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innovative spectral conversion coefficients and temporal gap-filling strategies, it has been 

possible to utilize the strengths of the various sensors to improve the spatial and temporal 

coverage of global land surface albedo retrievals. The availability of these products is 

particularly important in tropical regions where cloud cover obscures the forest for 

significant periods. In the Amazon, field ecologists have noted that some areas of the 

forest ecosystem respond rapidly with foliage growth at the beginning of the dry season, 

when sunlight can finally penetrate fully to the surface and have suggested this 

phenomenon can continue until reductions in water availability (particularly in times of 

drought) impact the growth cycle. While it has been difficult to capture this variability 

from individual optical satellite sensors, the temporally gap-filled albedo products 

developed during this research are used in a case study to monitor the Amazon during the 

dry season and identify the extent of these regions of foliage growth. 
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Combining data from multiple sensors is another strategy that can improve the 

BRDF retrievals (and thus increase the number of high quality observations available for 

a gap filled product) by adding complementary viewing geometries (Jin et al., 2002; 

Samain et al., 2006). Jin et al. (2002) developed a synergistic approach of integrating 

BRDF parameters derived from MISR as a priori information with MODIS observations 

to derive a posteriori BRDF parameters. This method can reduce the relative bidirectional 

reflectance factor (BRF) prediction error by up to 10% (Jin et al., 2002). In this research, 

observations of MODIS, MISR and VIIRS (Visible Infrared Imaging Radiometer Suite) 

will be fused using similar methods to improve the data quality and increase the number 

of high quality pixels, particularly for the time period when only MODIS-Terra 

information was available (2000-2002) and as a contingency  the future when Terra 

observations are no longer available (~2017 - 2020) .  

Once these enhanced quality BRDF products are in place, assessments of the 

primary intrinsic land surface albedo and vegetation phenology variations that have 

occurred over the past decade and a half can be undertaken. This gap-filled product 

represents a major step forward in many respects.   The gap-filled dataset provides not 

only the intrinsic albedo of the land surface, but also the gap-filled BRDF parameters.   

This allows modelers to calculate albedo and surface reflectance at any desired viewing 

angle and solar zenith angle and thus further derive vegetation indices. The higher 

temporal resolution of the gap-filled dataset (8-day as opposed to 16-day) provides 

modelers increased confidence in the product and the flexibility of computing albedo at 

interim periods of only a few days. And the higher spatial resolution (30 arc second) than 
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0.86µm, 1.24µm, 1.64µm, 2.1µm) and 3 broad bands (the shortwave band (0.3-5.0µm), a 

visible band (0.3µm-0.7µm) and a near-infrared band (0.7-5.0µm)). Quality Assessment 

(QA) and snow status are provided for each pixel to indicate inversion quality and snow 

condition.  

2.2 Methods 

Temporal fit 

The software package, TIMESAT was developed to analyze time series remote 

sensing data (Jonsson and Eklundh, 2002, 2004). The asymmetric Gaussian fitting 

method in this package was used to produce spatially and temporally continuous MODIS 

LAI (Gao et al., 2008) based on yearly vegetation phenology. In this research, similar 

temporal fitting techniques have been applied to the MCD43D BRDF parameters to 

compensate for missing data and to estimate snow-free situations (Fang et al., 2007). Just 

as Albedo and NBAR, the three BRDF parameters also exhibit seasonality (Figure 1), 

which is the basis for fitting with the TIMESAT package.  
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Figure 1 Seasonality of the three BRDF parameters for different land cover types. Green: Deciduous 
Broadleaf Forest, blue: Mixed Forest, red: Open Shrublands, yellow: Grasslands. X axis: day of year. 
Values are averaged from a 5 degree latitude band at 55 °N from MCD43D near infrared (NIR) band 

BRDF parameters, 2010. 
 

A total of 76 of the 8-day periods are used to form the time series for the temporal 

fit with 46 from the processing year of interest, 15 from the end of the previous year, and 

15 from the beginning of the next year. 

High quality data (QA = 0 or 1) drives the fit of the temporal curves. Data are 

weighted by their QA when the asymmetric Gaussian functions are applied. Pixels with 

ephemeral snow (detected by the snow flag of MCD43D34) are removed to generate a 

snow-free product. To avoid a TIMESAT failure due to insufficient high-quality data in 

the time series caused by cloud or ephemeral snow, a linear interpolation is employed to 

fill the no-data values. A low-quality QA is assigned to these interpolated values to make 

sure the fit is primarily driven by high quality data and the low quality data in the time 

series only serve as a first guess to condition the temporal fit. These low quality data will 

be replaced with the refined estimations from the asymmetric Gaussian functions. High-

quality data from MCD43D are unchanged during the temporal fitting.  
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The mean of nearby pixels is calculated from pixels with the same land cover type within 

1 degree latitude band centered by the latitude of the gap pixel. The yearly V005 MODIS 

land cover product MCD12Q1 (the IGBP layer) is used as the classification map. 

