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Executive Summary / Abstract 
The QA4ECV Global broadband and the QA4ECV Regional spectral albedo, BHR-TIP 
fAPAR/LAI and global DHR-fAPAR all include uncertainty information on a per pixel basis 
which is a consequence of the application of optimal estimation techniques used in their 
retrieval, as described in the land ECVs’ ATBD (D4.3). In this work, we report on the 
analysis of these land ECVs with respect to (wrt) independent datasets, both for investigating 
their temporal consistency and their relative and absolute accuracy as well as determining the 
relationship of uncertainties estimated within the products and their absolute accuracy.  
 
We first assess these new QA4ECV products against EO-derived global satellite products, 
which usually do NOT contain any uncertainty data and are considered here as relative 
accuracy assessments. The assessment of the 35 year record against contemporaneous EO 
albedos shows that we only have one record, CLARA-SAL to compare with for these early 
years on a global basis. However, CLARA-SAL is based on AVHRR only and the quality of 
this product judging by the scatter in the CLARA-SAL time series data appears dubious. The 
next longest record is the 18 years of comparison with VEGETATION and the shortest with 
MODIS for 16 years. Time series analysis shows consistency in the QA4ECV product apart 
from three time periods where the data quality is very poor or completely missing (e.g. last 
quarter of 1994) and the results depend solely on the use of the MODIS prior. 
 
These intercomparisons with other global products suggest that the QA4ECV broadband 
albedos are brighter than the other datasets with a bias of around +0.085 for the shortwave 
BHR (SW: 0.4-3µm). Attempts were made to try to find which spectral region the bias comes 
from and this is reported on here. This bright bias is hypothesized as originating from (a) 
cloud contamination in GEO or AVHRR even after application of the improved cloud and 
snow masks or (b) from poor atmospheric aerosol correction in the VIS. Both of these 
hypotheses are explored. 
 
For SW albedo, in situ measurements from tower-derived albedometer instruments are shown 
for 13 representative sites worldwide (7 SURFRAD and 6 FLUXNET). Further tower sites 
are also investigated but the results are not shown here. In D5.2, the full set of tower sites is 
listed and described. One of the critical areas which is explored is the impact of resolution 
(scale) as the albedometer subtends a footprint of between 100-500m depending on the height 
of the tower and the height of the vegetation canopy. 
 
In D5.1, the scaling-up of albedometer measurements from two sites, a CEOS-RADCALNET 
site known as Railroad Valley, NV, USA (known throughout as RRV) and a savannah site 
known as Skukuza, South Africa (referred to hereafter as ZA-KRU within the Kruger 
national park) were employed to provide absolute albedometer validation and how this relates 
to scale/resolution. Unfortunately, the RADCALNET sites are still not up and running as of 
the date of this report-writing so this could not be tested on a systematic time series. 
 
For the SURFRAD sites, albedometer measurements were acquired at a height of 10m above 
ground level (ABGL). These have a projected footprint for these sites of some 126m over the 
short vegetation (grassland or crops) or desert canopy below. An analysis of the homogeneity 
of these sites shows that often the EO-derived values are representative of neighbouring 
pixels and not the pixel associated with the location of the tower. This is usually because the 
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canopy changes within the pixel size (0.05º) of the retrievals. One possible way to upscale is 
to select sites which show homogeneity using the spatial semi-variance method developed by 
Roman et al. (2009). However, this only examines homogeneity in a circular area with a 
diameter up to 3km which is too small for pixels of around 5 x 5km (≈0.05º). An alternative 
is to look at downscaling using nadir images from other EO satellites,  but this is only likely 
to work for VIS broadband as none of these higher resolution systems, except for 
LANDSAT-5,7 & 8 or Sentinel-2 MSI have any SWIR channels. This is also a very 
significant amount of processing. 
 
For Arctic sea-ice albedo, tower values from the SURFRAD Barrow site close to the Arctic 
ocean are employed as a surrogate for sea-ice because there is no permanent tower site 
albedometer located on the sea-ice which can be employed instead. A comparison with 
NASA CAR data is also shown for spectral BRF values. Unfortunately, the ASD spectro-
radiometer data collected during the SHEBA campaign has no georeferencing information so 
it is unusable for this purpose.  
 
For albedo, in all cases we have had to perform the assessment using the SW component as 
there is no global network of downwelling PAR (0.4-0.7µm) sensors (for calculating the VIS 
component) or spectral albedo and EO-based measurements as discussed in D5.2 are not 
appropriate. Unfortunately, although the CEOS-WGCV sponsored RADCALNET data was 
promised for the last 2 years it has yet to appear even for the RRV site. That is most 
unfortunate as it would be helpful for looking at BRF scaling.   
 
A new method was developed at UCL for assessing the accuracy of the albedo product and 
particularly relating this to the uncertainty of the product, by use of the diffuse-to-total ratio 
for selection of albedometer BHR (“white-sky” days) and DHR (“black sky” days). This 
method was applied to the 13 tower sites. Very little correlation is evident between this and 
the corresponding QA4ECV, MODIS Collection 6 and VEGETATION products. 
 
The time coverage varies from tower station to tower station but generally it starts in the mid 
1990s for SURFRAD and BSRN, and early 2000s for FLUXNET and OBOP.  
 
Spectral BRF data has rarely been collected at field-scale with most measurements being 
conducted in the laboratory at grass to individual plant levels. A significant exception and the 
only working instrument left in the world is the NASA PARABOLA III instrument 
developed by Don Deering and colleagues originally at the NASA Goddard Space Flight 
Centre in the US in the 1990s. This was used to collect PARABOLA III data in various large-
scale field campaigns and is now being systematically collected over the CEOS-WGCV-
IVOS RADCALNET site, RoadRoad Valley, NV, USA since 2009. 
 
The TIP BHR-fAPAR and LAI ….(FastOpt to provide an executive summary here) 
 
The Joint Research Centre (JRC) retrieval algorithm is used to derive the Fraction of 
Absorbed Photosynthetically Active Radiation (FAPAR) from daily spectral measurements 
acquired by Advanced Very High Resolution Radiometer (AVHRR) onboard a series of 
National Oceanic and Atmospheric Administration (NOAA) platforms (Gobron 2017). The 
input data are the surface Bidirectional Reflectance Factors (BRFs), derived from the 
normalised surface reflectances provided by the Land Long Term Data Record (LTDR) 
project (http://ltdr.nascom.nasa.gov, Franch et al. (2017)). 
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The methodology itself is based on previous JRC-FAPAR algorithms such as the ones 
developed for the Medium Resolution Instrument Sensor (MERIS) and the Ocean Land 
Colour Instrument (OLCI), except surface reflectances instead of top of atmosphere ones are 
used as inputs. The uncertainty computations follow the main principles described in the 
Quality Assurance Framework For Earth Observation (QA4EO) guidelines (QA4EO 2012), 
e.g. using the uncertainties propagation theory. 
 
