


global data were generated by mapping the granule data on a 0.1° latitude/longitude grid. Nearest neighbor
sampling was used with the exception that bowtie deleted pixels were excluded. Figure 7 shows a false color
image generated using the M5, M7, and M15 observations. In this color combination, high opaque clouds
appear white, transparent high clouds are bluish white, low clouds are yellowish white, clear ocean is dark
blue, and vegetated land surfaces appear green. Figure 8 shows the VCM, Figure 9 shows the NOAA mask,
and Figure 10 shows the NASAmask (run on MODIS). In these figures, white pixels are confidently cloudy, red
pixels are probably cloudy, cyan pixels are probably clear, and confidently clear pixels are colored blue for
water surfaces or green for land surfaces. One obvious difference between the masks is the distribution of the
probably clear pixels. The NOAA mask has relatively few probably clear pixels except over desert or snow-
covered land. The VCM has many more probably clear pixels especially over the ocean in regions of small-scale
cloudiness. This results from VIIRS imagery band (375 m) spatial tests that are used in the VCM algorithm to
detect partially cloud-filled pixels in the VIIRS radiometric bands (750 m). The NASA mask also has a significant
number of probably clear pixels with a concentration in regions of oceanic glint. These differences are consis-
tent with the design philosophy of each mask. The VCM and NASA masks (MOD35) share a core methodology;
however, the MOD35 is a more clear-sky conservative algorithm. The VCM design attempts to strike a more
even balance between false alarms and leakage. This is seen in the choice of clear-sky confidence thresholds,
where the various cloud categories (i.e., confident clear, probably clear, probably cloudy, and cloudy) are indi-
cated at higher confidence values in the MOD35 algorithm, reducing the range of values indicating probably
clear and probably cloudy. In addition, MOD35 performs “clear-sky” tests that in some cases allow an initial
probably clear decision to be increased to confident clear when certain spectral criteria permit.

Because the VCM and NOAAmasks were run on the same data, it is useful to construct a difference image for
these results. Figure 11 shows the difference of the binary (clear or cloudy) masks derived from the VCM and
NOAA masks. The binary masks were generated by reclassifying probably clear and confidently clear as clear
and probably cloudy and confidently cloudy as cloudy. Pixels where the binary mask agreed on clear are
colored blue for water surfaces and green for land surfaces, while pixels where the binary cloudmasks agreed
on cloudy are colored white. Cyan pixels are those where the VCM was cloudy but NOAA reported clear. Red
pixels are where NOAA reported cloudy but the VCM reported clear.

Figure 11 reveals that the two masks agree very well on the distribution of binary clear and cloudy classifi-
cations. The results in Figure 11 show that roughly 99% of confidently cloudy VCM pixels are also labeled

Figure 10. NASA MODIS (MYD35) Collection 6 Cloud Mask for daytime 26 September 2013.
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confidently cloudy by the NOAA mask. The value over land is 96%. The agreement for pixels labeled confi-
dently clear in the VCM is less than that for confidently cloudy, but the numbers are still high with the
agreement over land being 89% and over water being 86%. However, Figure 11 does indicate some differ-
ences in characteristics of the twomasks. It is important to note that there is no objective truth in this analysis,
and these differences do not imply faults in either mask. Nonetheless, the VCM appears to generate higher
numbers of probably clear than the NOAA mask and imagery bands are not used in the VCM algorithm over
land surfaces. Roughly 15% of the ocean is classified as probably clear in the VCM, while that number is below
5% for the NOAA mask. This higher number of probably clear classifications over the ocean in the VCM may
potentially be addressed by additional tuning, although the program is considering an algorithm adjustment
as well, recall the VCM is only at its Provisional stage of validation. The NOAAmask also tends to classify many

Figure 12. Distributions of the (left) clear and probably clear observed 0.65 μm reflectance observations and (right) ob-
served minus model 11 μm brightness temperature. Data observed on 26 September 2013 for daytime ice-free and glint-free
ocean pixels between 60°S and 60°N. IDPS and NOAA are generated using S-NPP data. NASA generated using AQUA-MODIS data.