Spatial smoothing 

To ensure a gap-free product, a spatial smoothing method is applied to the pixels 

that still remain with no-data whatsoever after the temporal fit and spatial fit. In this step, 

the no-data pixels are filled by the mean value of nearby pixels with the same land cover 

type. The mean of nearby pixels is calculated by the same method mentioned in Spatial 

Fit. 

SZA extension 

The MCD43 product is not recommended for solar zenith angles (SZA) beyond 

70 degrees. However the MODIS Atmosphere Team has a requirement for albedos at 

SZAs of up to 82 degree for their cloud properties product. Therefore the data for those 

areas that exceed the 70 degree SZA are filled linearly with temporal data from other 8-

day retrievals at lower solar zenith angles. 

Cloud contamination removal for ITCZ 

In some regions, in particular Amazon and equatorial West Africa, the original 

V005 MCD43D was somewhat contaminated by residual cloud cover (Figure 2). This 

occurred when the 500m standard BRDF product (MCD43A1) is averaged and re-

projected to form the 30arc second V005 MCD43D parameters. In the averaging process, 

the quality flag of the 30arc second average represents the majority flag of the underlying 
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500m pixels. This strategy works well in most parts of the world but in these ITCZ 

dominated regions of the world, there are so few high quality values that even pixels 

flagged as majority high quality may have some residual cloud contamination (three high 

quality pixels and one cloud contaminated poor quality pixel will still generate a slightly 

contaminated majority high quality value). 

 
Figure 2 Cloud contamination in Amazon and West Africa. The picture is RGB composite of White 
Sky Albedo (WSA) band 1 (red), band 4 (green), and band 3 (blue) for day of year (DOY) 249, 2010. 

 
An outlier removal algorithm (Leys, C., et al 2013) is applied on South America 

and Africa aimed to eliminate cloud contamination. To identify the ITCZ dominated 

regions, a mask is developed based on the number of high-quality pixels in the time series 

(Figure 3). Pixels with number of high quality values less than one-third (25) of the 76 
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time periods are considered as ITCZ dominated regions (red color in Figure 3) and are 

filtered by the outlier removal algorithm before getting into temporal fit. Because there 

are so few high quality pixels in this region, even a high quality flagged value in the 

V005 MCD43D is more likely to be contaminated by residual clouds, so the outlier 

removal algorithm is also applied on all the values including high quality values. By 

comparing with Figure 2, this region roughly overlaps with the cloud contaminated areas 

in Amazon and West Africa. Pixels with more than one-third but fewer than two-third 

(50) of high quality values in the time series are considered as ITCZ affected area (blue 

color). Since there are a few more high quality pixels available, fewer pixels are apt to be 

contaminated when averaging, therefore the algorithm checks outliers with a more 

conservative threshold for this region. Pixels with more than two-third of high quality 

values are considered not affected by the ITCZ and the outlier removal method is not 

applied here (green color).  
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Figure 3 Mask for the outlier removal algorithm. The colors indicate number of high quality pixels in 

the 76-period time series: black 0, red 1-25, blue 26-50, green 51-76. Data for this picture are from 
QA in Red band, 2010. 
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Figure 4 Outlier removal algorithm effect on the Amazon. Column 1: RGB composite of WSA DOY 

233, 2010. Column 2: QA of the WSA for red band (green: high-quality retrievals, maroon: 
temporally filled values, blue: spatially fitted values, yellow: spatially smoothed). First row: no 

outlier removal method has been applied.  Middle row: outlier removal has been applied only for the 
lower quality values (no mask is used). Last row: outlier removal applied with the mask.  
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gap-filled data quality. And we can also track how many high quality pixels are removed 

by comparing the QA maps. Almost all the high quality values which are removed are 

from the ITCZ dominated area. The outlier removal algorithm uses more conservative 

criteria for high quality values to maximize the preservation of high quality values from 

the MCD43D. 

Due to a processing error, the entire region between 80N and 90N in the V005 

MCD43D was not reprocessed.  Therefore, for the convenience of users, we fill that 

region with the mean values of the land cover types computed from the region between 

70N-80N.  