The DHR-fAPAR report concerns the validation of the QA4ECV-FAPAR-AVHRR products 
through quality control at global scale from daily to 10-days and monthly period at 0.05 ◦ 
×0.05 ◦ and 0.5 ◦ ×0.5 ◦ spatial scale, with comparisons at local scale against other space 
products, i.e. LTDR AVHRR AVH15 (Claverie et al. 2016) and Two-stream Inversion 
Package (TIP) products (Pinty et al. 2011), using as inputs the MODIS Collection 6 surface 
albedo and ‘green’ a priori, and ground-based measurements. 
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1. Introduction 
The QA4ECV Global broadband and the QA4ECV Regional spectral albedo, BHR-TIP 
fAPAR/LAI and global DHR-fAPAR all include uncertainty information on a per pixel basis 
which is a consequence of the application of optimal estimation techniques used in their 
retrieval, as described in the ATBD (D4.3) for the land ECVs. For albedos this was first 
demonstrated through the ESA Globalbedo project1  
 
In this work, we report on the analysis of these land ECVs with respect to (wrt) independent 
datasets, both for investigating their temporal consistency and their relative and absolute 
accuracy as well as determining the relationship of uncertainties estimated within the 
products and their absolute accuracy. 
 
The validations of the BHR-TIP and DHR-fAPAR products are described in the respective 
sections later in this report, so they will not be discussed further here.  
 
Here we focus on an evaluation of the 3 albedo products produced within QA4ECV: the 
global broadband and regional MISR sea-ice and regional MODIS-like spectral albedo 
products. 
 
We begin first with an assessment of the input data quality from the AVHRR product which 
was generated by NASA and NOAA and is referred to as AVH09C1 (Claverie et al., 20162; 
Franch et al., 20173). This product includes surface reflectance (SR) measured in two 
wavelengths (red, 580–680 nm, and near-infrared, 725–1000 nm) and resampled at the CMG 
spatial resolution (0.05º). The SR is normalized for BRDF effects (nadir view and 45 ̋ solar 
zenith angle). This SR was then processed by  JRC to retrieve the BRF at the correct time and 
associated solar and view angles in the original product for subsequent processing into the 
BRFs employed I the BRDF retrieval. The first version of this product was delivered to UCL 
in September 2016, six months later than originally expected and planned. 
 
Time series analysis of this product at a global scale showed some serious issues with the 
underlying dataset containing numerous artefacts. An assessment of the surface reflectance 
was carried out by Yves Govaerts using a simulation framework described in Govaerts 
(2015)4. A step-function in BRF was found between NOAA-16 and NOAA-18 towards the 
end of 2000. This was previously reported by Heidinger et al (2010)5 but unfortunately the 
methods employed in this paper could not be applied to the AVH09C1 time series dataset. A 
complete re-processing by NASA of the entire time series resulted in a further ten months of 
delays. The final version began to be processed in the late Autumn of  2017. Examples of 
these issues are given in the next section. 
 
The cloud and cloud shadow mask was found to be “unfit for purpose” in this product and 
there was no snow/ice mask product included or available from elsewhere. A machine 
learning based algorithm was developed and the results from the latter are assessed against 
the corresponding ones from the MODIS product for coincident time periods.  
 
The EUMETSAT daily surface BRF and associated RPV BRDF parameters and DHR (all 
computed over a ten day window) were provided from a variety of different years depending 
on the satellite. These are described further below. A separate assessment of the BRF was 
made by EUMETSAT which is described in the same section. Subsequently, a better cloud 
mask was developed but unfortunately too late to be used within the project.  
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The first assessment made, a “reality check” looking at a time series of the product and 
comparing the product against other land surface albedo sources on a per pixel basis (referred 
to here as a relative accuracy assessment) showed an apparent bright bias which is shown and 
discussed in the relevant section. For the MISR sea-ice product, a comparison is made with 
coincident NASA-CAR spectral BRF data at the same view and solar angles. For the spectral 
product over Europe at the same wavelengths as the MODIS product, an intercomparisons is 
performed against the MODIS spectral BRF products for one overlapping time period in 
2005.  
 
To evaluate the absolute accuracy of the output EO-derived broadband and MISR sea-ice 
albedo product, ground-truth (in-situ) data are needed in order to compare against. Thus, data 
from several well-established networks such as FLUXNET1, SURFRAD2, BSRN3 and 
OBOP4 have been collected. It is well known that instruments from these networks, 
especially for our selected sites, are regularly calibrated and the data are publicly available.  
 
The selected sites are generally homogenous in land cover, and thus the footprint of site 
albedometer (10s of metres of diameter projected onto the ground) should be representative 
of the EO footprint (100s to 100s of metres). This selection criteria is crucial because the 
spatial resolution of our albedo product is much wider (1km to 0.05º).   
 
Unfortunately, most sites deploy albedometers operating across broadbands , mainly 
shortwave (~[300nm, 3000nm] )  with some exceptions when towers also measure upwelling 
Near-Infra-Red radiation. However, the accuracy at shortwave should be a very reliable 
indicator for all the spectral albedos products of QA4ECV because the shortwave product is 
an aggregation of all spectral albedos. Nevertheless, to verify the later assumption, 
measurements of Spectral Albedo from a ground-based scanning radiometer called 
“PARABOLA” are used. However, this is limited to some desert, forest and savannah sites, 
and for specific dates most of which are pre-2001.  
 
Report D5.2 described the location and characteristics of the in-situ data that is used in the 
validation of albedo products. So, here we just list the sites with their key characteristics, 
show their geographic distribution, and present a list of variables that will be deployed. Also, 
we describe how the comparison was performed. Next, we will talk about PARABOLA 
instrument and QA4ECV albedo products. Finally, a conclusion summarising the main 
observations will be discussed.  
 
We complete this introduction with a presentation of the timelines of all the input datasets 
which were employed by the QA4ECV land ECV products. These are shown in Figures 1-3 
below for the input platforms and instruments for polar-orbiters and geostationary systems. 

