBE mapping. The scanning
range of ASTER is narrow, while its revisit cycle is 16days, which makes it almost impossible to produce a
global land surface emissivity product on a monthly scale. The BBEs derived from different versions of the
MODIS emissivity product were inconsistent. The MODIS BBE derived from the Version 5 emissivity product
was higher than the estimated BBE, and the bias was on the order of 0.010. The MODIS BBE derived from the
Version 4.1 emissivity product was less than the estimated BBE, and the bias was <0.003. The estimated BBE
was in good agreement with the ASTER BBE, so the accuracy of the estimated BBE is higher than that derived
from the MODIS emissivity products. Generally, this conclusion can be attributed to two aspects: (1) good
performance of our proposed method and (2) the poor accuracy of the MODIS BBE in contrast. MODIS
narrowband emissivities are determined by solving 14 variables in 14 equations [Wan and Li, 1997], which
makes them prone to measurement noise and which may lead to local convergence [Gillespie et al., 1998;
Peres and DaCamara, 2006]. Moreover, the conversion formula also contains error. For example, the RMSE of
the conversion formula for MODIS was 0.010 in this study. In addition, this new BBE possesses two merits
compared with the BBE calculated from MODIS narrowband emissivities retrieved from the day/night
algorithm, as follows. The first is high spatial resolution. The spatial resolution of the new BBE is 1km, whereas
the BBE calculated from the MODIS emissivity product has a resolution of approximately 5km. The second is
product availability. The MODIS day/night algorithm requires clear-sky conditions during the day and night
[Wan and Li, 19971. This is a strict requirement and results in many gaps in the retrieved emissivity products.

7. Conclusions

In this study, we developed a new algorithm for estimating the global bare soil BBEs from the MODIS albedo.
The algorithm combined the advantages of ASTER emissivity and MODIS albedo products and established
the linear relationship between ASTER BBE and seven MODIS spectral albedos for bare soil. In order to
mitigate step discontinuities in the global land surface BBE product, a transition zone was established, and so
does the BBE estimation method for transition zone. Three linear formulae (equations (3)-(5)) were derived
from the extracted BBE-albedo pairs for bare soil using a statistical regression method. We also obtained
three linear formulae (equations (6)-(8)) for the transition zones using the same method as that used for bare
soil. These equations and the coefficient for each variable were significantly below the confidence level of
P<0.05. For bare soil, the correlation ranged from 0.51 to 0.842, and the bias and RMSE were less than 0.001
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and 0.012, respectively. Regarding transition zone, the correlation ranged from 0.48 to 0.804, and the bias
RMSE were less than 0.001 and 0.012, respectively. The test results indicated that the absolute bias and
RMSE values for bare soil were less than 0.005 and 0.013 with the exception of andisols, and the absolute
bias and RMSE values for the transition zone were less than 0.004 and 0.012. Given the accuracy of 0.01 for
MODIS spectral albedo, the accuracy of BBE retrieval is better than 0.017.

The performance of the algorithm was evaluated initially by comparing the BBEs estimated using our
algorithm with those calculated from the MODIS Version 4.1 and 5 LST&E products. The MODIS BBE derived
from the Version 5 emissivity product was higher than the estimated BBE, with bias on the order of 0.01, and
RMSE is larger than 0.02. The MODIS BBE derived from the Version 4.1 emissivity product was lower than the
estimated BBE, and the bias and RMSE were less than 0.003 and 0.015, respectively. The estimated BBE was in
good agreement with ASTER BBE, with a bias and RMSE of less than 0.001 and 0.012, respectively. Thus, the
accuracy of the estimated BBE was higher than that derived from the MODIS emissivity products. Then the
new algorithm was validated by field measurements. The validation results obtained from the three field
measurements conducted in China indicated that the average difference between the estimated BBE and the
measured BBE was 0.015. The validation results based on the measurements of five dune sites in western/
southwestern U.S. indicated that the average difference between the estimated BBE and the measured BBE
was 0.018. Overall, the average difference was 0.016.

Finally, we introduced a strategy for estimating global land surface BBEs and provided an example of a global
BBE map. We have estimated the global 8day 1km land surface BBE from 2000 through 2010 using this
strategy. This product was freely released to the public in November 2012 and can be ordered from the BNU
Center for Global Change Data Processing and Analysis (http://www.bnu-datacenter.com) and Global Land
Cover Facility (http://glcf.umd.edu).
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