As a result, we are able to generate a global gap-filled, snow-free 

BRDF/Albedo/NBAR with QA (Figure 6 and Figure 7) at 30 arc second spatial 

resolution and 8-day temporal resolution in 7 MODIS bands (0.47um, 0.55um, 0.67um, 

0.86um, 1.24um, 1.64um, 2.1um), and three broad bands (0.3um -0.7um, 0.7-5.0um, and 

0.3-5.0um) for the entire time period from 2000 to 2013. 
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Figure 6 Gap-filled, cloud-free, seasonal snow free, true color composite of 30arc second WSA, DOY 

193, 2010. 
 

 
Figure 7 QA flags associated with the gap-filled image above for band 1(green: high-quality 

retrievals, maroon: temporally filled values, blue: spatially fitted values, yellow: spatially smoothed, 
magenta: spatial fill between 80N-90N, and coral: linear fit between 70-82SZA). 

 
 
2.3 Assessment 

To estimate the accuracy of these gap-filling methods, 2% of all the land pixels are 

randomly selected and for each selected pixel one high-quality value is randomly taken 
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out from the time series and replaced with a fill value. The gap-filling techniques are then 

applied and WSA calculated from the gap-filled parameters are compared with the 

original high-quality values that been removed. The band 2 (NIR) of 2010 is chosen for 

this assessment because it should have the largest errors due to the large value variations 

for vegetation in this channel. 

The temporal fit shows a good accuracy (RMSE=0.024, N=3462982) and linear 

relationship between the gap filled and removed values (Figure 8), while the spatial fit 

result is also good (RMSE=0.007, N=526) but there are fewer spatial fitted pixels to 

evaluate. The spatial smoothing is the last step to ensure a gap-free product and as it 

utilizes mean value of nearby pixels directly without any adjustment from the information 

from the pixel itself, it is not unexpected that spatial smoothing results in the lowest 

accuracy (RMSE=0.029, N=24683). However, the number of gaps filled by spatial 

smoothing is only about 2%. The histogram of the differences between the gap-filled and 

the original values shows a normal distribution, with a mean value of 0.005 and a 

standard deviation 0.026 (as would be expected). 

 



 

 

21 

 
 (a)                                                                   (b) 

 
                                   (c)                                                                   (d) 

Figure 8 Original high quality values VS (a): temporal fitted, (b): spatial fitted, (c): spatially 
smoothed, and (d): histogram of the gap-filled data minus the original data (NIR band, 2010).  

 
Averages of WSA in NIR band in 2010 for two-latitude bands are calculated for 

every land cover type for both gap-filled and original values. The four land cover types of 

Deciduous Broadleaf Forest, Mixed Forest, Open Shrublands, and Grasslands are 

selected to compare how the gap-filled values agree with the original values. From Figure 

9 and Figure 10 we can see the spatial distributions of these land cover types: Deciduous 
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Broadleaf Forest is primarily located between 15° - 60° N and 15° - 30° S; Mixed Forest 

occurs mostly between 15° - 60° N; Open Shrublands are distributed all over the world 

but peak at 70° N and 30° S; and most of the Grasslands fall between 30° - 60° N. We 

can see in general that the gap-filled values agree well with the original values, although 

the gap-filled Mixed Forest pixels at 33° S result in lower values than the original data 

(Figure 9, upper right). This is because there are so few values (only hundreds) in the 

two-latitude band so the mean may be biased by outliers. The Grasslands also display 

higher values than the original data between 60° - 90° S, but there are so few such pixels 

in this 30 degree latitude band, that this effect may also be caused by classification errors 

in the classification map.  

For each selected land cover type, some latitudes are chosen according to their 

spatial distribution to show the phenology curves. For the Deciduous Broadleaf Forest 

(Figure 11) we can see earlier an green up in lower latitudes, and reverse seasonality in 

southern hemisphere. The gap-filled curve agrees well with the original one, and is 

smoother than the original one. Small variations occur when there are relatively fewer 

gap-filled (thus temporally smoothed) pixels. The trend is the same for Mixed Forest 

(Figure 12), Open Shrublands (Figure 13) and Grasslands (Figure 14), and unsurprisingly 

the gap-filled values match the original values better when both have adequate numbers 

of pixels, indicating that the mismatch is caused by an insufficient number of pixels 

present for this class in that latitude band to actually reflect meaningful means for this 

land cover type.  
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Figure 9 Mean of original and gap-filled WSA in NIR band of DOY 001, 2010 as a function of 

latitude. X: latitude. Y primary: albedo (for lines and points), secondary: number of pixels in units of 
millions (for areas). Greens: original in MCD43D, reds: gap-filled 

 

 

 
Figure 10 same as Figure 9 but for DOY 193, 2010. 
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The BRDF shapes of a selected pixel are compared for the original high quality versus 

the gap-filled (Figure 15). This pixel was selected because the difference between the 

original and the gap-filled WSA is 0.026, which is the standard deviation between all the 

original high quality values and the gap-filled values (Figure 8, d). This figure shows the 

BRDF shapes of the gap-filled pixels and the original high quality pixels are close at 

lower SZN.  