                                                
1 https://fluxnet.ornl.gov/ 
2 https://www.esrl.noaa.gov/gmd/grad/surfrad/ 
3 https://www.esrl.noaa.gov/gmd/grad/bsrn.html 
4 https://www.esrl.noaa.gov/gmd/obop/ 
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Figure 1. Polar orbiting sun synchronous satellites and instruments used either as inputs (NOAA, SPOT 
VEGETATION, MISR, MODIS, MERIS + AATSR) or contemporaneous systems not employed in the later years. 

 
Figure 2. Broadband BRF processed from all 5 geostationary satellites. Corresponding date : 2000-02-28T 

 

Figure 3. Time span of Geostationary satellites employed in the combined AVHRR+GEO albedo data product 

Satellites Meteosat GMS GOES

SSP 0° IODC 140°E EAST(75°W) WEST(135°W)

Generation MFG MSG MFG GMS-5 GOES-8/12 GOES-10

From 1982 2006 1998 1997 1996 1996

To 2007 2014 2010 2003 2011 2010
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2. Input AVH09C1 assessment for “fitness for purpose”  
In order to assess the input AVH09C1 BRF dataset, daily animations were produced by UCL 
and the JRC of BRFs of channels 1 and 2. The first author then went through these annual 
daily animations of tens of thousands of daily BRFs marking up the dates which contained 
artefacts when they affected a significant amount of the data including the identification of 
relevant geographical regions affected. An example of a couple of these artefacts are shown 
in Figure 4 below.     
 

 

 

 
        Figure 4.  Examples of artefacts discovered in the first release of AVH09C1. Left: bad orbits; Right: issues with a 
feature of the MODIS Priors which was not discovered until later.  

Thousands of corrupted BRF files were corrected by E. Vermote and co-workers at 
NASA/NOAA. The new machine learning based snow masks also showed a solar zenith 
angle dependence when SZA>70º. These were partially fixed but for a few years and for a 
few days each year are still visible as a line artefact in northern Siberia which moves with 
DoY when the prior data replaces the actual BRF inversions as we go into and out of Arctic 
polar night. 
 
In addition, two “features” of the MODIS priors were found which had to be taken account 
within the optimal estimation inversion. Several of the permanent ice areas, particularly 
Antarctica and Greenland had BRF values>1. These were rejected resulting in “holes” in the 
prior which can observed in Figure 5  below. After changing the thresholds, these were all 
fixed.  
 
Finally, another problem with the land-water mask became apparent due to the use in the 
MODIS BRDF product of inversions in shallow seas (depth≤50m) which resulted in artefacts 
in the Arctic ocean. These were fixed by generating a new land-water mask from the MODIS 
Prior which eliminated these areas. 
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Figure 5. Left: example of missing data caused by BRFs>1 in the MODIS Prior; Right: after fix was applied 

The CEOS-PICS sites6 were used to assess the changes in reflectance from AVHRR/2 to 
AVHRR/3 in 11/2000 which were previously referred to in the paper by Heidinger et al 
(2010)7. An example is shown in Figure 6 below and the final processed datasets for two 
other PICS sites shown in Figure 7 after re-processing by NASA-NOAA.  

 
Figure 6. Libya-4 CEOS-PICS site showing the “cliff” between AVHRR/2 and AVHRR/3 only visible on bright 
reflectance sites as the optimisation of the time series of AVHRR was optimised for dark (vegetated targets). 

 
Figure 7. Algeria-1 CEOS-PICS site showing the reduction in the artefact. It should also be noted that there are some 
breaks in coverage of the input dataset between NOAA-9 and NOAA-11, the large 3 month gap in Q4 of 1994 from 
NOAA-11 to NOAA-14 and the much better quality of the post-2000 input data. 

As there was no snow mask in the AVH09C1 product and the quality of the cloud masks left 
a great deal to be desired, a new snow/cloud mask was generated from the 5 spectral channels 
available in the AVHRR product using machine (deep) learning techniques based on 20 
features which will be described elsewhere. The resulting land/cloud/snow/water masks for 
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the AVHRR product were then compared for each day from 2000-2016 when AVHRR and 
MODIS surface reflectance products were available. This showed 95% relative accuracy 
when compared against the MOD09 masks. A summary of this is shown in Figure 8 below. 
 
Finally, 13.5 million reflectance sample matchups of AVHRR and MODIS with very similar 
solar and view angles from 2000..2016 were compared to derive the spectral mapping of 
coefficients between AVHRR BRF1 & 2 and the corresponding MODIS-derived VIS, NIR 
and SW. These samples are shown in Figure 10 alongside the distributions and spectra 
mapping coefficients found. 
 

 

 
Figure 8. Summary of relative accuracy assessment of every single coincident AVHRR-MODIS matchup showing 
95% relative accuracy between the new deep learning based cloud/snow/water/land mask AVHRR mask and the 
corresponding one from the MOD09 product. 

3. Visual assessment of the final QA4ECV albedo products 
The final stage in the quality assessment of the final QA4ECV broadband albedo products 
was performed by generating browse animations for all 35 years and stepping through each 
and every daily product for all 35 years. No obvious artefacts were detected beyond the ones 
referred to previously. A similar process of looking through annual animations of daily 
products was also performed for the spectral sea-ice product at 1km and for the daily 
European spectral product at 0.05º looking at each spectral band in turn. All of these 
animations are available on the QA4ECV website. 
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Figure 9. Sample Quicklook browse products for BHR-SW (upper panel), European spectral albedo at 0.05º for NIR 
channel 2 (865nm) and 1km MISR BHR-NIR at band 4 (870nm) 
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Figure 10. Assessment of spectral mapping between MODIS broadband and AVHRR for 13.5 million samples 

For each Broadband and European spectral products, there are 3 quantitative quality 
measures: namely Weighted number of samples, Relative entropy and Coefficient of 
Variation (standard error divided by expectation value). Examples of all three are shown in 
Figure 11 for summer solstice (June 21, 1992). These show the lack of samples in austral 
night (top), the impact of these on the relative entropy and the areas with low uncertainties 
due to sufficient cloud-free coverage. 
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Figure 11. Summary of quality measures for each and every QA4ECV Broadband product. Top panel: Weighted 
number of samples; Middle pane: relative entropy; Lower panel: coefficient of variation. 