 
Figure 15 BRDF shapes at the principle plane for the original high quality (green) vs. the gap-filled 

(red) from a selected pixel in NIR band. SZN is set to 30º. 
 

2.4 Discussion 

The spatially and temporally complete snow-free BRDF/Albedo can largely 

facilitate modelers who require gap-free albedo as an input. However, due to larger errors 

and bias for the temporally and spatially smoothed data, users should still pay attention to 

the QA flags provided when using the BRDF/Albedo dataset.  

The MCD43D will be processed daily in V006. The daily BRDF will still be 

derived by the 16-day window, but the day of interest will be the center date of the 16 
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days, and the BRDF inversion will be weighted by the vicinity to the day of interest. The 

establishment of the gap filling techniques for the V005 product will all be applicable to 

the daily product, and the daily product will make the gap-filling easier because it can 

provide more high quality BRDF retrievals to constrain the temporal fit.
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CHAPTER THREE 

3. NARROW TO BROAD BAND CONVERSIONS BASED ON SATELLITE 

HYPERSPECTRAL DATA 

Broadband albedo represents the fraction of total solar radiation that is reflected 

by the surface and is a crucial variable for the climate modeling. Liang et al. (1999 and 

2000) have developed coefficients to convert spectral albedo to broadband albedo for a 

series of eight different satellite sensors mainly based on laboratory spectra of several 

land cover types. Since the laboratory spectra are usually collected from single leaves, the 

values may not represent the spectral characteristics of a pixel at remote sensing scales. 

As the Hyperion onboard EO-1 has been providing hyperspectral data since 2001, it is 

possible to develop new satellite derived narrow-to-broadband (N2B) coefficients to 

verify that the laboratory spectra really captures the diversity of land cover types and 

spatial representation.  In this project we are utilizing the Hyperion derived N2B 

coefficients to prepare MODIS and VIIRS broadband albedos.   

3.1 Data 

The Hyperion collects observations in 242 spectral bands (196 are unique and 

usable) from 0.4 to 2.4 µm at a 30m resolution. The FWHM (Full Width Half Maximum) 

of Hyperion bands is approximately 11 nm and the spacing between band centers of 

approximately 10 nm (Figure 16). 











http://glovis.usgs.gov/
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Figure 19 Regression result for NIR 

 

 
Figure 20 Regression result for Shortwave 

 
3.4 Assessment 

Ground shortwave albedo are collected from multiple flux networks: the Canadian 

Carbon Program (CCP, http://fluxnet.ornl.gov/site_list/Network/3), the Infrastructure for 

Measurements of the European Carbon Cycle (IMECC, http://imecc.ipsl.jussieu.fr/), the 

http://fluxnet.ornl.gov/site_list/Network/3
http://imecc.ipsl.jussieu.fr/


http://ameriflux.ornl.gov/
http://www.ozflux.org.au/
http://www.carboafrica.net/index_en.asp
http://www.esrl.noaa.gov/gmd/grad/surfrad/
http://www.bsrn.awi.de/
http://www.lternet.edu/
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Table 2 selected flux network sites 

Site Name Latitude Longitude Land Type Flux 
Networks 

BC-Campbell River 1949 
Douglas-fir 49.867 -125.334 Evergreen Needleleaf 

Forest CCP 

SK-1998 Fire 54.092 -106.005 Evergreen Needleleaf 
Forest CCP 

Wetzstein 50.454 11.458 Evergreen Needleleaf 
Forest IMECC 

Griffin- Aberfeldy-Scotland 56.607 -3.798 Evergreen Needleleaf 
Forest AmeriFlux 

Tumbarumba -35.656 148.152 Evergreen Broadleaf 
Forest OzFlux 

Hesse Forest- Sarrebourg 48.674 7.066 Deciduous Broadleaf 
Forest IMECC 

Walker Branch 35.959 -84.287 Deciduous Broadleaf 
Forest AmeriFlux 

SK-1989 Fire 54.254 -105.878 Mixed Forests CCP 
Bily Kriz- Beskidy 

Mountains 49.502 18.537 Mixed Forests IMECC 

Hainich 51.079 10.452 Mixed Forests IMECC 
Harvard Forest 42.538 -72.172 Mixed Forest Ameriflux 