4. Inter-comparison with comparable global and regional products 
The initial assessment of QA4ECV albedos is against comparable EO products in order to 
assess the relative accuracy of the QA4ECV products. Although some rudimentary attempts 
have been made to validate these comparable products, there is no definitive assessment of 
their accuracy. In particular, the tower data shown for their assessment is suspiciously free of 
any outliers.  
 

4.1 QA4ECV Global product inter-comparisons 
Intercomparisons were carried out for the QA4ECV broadband product against each of the 
following comparable products 

• GlobAlbedo. This BRDF/albedo product is produced at 8-daily and monthly time-
steps at 1km, 0.05º and 0.5º using input data from ESA-ENVISAT MERIS, SPOT-
4/5 VEGETATION using optimal estimation with a prior derived from MODIS 
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collection 5 BRDF. An extensive validation report is provided and the product has 
been independently verified by several other groups8 

• MCD43C1. Collection 6 of MODIS DHR & BHR products upscaled from 500m to 
0.05º (2000-2016) using a temporal window of 16 days moved forward by one day to 
generate the next daily product. Validation reports in references detailed in9 

• Copernicus Global Land Service. VEGETATION BHR_only product created at 
1/112º (1998-2016) using a 30-day sliding window reported every 10 days. Older 
product validation reported in 10 

• CLARA-A1. AVHRR-based DHR_only product created at 0.25º globally and over the 
poles at 25km (1982-2009) using a 7 day window. Product validation in 11 

 
As GEO products were ingested into the processing stream for the combined AVHRR+GEO 
shortwave albedo, the official BHR albedo product was not employed in the subsequent 
validation. Readers are requested to examine the AlbedoVal-1,2 reports and other support 
documents which are available here. Although EUMETSAT established a global set of 2186 
Surface Albedo Validation Sites (SAVS)12, only 652 were recommended. Of these only 149 
meet the GCOS requirement, of which only 2 have independent tower measurements (ZA-
KRU & DE-GEB). These SAVS sites were subsequently ignored in this analysis. 
 
Two different analyses were performed of the QA4ECV product compared against these 
other 4 comparable products: 

• For each coincident day of year, global inter-comparisons were performed for each 
and every day at the 0.05º resolution with either BHR and/or DHR depending on the 
product. 

• A least-squares linear regression of the SW, NIR and VIS albedos for all 8.5 million 
pixels was performed which yielded a time series of RMSE, R2, Slope, Intercept, 
Number. This time series of regression coefficients was then processed to yield mean 
and standard deviation values for the billions of pixels which were matched up. 

 
For each of these comparisons, a 2D scatterplot was generated for each and every date as well 
as a side-by-side comparison of albedo values for either BHR and/or DHR.  
 
An example is now given of these side-by-side comparisons of global albedos for all four 
products for a day of year as close as possible to the start of the 3 seasons (Spring, Summer, 
Autumn). Three of these are for BHR and the fourth for DHR (as CLARA only has DHR). 
 
In the first intercomparison, QA4ECV vs GlobAlbedo, Figure 12 shows that there are no 
missing data as these are both gap-free products.  
 
In the second part of the first intercomparison, QA4ECV vs GlobAlbedo, 2D scatterplots are 
shown in Figure 13 for the same 3 dates in SW (0.4-3µm), NIR (0.7-3µm) and Visible  (0.4-
0.7µm). In all 3 rows, the bright pixels in the 2D scatterplot are those associated with 
ephemeral snow and/or permanent ice and the differences between the Northern Hemisphere 
(NH) summer solstice where there is little ephemeral snow is clear. There appears to be a 
bright bias for the summer QA4ECV which is reduced at the other two dates for the SW and 
VIS but there is a bright bias throughout for the NIR. 
 
The second intercomparison, QA4ECV vs MCD43C1, Figure 14 shows that the MCD43C1 
product has lots of gaps during each season due to polar nights which are missing in the 
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QA4ECV product whilst Figure 15 shows that the 2D correlations are quite different in the 
NIR cf VIS with the statistical behaviour SW being somewhat between the two. There is only 
a clear bright bias in the NIR Spring equinox inter-comparison. 
 

  
 

Figure 12. Inter-comparison of QA4ECV vs GlobAlbedo BHR-SW at dates closest to Spring equinox (DoY=81; 
22.3.05), Summer Solstice (DoY=169; 18.6.05) and Autumn Equinox (DoY=265; 22.9.05). 

 
  

   

 

 
 

 

 
 

Figure 13. Inter-comparison of 2D scatterplots alongside least squares regression of QA4ECV vs GlobAlbedo BHR- 
at dates closest to left column, Spring equinox (DoY=81; 22.3.05), centre column Summer Solstice (DoY=177; 26.6.05) 
and right column Autumn Equinox (DoY=265; 22.9.05). From the top row, we see SW, NIR and VIS 
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Figure 14. Inter-comparison of QA4ECV vs MCD43C1 BHR-NIR at dates closest to Spring equinox (DoY=81; 
22.3.05), Summer Solstice (DoY=177; 26.6.05) and Autumn Equinox (DoY=265; 22.9.05). Notice the gaps in the 
MCD43C1 product due to polar night. 

 
  

 
  

 
  

Figure 15. Inter-comparison of 2D scatterplots alongside least squares regression of QA4ECV vs MCD43C1 BHR-
SW (top row), BHR-NIR (middle), BHR-VIS (bottom row) at dates closest to left column, Spring equinox (DoY=81; 
22.3.05), centre column Summer Solstice (DoY=177; 18.6.05) and right column Autumn Equinox (DoY=265; 22.9.05).  

The third and final intercomparison is with the official Copernicus Global Land Service 
product based on SPOT-VEGETATION. For this, a comparison with the VIS channel is first 
shown which demonstrates the latitude cutoff which VEGETATION imposes with no 
observations acquired over the polar regions.  
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Figure 16. Inter-comparison of QA4ECV vs VEGETATION BHR-VIS at dates closest to Spring equinox (DoY=83; 
24.3.05), Summer Solstice (DoY=174; 23.6.05) and Autumn Equinox (DoY=266; 23.9.05). Notice the gaps in the 
VEGETATION product due to latitude cutoff.  

 

  

 

  

 

  

Figure 17. Inter-comparison of 2D scatterplots alongside least squares regression of QA4ECV vs VEGETATION 
BHR-SW (top row), BHR-NIR (middle), BHR-VIS (bottom row) at dates closest to Spring equinox (DoY=83, 
24.3.05), left column; Summer Solstice (DoY=174; 23.6.05), centre column and Autumn Equinox (DoY=266; 23.9.05), 
right column. 
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The results for VEGETATION in Figure 17 do not show any consistent bright bias for 
QA4ECV and demonstrate poorer agreement between the two datasets, especially when 
compared against the other two. 
 
Finally, a comparison was performed of CLARA-A2 against QA4ECV in a similar manner 
but this time only for DHR-SW as no other channels exist for CLARA-A2. The CLAAR-A2 
product also includes DHR for the ocean and the cloud gaps are very obvious, see Figure 18. 
 

   
Figure 18. Inter-comparison of QA4ECV vs CLARA-A2 DHR-SW at dates closest to Spring equinox (DoY=81; 
22.3.05), Summer Solstice (DoY=176; 25.6.05) and Autumn Equinox (DoY=266; 23.9.05). Notice the gaps in the 
VEGETATION product due to latitude cutoff. 

The 2D scatterplots along with the least-squares regression results are shown in Figure 19 
below which show closer agreement than the other datasets but this is only to be expected as 
both QA4ECV and CLARA-A2 come from AVHRR sources whereas the other two do not. 
 

 
  

Figure 19. Inter-comparison of 2D scatterplots alongside least squares regression of QA4ECV vs CLARA-A2 DHR-
SW  at dates closest to Spring equinox (DoY=81, 22.3.05), left column; Summer Solstice (DoY=171; 20.6.05), centre 
column and Autumn Equinox (DoY=266; 23.9.05), right column. 

Taking the least-squares regression for each and every date that there are match-ups, the 
variation with time for each of global datasets compared to QA4ECV was calculated. 
GlobAlbedo is plotted in Figure 20. Next is MCD43C1 in Figure 21, VEGETATION in 
Figure 22 and finally CLARA-A2 in  Figure 23. In all the plots the correlation coefficient R2 
is always lower in the winter compared with the summer. The closest agreement shown is 
between QA4ECV cf. MCD43C1. A suspicion was that this might be due to the use of 
MODIS prior climatology. However, two factors mitigate against this hypothesis, firstly the 
GlobAlbedo has a similar (albeit Collection 5) prior climatology and secondly the relative 
Entropy (see example in Figure 11) does not exhibit any high influence for most of the year 
except for the polar nights of a strong influence of the MODIS prior. The CLARA-A2 shows 
reasonable agreement. 
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Figure 20. Time series of least-squares regression coefficients for every single match-up date for BHR (left column) 
and DHR (right column) for SW (top panel), NIR (middle panel), VIS (bottom panel) for QA4ECV vs GlobAlbedo. 

  

  

  
Figure 21. Time series of least-squares regression coefficients for every single match-up date for BHR (left column) 
and DHR (right column) for SW (top panel), NIR (middle panel), VIS (bottom panel) for QA4ECV vs MCD43C1. 
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Figure 22. Time series of least-squares regression coefficients for every single match-up date for BHR for SW (top 
panel), NIR (middle panel), VIS (bottom panel) for QA4ECV vs VEGETATION. 

 

Figure 23. Time series of least-squares regression coefficients for every single match-up date for BHR for SW for 
QA4ECV vs CLARA-A2. 

Taking all the least-squares regression values for all the billions of pixels in the analysis, a 
table was produced summarising the mean and standard deviation of bias (intercept), 
correlation coefficient (R2), number of match-ups and number of global inter-comparisons 
(which is related to the temporal sampling and the time range of each product). The intercept 
is taken as an approximation of the bright bias. The poorest correlation in all cases is with the 
NIR. This probably reflects the lack of SWIR sampling by the AVHRR and GEO 
instruments. 
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Table 1. Summary of statistics of billions of matchup pixels for 4 comparable products to the global QA4ECV 
broadband product. N.B. By far the highest correlation is with the MCD43C1 product. 

4.2 QA4ECV European Spectral Albedo assessment 
 
The daily spectral albedo reported at the MODIS spectral bands after applying the spectral 
transformation coefficients are difficult to validate as there are no spectral albedo products at 
the same wavelengths (VEGETATION is not the same) so the only assessment made is for 
coincident MCD43C1 for the same dates. An example intercomparison is shown for MODIS 
band 1 (645nm) BHR spectral vs QA4ECV spectral in Figure 24. For an intercomparison 
date of 30-April 2000, the results for MODIS band 5 at 1.24µm are rather poor (see Figure 
25) but for 1-May-2005 the results look more reasonable (see Figure 25). The dataset in 2000 
does not have the benefit of MERIS (as this did not commence until 6/2002) whereas the one 
in 2005 did. However, this initial look does suggest that we are able to extend the MODI 
record back to 6/1998. 
 
A lack of time did not allow a more extensive assessment to be made of the QA4ECV 
spectral product. Individual users can do this themselves using the time series extraction tool 
on the main QA4ECV website along with any of the other processed albedo products. 

intercept R2 Npixels
K 

matchups
Eastimated 

total 
BHR-VIS mean stdev correlation stdev mean stdev ∑ matchups
GA.005 0.07 0.03 0.83 0.10 6,935,187 599,418 649 389,022,134
MCD43C3 0.07 0.01 0.85 0.06 6,013,502 479,427 6149 2,947,998,239
VGT 0.06 0.01 0.72 0.09 4,325,535 692,840 548 379,676,512

0.07 0.02 0.802 0.086

BHR-NIR
GA.005 0.09 0.04 0.66 0.07 8,088,286 470,441 644 302,963,954
MCD43C3 0.11 0.02 0.68 0.10 6,585,232 641,146 6149 3,942,406,431
VGT 0.11 0.04 0.52 0.11 4,408,767 663,287 546 362,154,511

0.10 0.03 0.622 0.092

BHR-SW
GA.005 0.08 0.03 0.85 0.05 8,124,851 478,149 644 307,927,661
MCD43C3 0.10 0.01 0.88 0.04 6,623,673 656,110 6145 4,031,798,857
VGT 0.08 0.02 0.72 0.08 4,415,806 663,328 552 366,157,093

0.09 0.02 0.816 0.055

DHR-SW
GA.005 0.08 0.03 0.87 0.06 8,045,454 503,241 644 324,086,931
MCD43C3 0.09 0.01 0.90 0.03 6,622,175 654,624 6145 4,022,662,202
CLARA-A2 0.08 0.02 0.86 0.09 5,418,045 692,689 2474 1,713,711,923
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Figure 24. Intercomparison of MODIS spectral BHR albedo at band 1 (645nm) with the corresponding QA4ECV 
European spectral albedo product at the same band. Over land there are few, if any differences. 
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Figure 25. Intercomparison of spectral albedo between MODIS and QA4ECV for 30-April-2000 (upper panel) and 1-
May-2005 (lower panel) showing the high degree of correlation between the two. 