Las Majadas del Tietar 39.942 -5.773 Closed Shrublands IMECC 

Skukuza -25.020 31.497 Savannas CarboAfrica 
El Saler-Sueca 39.276 -0.315 Croplands IMECC 

Dripsey 51.987 -8.752 Grasslands IMECC 
Fort Peck 48.308 -105.102 Grasslands SURFRAD 
Boulder 40.050 -105.010 Grasslands BSRN 

Cottonwood 43.950 -101.847 Grasslands AmeriFlux 
Barrow 71.323 -156.609 Tundra BSRN 

Imnaviat 68.613 -149.312 Tundra LTER 
Desert Rock 36.620 -116.020 Desert SURFRAD 

 
Although the new N2B coefficients assign different weights to the seven MODIS 

narrow bands, the results are very close to the current operational conversion coefficients 

(Figure 21, Figure 22, and Figure 23). From Figure 23 we can see the MODIS V006 daily 

albedo match the ground measurements very well. The SW albedo calculated by the new 

N2B usually overlap the values calculated from the current operational lab spectral 
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derived coefficients, but sometimes a little bit larger during the growing season. However 

it agrees with the ground albedo better for some sites. For example, for the Harvard 

Forest site (number 18 of Figure 23), the two MODIS SW albedos overlap between DOY 

90 and 120, and both agree with the ground albedo values well. From DOY 120 to 200, 

the new N2B calculated albedo are larger than the operational SW albedo, but are closer 

to the ground truth. Similar trends can be found at sites EL 2009 and Hesse 2004. For the 

site WalkerBranch 2005, the new N2B results are larger in the growing season, but both 

of the MODIS SW albedos are a little larger than the ground measurements. At the 

Wetzstein 2005 site, the MODIS SW albedo shift away from the ground albedo. 

However, for this site, a climatological AOD of 0.2 was used when calculating broadband 

albedo, which is probably one of the reasons for the mismatch.  

 
Figure 21 Correlations between ground albedo and MODIS SW Albedo calculated by the new N2B 

(left) and the current operational N2B (right) 
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Figure 22 Scatter plot of the shortwave albedo calculated by the new N2B versus that calculated by 

the current N2B. 
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(30) 

Figure 23 Ground shortwave albedo VS. MODIS N2B albedo 
 
 

3.5 Discussion 

The new N2B coefficients based on Hyperion values perform well as compared to 

field measurements and the results are very close to the current operational N2B 

coefficients based on lab spectra. In the growing season the new N2B calculated SW 

albedos are generally slightly higher than the current N2B results (Figure 23). 

Further researches are needed to fully investigate the causes of the branches in the 

scatter plots of the regression results. The N2B coefficients are determined by the spectral 

shape of the surface reflectance and the spectral distribution of downward flux. Different 

land cover types are characterized by different reflectance curves, so theoretically we 

could develop N2B conversion coefficients separately for each land cover type to see if 

they are the same or different. However this would mean we would have to first classify 
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satellite data by land cover. Therefore, for ease-of-use, we need to develop a group of 

universal coefficients for all the land cover types (or actually separate things into two 

separate coefficients for snow-free and snow situations).  

The advantage of using satellite data to derive the N2B coefficients is the spatial 

representativeness of the hyperspectral signals from satellite sensors which observe the 

earth from the space.  However, a disadvantage is that it also introduces additional error 

due to the atmospheric correction. In this study we run MODTRAN for each data scene 

using the actual sun-view geometry but climatological AOD, water vapor column, and 

ozone information. In the future, we can utilize MODIS Aerosol Product (MOD04), 

MODIS Atmospheric Profile product (MOD07), and DEM data to improve the 

atmospheric correction accuracy of the Hyperion data and further improve the N2B 

coefficients. 

Given the performance of the satellite derived N2B is similar to the laboratory 

spectra based N2B, we are also working on developing the VIIRS N2B coefficients using 

the same methods.   
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to fuse MODIS-Terra and MISR data to enhance the gap-filled snow-free dataset for the 

time period when only MODIS-Terra information was available.  

As Terra and Aqua age and are no longer available, VIIRS data from Suomi-NPP 

will be the only multi-angle moderate resolution data available. Therefore to further 

extend the gap-filled dataset into the future, we can also combine MODIS and VIIRS 

directional observations to improve the data quality and increase the number of high-

quality pixels, especially for the later years when the Terra data are no longer available.   