4.3 Assessment of MISR Spectral albedo over sea-ice 
The only other sea-ice product before the QA4ECV MISR albedo which has been produced is 
the CLARA-SAL (25km) referred to at the beginning of this chapter. This is derived from 
AVHRR-GAC data, as is the QA4ECV broadband land product but an earlier version of the 
GAC data. Very little is discussed in the aforementioned paper about correction of artefacts 
and the validation is rudimentary.  Nevertheless, an analysis was performed for a small 
sample of the QA4ECV MISR albedo product averaged over the same 5 day time period as 
CLARA-SAL. An example of the two products in the DHR-SW is shown in Figure 26 below. 
The sea-ice edges do not agree well and the MISR sea-ice contains so much more detail. A 
least squares regression was then performed of the DHR-SW which shows differences in 
slope (see Figure 27), albeit the correlation coefficient is statistically significant given the 
number of samples.   
 

  
Figure 26. Intercomparison of MISR sea-ice (left) vs AVHRR-based CLARA-SAL DHR-SW 
for the same 5 day time period from 20-25 June 2006, mislabelled as 2007). 
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Figure 27. 2D scatterplot along with least squares regression coefficients of the line of best fit between MISR DHR-
SW and the AVHRR SW-DHR albedo for the same time period of 20-25 June 2006. 

A more in depth analysis was performed with MISR and NASA CAR13 data acquired during 
the ARCTAS campaign in 200114. The flight-paths of the NASA-CAR instrument are shown 
in Figure 28 along with a MISR An nadir image showing the location of the Elson lagoon 
(purple area) where the intercomparisons took place between MISR spectral BRFs and 
corresponding CAR spectral BRF at the closest spectral band and closest time in 2001 during 
the NASA ACRTAS field campaign. 

 

 

Figure 28. NASA CAR flight-paths derived from onboard avionics (left) and MISR nadir image (An) from the red 
band (645nm) showing the location of the NAAS-CAR field measurement area over Elson lagoon employed for 
intercomparison. 

A sample panorama taken from the NASA CAR instrument (see Figure 29) as the aircraft 
circles at a particular altitude (3 were employed here) focused on one site on the ground so 
having a fixed view zenith for all view azimuth regions (takes around 2 minutes per circular 
flightpath). Note the saturated regions on the left & right which correspond to the Sun and the 
sky-ground horizon.  
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Figure 29. Example of false-colour composite of the NASA-CAR data showing the Sun and its aureole (left and right 
saturated areas), the blue sky and the ground which is acquired continuously as the aircraft circles around the 
measurement test site. 

Taking all the spatially co-registered matched-up zenith and azimuths corresponding to the 
MISR spectral BRFs in the 9 MISR views at blue (472nm) and NIR (870nm), a least-squares 
regression was performed between the matched-up BRFs. The representation in BRDF space 
for the CAR (background field) and MISR (spots superimposed)  is shown in  as well as the 
least-squares regression which shows a strong correlation in the NIR and less so in the blue. 
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Figure 30. Upper panels show spectral BRDF over Elson lagoon sea-ice from MISR at blue (472nm) and NIR 
(870nm) whilst lower panels show the least-squares regression of CAR vs MISR data. Not the worse agreement for 
the blue probably due to the fact that the CAR data had not been atmospherically corrected. 

Taking 3 flight altitudes (200m, 640 and 1700m) we can see from Figure 31 that at NIR, the 
best agreement between CAR and MISR is at the highest altitude. The shadow of the aircraft 
at the so-called “hot-spot” can be clearly seen at the lower two altitudes. The weakness of 
least-squares regression is shown in the central panel of the aforementioned figures as one 
outlier distorts the results even though the vast majority of the data points are on the 1:1 line. 

   

   

Figure 31. Intercomparison of NASA-CAR derived BRDF (upper panel) and corresponding least-squares regression 
between at-aircraft CAR spectral BRF at 870nm and MISR “at ground” 275m spectral BRF (867nm). Three 
different altitudes for the aircraft are shown (200m, 640m and 1700m) corresponding to pixel sizes of ≈3m, 9m and 
25m at nadir and up to 9 times larger at VZA≥70º  
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5. Tower Sites 
 
Absolute accuracy can only be assessed using independent measurements of albedo. 
Currently the only mechanism for performing this is against measurements of shortwave 
albedo taken from tower sites from different networks.  
 
Data from 166 sites from 4 different networks (FLUXNET, SURFRAD, BSRN) were 
downloaded and examined. It was decided to focus on all 7 SURFRAD sites and 4 
FLUXNET sites in Europe and 1 BSRN site in Alaska.  Table 2 shows the sites recorded 
together with their location, time period and land cover class. 
 

 Site Acrony
m Latitude Longitude Network Period Land cover 

1 Hainich, Germany DE-Hai 51.070 10.450 FLUXNET 2000-2013 Mixed 
Forest 

2 Gebesee, Germany DE-Geb 51.100 10.914 FLUXNET 2004-2015 Croplands 
3 Grignon, France FR-Gri 48.844 1.95191 FLUXNET 2000-2015 Croplands 

4 Renon, Italy IT-Ren 46.587 11.434 FLUXNET 2000-2015 Evergreen 
Needleleaf 

5 Table Mountain, Boulder, 
Colorado, US TBL 40.125 -105.236 SURFRAD 2007-2015 Savannahs 

6 Desert Rock, Nevada, US DRA 36.624 -116.019 SURFRAD 2010-
onward 

Open 
Shrublands 

7 Fort Peck, Montana, US FPK 48.308 -105.102 SURFRAD 2004-2015 Evergreen 
Broadleaf 

8 Goodwin Creek, 
Mississippi, US GCM 34.255 -89.873 SURFRAD 2004-2015 Croplands 

9 Rock Springs Penn, State 
University, US PSU 40.720 -77.931 SURFRAD 2000-2015 Croplands 

10 Bondville, Illinois,US BND 40.052 -88.373 SURFRAD 2000-2015 Evergreen 
Needleleaf 

11 Sioux Falls, South 
Dacota,US SXF 40.734 -96.623 SURFRAD 2000-2013 Savannahs 

12 Barrow, Alaska, US BRW 71.323 -156.607 BSRN 2002-2015 Snow and 
Ice, Tundra 

Table 2. in-situ data from 12 sites used to validate satellite-derived broadband albedo. 