4.1 Data 

MISR, onboard the same platform as MODIS-Terra, acquires multi-angle 

observations using nine discrete cameras at fixed angles: a nadir plus 26.1, 45.6, 60.0, 

and 70.5 degrees in both forward and afterward directions along the orbit track. Its global 

coverage is achieved every nine days at the Equator and it acquires three or four overlaps 

in higher latitudes over a 16-day period. MISR has four bands in the visible and near 

infrared (NIR) (Table 3), which are similar to MODIS bands 1 to 4. For this study, the 

MISR Level 2 Land BRF data (MIL2ASLS) in a Space Oblique Mercator (SOM) 

projection with a 1.1km resolution are re-projected to the Sinusoidal projection in tiles 

and resampled to 1km. The MISR Level 2 aerosol product (MIL2ASAE) is re-projected 

as well to provide cloud, cloud shadow and other information to weight the BRDF 

retrieval. The MODIS 500m surface reflectance data (MOD09GA-light) will be 

aggregated to 1km for the data fusion. 
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These synergistic methods are introduced only if a full inversion cannot be 

retrieved based on MODIS observations alone. Due to multiple reasons, such as the 

differences of the spectral responses, spatial co-registration, the size of the footprints, and 

atmospheric correction methods, the errors introduced by the additional sensors may be 

larger than the information content they provide. Therefore, the same criteria (RMSE, 

weights of determination, etc.) as the MODIS operational BRDF product are used to 

check the synergistic results, and if a full inversion cannot be retrieved based on the 

criteria, the pixel will be rolled back to the poorer quality  MODIS back-up magnitude 

inversion. 

For the fusion of MODIS and MISR data, the MISR daily swath data in the SOM 

projection are first converted to Sinusoidal tiles and resampled to 1km. Then the 

cumulated MISR observations from a 16-day period are combined with the MODIS 

aggregated 1km surface reflectances to derive BRDF parameters. Only high-quality 

MISR BRFs (according to the QA in MIL2ASLS) will be used to derive a priori BRDF 

parameters, and observations for each camera are weighted by the per-camera cloud mask 

in MIL2ASAE.  

As described in the Jin et al. (2002) paper, the differences in the blue bands of 

MODIS and MISR is very large due to their spectral specifications, so only the MISR 

bands 2, 3, and 4 are used for the MODIS and MISR data fusion. 

This same method is used when combining MODIS and VIIRS (as the a priori 

information).   There are two pairs of identical spectral ranges between the VIIRS 





 

 

64 

Table 4 Statistics of MODIS (Terra)-MISR data fusion 

DOY MODIS 
band 

Potentially 
improved 

Improved by 
a priori 

Improved by  
direct 

Total   
improved 

025 
1 32590245 5096310 (15.64%) 4133097 (12.68%) 28.32% 
2 32106013 5013567 (15.62%) 4391203 (13.68%) 29.29% 
4 32223439 5141568 (15.96%) 4123912 (12.80%) 28.75% 

185 
1 19183717 3733137 (19.46%) 1648989 (8.60%) 28.06% 
2 17409365 3097768 (17.79%) 1813271 (10.42%) 28.21% 
3 18276414 3598157 (19.69%) 1604471 (8.78%) 28.47% 

 

 
Figure 24 True color composite of nadir MISR BRF accumulated between 185 and 200, 2001 
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Figure 26 QA flags for MODIS Terra-only (top) and MODIS-MISR (middle), and synergistic flags 
(bottom) for MODIS band 1. QA Green: full inversion, Red: magnitude inversion. Synergistic flags 

Green: a priori synergism, Red: direct synergism. Left column: DOY 025, right: 185. 
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Figure 26 continued for MODIS band 2. 
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Figure 26 continued for MODIS band 4. 
 
 
MODIS + VIIRS 

VIIRS has a similar flight orbit, scan mechanism, footprint size, and spectral 

bands with MODIS, and as shown in Table 5, actually has more potential than MISR to 

improve the MODIS BRDF product when only MODIS Aqua is available. Although both 

Aqua and Suomi NPP are on an ascending sun synchronous orbit with an Equator 

crossing time of 13:30, and therefore the observations of MODIS Aqua and VIIRS are on 

the same viewing plane, they are not overlapping, and thus can be as supplements to each 

other to enrich the observation plane (Figure 27).  
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Figure 27 Observations of MODIS Aqua (plus) and VIIRS (circle) accumulated between 185 and 200, 

2012. Red stars are sun positions. Left is selected from tile h19v07, and right is tile h12v03 
 
 

Table 5 Statistics of the MODIS (Aqua)-VIIRS data fusion 

DOY MODIS 
band 

Potentially 
improved 

Improved by  
 a priori 

Improved by  
direct 

Total   
improved 

025 

1 84838763 19155063 (22.58%) 19180729 (22.61%) 45.19% 
2 81183572 13286421 (16.37%) 17207236 (21.20%) 37.56% 
3 88176207 15336781 (17.39%) 17137546 (19.44%) 36.83% 
4 83896130 13882097 (16.55%) 17728131 (21.13%) 37.68% 
5 74564186 15306748 (20.53%) 18222815 (24.44%) 44.97% 
6 75622460 16139234 (21.34%) 20240886 (26.77%) 48.11% 
7 75282575 17617509 (23.40%) 19688339 (26.15%) 49.55% 

185 

1 54539298 18021098 (33.04%) 13562780 (24.87%) 57.91% 
2 49891055 11018789 (22.09%) 12055283 (24.16%) 46.25% 
3 61298730 17374168 (28.34%) 11568911 (18.87%) 47.22% 
4 53014937 13049077 (24.61%) 12133876 (22.89%) 47.50% 
5 49408940 10657441 (21.57%) 12178893 (24.65%) 46.22% 
6 52323876 11627348 (22.22%) 13822183 (26.42%) 48.64% 
7 50737823 12208694 (24.06%) 12775439 (25.18%) 49.24% 
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Figure 28 QA and synergistic flags for MODIS-VIIRS band 1. Left: DOY 025, right: 185
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Figure 28 continued for MODIS band 2 
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Figure 28 continued for MODIS band 3 
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Figure 28 continued for MODIS band 4 
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Figure 28 continued for MODIS band 5 
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Figure 28 continued for MODIS band 6 
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Figure 28 continued for MODIS band 7 
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Figure 29 WSA NIR (band 2) derived from MODIS Aqua-only for 025, 2012 

 

 
Figure 30 WSA NIR derived from MOIS Aqua and VIIRS for 025, 2012 

 
 

Thus it is clear that adding VIIRS observations can significantly improve the 

MODIS Aqua-only BRDF retrievals. It transforms many pixels from low quality 

magnitude inversions into high quality full inversions (Figure 28), and also reduces the 

number of fill values (comparing Figure 29 and Figure 30, especially for Asia). 
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To further explore the potential of VIIRS to improve the MODIS BRDF product 

while MODIS Terra is still available, VIIRS observations are combined with both 

MODIS Terra and Aqua to retrieve BRDFs (Figure 31). The results show that, even 

during the MODIS Terra and Aqua era, adding VIIRS observations can still improve the 

BRDF retrieval quality.  

The improvements are primarily concentrated in the equatorial region and in high 

latitude areas in winter. VIIRS has a wider scan swath with no gaps, so it has more 

observations than MODIS at the Equator. At high latitudes, large areas may be covered 

by ephemeral snow in winter. Because the RTLSR model (in the V005 periodic retrieval 

mode) only chooses either snow-free or snow observations in the 16-day period (snow 

covered observations are removed for a snow-free retrieval), ephemeral snow can reduce 

the quantities of observations significantly. Adding VIIRS observations (even potentially 

similar ones) can restore the number of observations required to meet the minimum 

requirement of the RTLSR model and thus potentially improve chances of a high quality 

full inversion BRDF retrieval. 
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Figure 31 QA flags for Terra-Aqua (top) and Terra-Aqua-VIIRS (bottom) BRDF retrieval for band 

2. Left: 025, 2012, Right: 185, 2012. 
 
 

4.4 Conclusion 

The a priori synergistic approach, which makes a balance between data fitting 

and a priori information, has been shown to be more accurate in some situations and 

stable to noise as compared to the direct synergistic approach (Jin et al., 2002). For 

MISR, this approach is guaranteed by its nine almost simultaneous observations which 

make sure that, as long as MISR clear observations are available, they are much more 

likely to be able to provide a priori BRDF parameters, especially when the observations 

are in the principal plane. The advantage of direct synergism is that it may increase the 

overall number of high-quality pixels. The a priori synergism involves data fitting solely 

on MODIS data but adjusted by a priori MISR/VIIRS parameters, which means, a 

minimum of MODIS observations is required. If a pixel reverts to the backup algorithm 

in the MODIS-only inversions, it may also fail with the a priori synergistic approach. 
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The direct synergism strategy can address this naturally by simply adding additional 

observations and thus potentially increase the number of fully inverted pixels. Because of 

this, we also use direct synergism as a second method to attempt to retrieve in cases 

where the a priori synergism failed. 