Figure 32 shows the spatial distribution of these sites (and a few others) over the globe taken 
form D5.2. These tower sites represent various land cover types such as cropland, forest, 
snow, bare soil and savannah. All sites are in US or Europe.  The FLUXNET towers are at 
different heights whereas the SURFRAD towers are all set at 10m which projects an 
albedometer FoV to around 125m. Figure 33 shows an overhead view of each site taken from 
Google Earth with a fixed scale-bar of 1500m. Superimposed are 3x3 pixels of 1 x 1km grid 
either in equal area sinusoidal projection such as for MODIS or equal angle projection (e.g. 
VEGETATION). Around each tower is the FoV of a tower albedometer set at 40m. In fact 
this is likely to be one-quarter of this size for the 7 SURFRAD sites. The large distortion of 
the SIN grid as one nears the pole is obvious as are the skew direction being different on 
either side of the Greenwich meridian.  
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Figure 32. Geographical distribution of our selected sites; red: FLUXNET, green: SURFRAD, blue: BSRN, Yellow: 
OBOP. 
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Figure 33. Google Earth extracts over the 12 tower sites showing the high degree of variability over each site. 
Superimposed are 500m footprint of the tower albedometer, 1km MODIS pixels (red skewed grid) and 1/112º 
VEGETATION equal angle grid (cyan square grid). All images shown with the same scale bar of ≈1500m altitude. 
N.B. The QA4ECV global broadband and European spectral are both at 0.5º x 0.5º. Tower sites shown in 
alphabetical order in raster fashion (left-to-right row-by-row) DE-GE, DE-HAI, FR-GRI, IT-REN, SURFRAD – 
BND, BRW, DRA, FPK, GCM, PSU, SXF, TBL.  

There were insufficient resources available to study the impact of comparing tower-based 
shortwave from the tiny albedometer footprint of 125-500m when compared against the 
QA4ECV shortwave albedo products of 0.05º x 0.05º. An assessment of these upscaling 
issues for 2 sites (RailRoad Valley, NV, USA a vicarious calibration site of a fairly uniform 
salt-pan and Skukuza, a woody savannah site in Kruger National Park, South Africa) taking a 
variety of different empirical and numerical radiative transfer simulations were performed. 
These are described in QA4ECV Report no. D5.1 to which the reader is referred. 

6. In-Situ data 
 
In previous validation exercises when comparing tower and satellite-based albedo 
measurements, with in-situ albedo, a Blue-Sky-Albedo (Albedosat) is generated using both 
satellite-derived albedo White-Sky-Albedo (WSA) and Black-Sky-Albedo (BSA), and a 
portion of diffuse irradiance (d) over a fixed time interval (usually an hour around satellite 
overpass time) using  
Albedosat = d.WSA + (1-d).BSA 
 
The value of d (portion of diffuse irradiance) can be extracted from in-situ data in such a way 
that the time of d coincides with the time of the satellite-derived albedo. 
 
This Albeldosat is then compared to in-situ derived albedo (Albedosite) that represents the 
portion of incoming total radiation (IN_Total) to the outgoing total radiation (OUT_Total) at 
certain time. 
Albedosite =  IN_Total/OUT_Total 
 
In addition to timestamp and geographic coordinates three variables from in situ data is used 
in the calculation of albedo:  

• Incoming total radiation 
• Outgoing total radiation 
• Incoming diffuse radiation 
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The following table gives the names of the variables employed for the 3 networks. Some 
FLUXNET sites do not provide “Incoming diffuse radiation” (SW_DIF). Thus,  
another variable captured called Potential Incoming (Top of Atmosphere) is employed. This 
is WS_IN_POT to estimate the proportion of diffuse component as follows: 
(SW_IN_POT - SW_IN_F)/IN_POT 
 
The above formula was tested and validated using data from sites having SW_DIF.   
 
 
Table 3. Names of variables for the in-situ data by Network. These variables can be used to calculate the in-situ Blue 
Sky Albedo and to convert the satellite’s BSA and WSA to blue sky albedo. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Although such an approach has a well-established history, it is only an indirect method for   
assessing the BHR and DHR.  
 
As a result of a separate study funded by the JRC, a different approach was developed and 
applied here15. This new approach selects dates within a temporal window used for acquiring 
the EO-based albedo (e.g. 16 days for MODIS every day, 30 days for VEGETATION every 
10 days, daily for the QA4ECV product). For each of these windows, it searches for those 
days when d>0.99 which are referred to as BHRs and when d<0.01 which are referred to as 
DHR. The tower data are therefore sampled specifically for  BHR and DHR and subsequently 
the validation of the EO data uses the most appropriate tower-based BHR and DHR. An 
example is shown of the process to extract BHR and DHR (see Figure 34). 

  
Figure 34. The 4 steps in the procedure to extract BHR (left) and DHR (right) for the FLUXNET site, DE-HAI,  
based on diffuse/total d% and temporal weighting for MODIS (±8 days). See ATBD for further details. 

Description Variable  Network Units 

Incoming total radiation 
 

SW_IN_F Fluxnet 

W/m2 

dw_solar SURFRAD 
G_GLOBAL BSRN/ESRL 

Outgoing total radiation 
 

SW_OUT_F Fluxnet 
Uw_solar SURFRAD 
U_GLOBAL BSRN/ESRL 

Incoming diffuse radiation 

SW_DIF (or 
SW_IN_POT) FLUXNET 

diffuse SURFRAD 

DIFFUSE BSRN/OBO
P 
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7. Time series 
 
To get an idea about the consistency and the continuity of the in situ data the following 
figures show time series data from the FLUXNET, SURFRAD, and BSRN/OBOP networks 
respectively and their inter-comparison with data from the  EO sources of interest (MODIS, 
GlobAlbedo and QA4ECV) firstly for BHR from FLUXNET (see Figure 35). For all 4 
FLUXNET tower sites, the QA4ECV BHR-SW is higher than the corresponding MODIS and 
GlobAlbedo BHRs which themselves are also higher than the tower BHR measurements. The 
thickness of each plot is proportional to the uncertainty for QA4ECV and GlobAlbedo as 
MODIS does not measure this quantity. This may be related to the use of GAC sampling in 
the original AVHRR data or the radiometric adjustments which were made with the AVH09 
product. It may also be related to the use of the BHR sampling scheme as numerical radiative 
transfer simulations (Y. Govaerts, RAYference, private communication) indicate a bright bias 
due to these of fully cloudy conditions. Several of the tower sites indicate unreasonable 
values (BHR>>1) as well as a great deal of scatter. 
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Figure 35. FLUXNET site intercomparison of BHR from QA4ECV, MODIS and VEGETATION with corresponding 
BHR from tower sites. 

The next set of plots show the DHR calculated for the FLUXNET sites in Figure 36. In this 
case the MODIS and GlobAlbedo (with the notable exception of the peculiar behaviour of IT-
REN) are much more closely aligned with the tower DHR and the QA4ECV again shows a 
significant bright bias. 
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Figure 36. FLUXNET site intercomparison of DHR from QA4ECV, MODIS and VEGETATION with corresponding 
DHR from tower sites. 

 
All of these sites were in Europe with only one site being defined as near homogeneous (DE-
HAI) although there is no obvious way of telling this apart from the other 3 FLUXNET sites. 
Moving to the USA, Figure XX shows results for all 7 of the SURFRAD sites for BHR & 
DHR. In the case of BHR, VEGETATION sites are also included in addition to the 3 EO 
before and in the case of DHR, CLARA-A2 is included. The most obvious point is that the 
CLARA-A2 is extremely noisy when compared against the other EO data products. This time 
it is not all obvious that QA4ECV has a bright bias consistently for all time periods and in 
one case the tower results are consistently higher (SURFRAD_BND) than the EO results. 
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Figure 37. Comparison of time series  of BHR(left column)  and DHR (right column) for all 7 SURFRAD sites 
investigated. The same EO data products are extracted for the pixel closest to the site of the tower, namely QA4ECV, 
GlobAlbedo, MCD43C1 and for BHR, VEGETATION is added whilst for DHR, CLARA-A2 is employed. N.B. The 
thickness of the lines is proportional to the uncertainty for each pixel, where measured (e.g. QA4ECV and 
GlobAlbedo). 

For each tower site, the bias (mean difference) of the BHR or DHR is calculated and plotted 
for all the EO data products taking the tower data as “ground truth”.  These are plotted for all 
FLUXNET and SURFRAD sites in Figure 38. It is not all clear that QA4ECV has a particular 
bright bias when compared against the other sites and the fact that often QA4ECV has as 
many points above as below the zero line suggests that this is not the reason for the bright 
bias observed in some of the FLUXNET sites. 
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Figure 38. Comparison of time series  of BIAS =BHR-Tower(left column)  and DHR-tower (right column) for all 4 
FLXUNET and 7 SURFRAD sites investigated. The same EO data products are extracted for the pixel closest to the 
site of the tower, namely QA4ECV, GlobAlbedo, MCD43C1 and for BHR, VEGETATION is added whilst for DHR, 
CLARA-A2 is employed. N.B. The thickness of the lines is proportional to the uncertainty for each pixel, where 
measured (e.g. QA4ECV and GlobAlbedo). 

Lastly, an attempt is made to try to assess quantitatively the correlation between the tower 
measurements and different EO products. Both the BHR and DHR results are shown here for  
completeness in 4 figures, one pair of BHR for FLUXNET and SURFRAD separately as 
Figure 39 and Figure 40 respectively as SURFRAD also has a comparison with 
VEGETATION. A 2D scatterplot table is also shown in Figure 41 for DHR SURFRAD 
including CLARA-A2. There is no obvious “winner” in this comparison and the lack of time 
does not allow us to try to establish whether the off-axis points are snow or points in error. 
Suffice it to say, the spread across the range for tower which is not reflected in the EO 
datasets suggests that some other factor than snow may be to blame. 
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Figure 39. 2D scatterplots of BHR-SW for tower vs GlobAlbedo (left), MCD43C1 (centre) and QA4ECV (right) for 
the 4 FLUXNET sites. 
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Figure 40. Intercomparison of tower BHR-SW with GlobAlbedo (leftmost column), MCD43C1 (2nd column), 
QA4ECV (3rd column), VEGETATION (4th column)  
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Figure 41. Intercomparison of tower DHR-SW with GlobAlbedo (leftmost column), MCD43C1 (2nd column), 
QA4ECV (3rd column), CLARA-A2 (4th column) 

A final assessment is performed for the sea-ice BHR-SW using the screening criteria for 
BHR as defined above. This final figure is shown in Figure 42 below. This shows very close 
results for the BHR with bias ≤±5%.  
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Figure 42. Validation of MISR sea-ice BHR-SW albedo over Barrow. Uppermost panel: winter(left) and summer 
(right), next panels show the impact of using the d>0.99 criteria to screen only the BHR sea-ice/snow results whereas 
the final panel shows how the bias (defined here as Bias (%) = 100. (BHRMISR-BHRstation )/BHRstation) 

8. Conclusions 
 
An assessment has been carried out of albedo both at the global level for billions of per pixel 
match-ups against comparable EO products. This indicates that QA4ECV albedos are closest 
to MODIS. It is not possible to say whether this might be due to the use of the MODIS prior 
in the optimal estimation or because of the fact that the AVH09C1 product was developed to 
be as consistent as possible with MODIS to provide long-term continuity. Suffice it to say the 
product does appear to be very highly correlated with other EO global products, albeit that 
the correlation for all of these EO products drops substantially in the NIR. Intercomparisons 
of QA34ECV spectral albedos over Europe indicate that when MERIS data is available the 
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agreement is very close for all 6 of the MODIS spectral bands. For QA4ECV SW albedo over 
sea-ice shows some correlation with the pre-existing CLARA-A2 product but significant 
differences in the value of the correlation. Over the limited number of tower sites, all the 
tower data (BHR & DHR) have a very high significant amount of scatter when compared 
with EO, being far from any one-to-one correlation. The lack of resources and time meant 
that it was not possible to examine this in more depth, especially to employ snow vs nosnow 
and uncertainty estimates available for GlobAlbedo and QA4ECV. For SW albedo of sea-ice 
the bias is less than 10%. 
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