Combining data from multiple sensors can bring in additional angular samples; 

however, it can also introduce additional noise due to differences in the spectral 

specifications, the atmospheric correction methods, spatial resolutions, and geographic 

co-registration. In this study, we only keep data fusion results when the information 

brought in is larger than the errors introduced, and thus are able to turn this pixel from a 

poorer quality magnitude inversion to high quality full inversion. We check both the 

RMSE and weights of determinations after each synergism attempt and only the 

synergistic results that meet the full inversion criteria are kept.  

In conclusion, both MISR and VIIRS data can improve the MODIS BRDF 

retrieval significantly for time periods between 2000 to mid-2002 when only Terra was 

available and in the future when only MODIS Aqua is available. Furthermore, the 

addition of VIIRS data may improve the number of high quality retrievals when Terra, 

Aqua and Suomi-NPP are all used together.  These data fusion processes can be made 

operational to aid in the improvement of the gap-filled BRDF product. 
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CHAPTER FIVE 

5. ASSESSMENT OF THE IMPACT OF CHANGES IN THE INTRINSIC LAND 

SURFACE ALBEDO 

While the challenges in producing high quality cloud-free, snow-free land albedo 

products from a variety of remotely sensed observations cannot be underestimated, the 

availability of such products for modeling and monitoring ecosystem health is crucial.  

We utilize the gap filled MODIS database to investigate the seasonal variability of the 

Amazon. The Amazon rainforests significantly influence the global climate, water, and 

carbon cycles. Many previous satellite-based studies have indicated that Amazon forests 

green up during dry seasons (Huete et al., 2006; Brando et al., 2010; Xiao et al., 2006; 

Myneni et al., 2007) while others (Samanta et al., 2010) have suggested that the majority 

of this greening signal is due to residual clouds in the satellite images. Most recently 

Morton et al., 2014 have suggested that the episodes of greening shown by the satellite-

based studies are in fact artefacts due to variations in sun-view geometry. They went on 

to conclude that the Amazon forests are seasonally invariant in canopy structure and 

greenness. This unlikely conclusion is based on phenologies derived from a gap filling 

methodology (Vermote et al., 2009) that relates BRDF to NDVI and over-smoothes (and 

over simplifies) the dynamics of the Amazon forests. This paper highlights the 

importance of understanding the actual information content of extrapolated or gap filled 

datasets and utilizing quality flags appropriately. In this study, we will analyze the 

seasonal Nadir BRDF-Adjusted Reflectance (NBAR) derived Enhanced Vegetation Index 

(EVI) changes of Amazon forests at fixed solar zenith angles using both the gap-filled 
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BRDF/Albedo dataset prepared from MODIS V005 data and the MODIS V006 daily 

BRDF/Albedo high quality data, and assess the ability of the gap-filled datasets in 

maintaining the physical information and quality of the original data. 

5.1 Data 

MODIS V006 500m BRDF/Albedo product (MCD43A) is processed daily for the 

year 2005 for tiles h11v09 and h12v09 (Figure 32). Due to strong cloud contamination, 

only a very limited number of high quality pixels of NBAR can be found during each 

single time period. Monthly composites of the high quality data are generated for 

monthly comparisons. Even for monthly composites, during the wet seasons when the 

Intertropical Convergence Zone is over the Amazon, there are very few available high 

quality pixels obtained, so only June (the beginning of dry season) to September (the end 

of dry season) are analyzed (Figure 33 to Figure 36). 

 
Figure 32 Location of the tiles h11v09 and h12v09 

 

h11v09 h12v09 
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Figure 33 Monthly composite of daily V006 MCD43A NBAR at a solar zenith angle of 30 degree for 

tiles h11v09 & h12v09 for DOY 151-180 (June), 2005 
 

 

 
Figure 34 Monthly composite of daily V006 MCD43A NBAR at a solar zenith angle of 30 degree for 

tiles h11v09 & h12v09 for DOY 181-210 (July), 2005 
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Figure 35 Monthly composite of daily V006 MCD43A NBAR at a solar zenith angle of 30 degree for 

tiles h11v09 & h12v09 for DOY 211-240 (August), 2005 
 

 

 
Figure 36 Monthly composite of daily V006 MCD43A NBAR at a solar zenith angle of 30 degree for 

tiles h11v09 & h12v09 for DOY 241-270 (Sept.), 2005 
 
 

5.2 Discussion 

Enhanced vegetation index (EVI) is an index of canopy photosynthetic capacity and 

is calculated by eq. (25). (Huete et al., 2002).  
























