Figure 11. Difference in the binary (clear/cloudy) IDPS and NOAA masks.
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pixels as confidently cloudy where the VCM calls
them probably clear, and from Figure 7, this ap-
pears to occur on the edges of cloud systems.

Figures 8–11 show the global characteristics of
the VCM compared to the NOAA and NASA
masks. The biggest differences occur in the par-
tition of pixels between the confident clear and
probably clear categories. Figure 12 shows the
radiometric impact of this partition for each of the
masks using 0.65 and 11 μmmeasurements in or-
der to capture the impacts of different types of
cloud contamination. Figure 12 (left) shows the
probability distribution functions of the observed
top-of-atmosphere 0.65 μm reflectance of glint-
free pixels for the confidently clear (black) and
probably clear (grey) pixels of each mask. The
curves are normalized so that the area under the
curve is the same; differences due to the number of
pixels are removed. The absence of glint was de-
termined from the geometric glint flag of the VCM,
which is set to true if the glint zenith angle is less
than 40°. The IDPS results are plotted with solid

lines, the NOAA results are plotted with dashed lines, and the NASA results are plotted with dash-dotted lines. The
confident clear distributions are expected to peak near low values of reflectance with aminimal tail toward higher
values of reflectance. Higher values of reflectance are assumed to indicate cloud contamination. The probably
clear distributions should include values with higher reflectances. This pattern is generally seen in Figure 12 (left).
The MODIS confidently clear distribution appears to have the smallest tail toward higher reflectance. The NOAA
and IDPS confidently clear distributions are similar to each other. Themost obvious difference is the probably clear
distribution where the IDPS shows a much larger tail toward higher reflectance than the NOAA or NASA results.
This indicates the potential for encountering cloud contamination is higher in the IDPS probably clear results than
the NOAA or NASA probably clear. This behavior is consistent with the definition and the larger number of
probably clear pixels in the VCM results.

Figure 12 (right) shows the same analysis applied to the difference of observed and modeled top-of-atmo-
sphere 11 μm brightness temperatures. The computation of the modeled clear-sky 11 μm brightness tem-
perature is taken from the Pathfinder Atmospheres Processing System (A. K. Heidinger et al., The AVHRR
Pathfinder Atmospheres Climate Data Set, submitted to Bulletin of the American Meteorological Society, 2013)
applied to S-NPP and AQUA/MODIS. The clear distributions should peak near zero, and values significantly
less than zero are indicative of cloud contamination. Figure 12 (right) shows the IDPS, NOAA, and NASA
distribution do peak near zero. The IDPS results show the largest tail toward negative values. The offset of the
mode of the MODIS results from the mode of the IDPS and NOAA results is likely due to differences in the
VIIRS and MODIS infrared radiative transfer used in Pathfinder Atmospheres - Extended (PATMOS-x). The
probably clear IDPS results show the largest tail toward negative values which are expected for the reasons
given above. In summary, both panels in Figure 12 indicate the IDPS confidently clear pixels provide data that
is comparable to that from NOAA and NASA though the indications of cloud contamination are slightly larger
for the IDPS in both distributions than for NASA or NOAA.

It is also instructive to compare the VCM’s performance in terms of its distribution of cloud fraction since
cloud fraction is often used to compare different cloud data sets [Stubenrauch et al., 2013] and to verify nu-
merical weather or climate prediction models. Figure 13 shows the zonal cloud fractions computed from the
same VCM, NOAA and NASA mask data used in Figures 8–10. Cloud fraction was computed from the four-
level masks with confidently clear pixels assumed to be cloud free, confidently cloudy pixels assumed to be
100% cloudy, probably clear pixels assumed to be 33% cloudy, and probably cloudy pixels assumed to be
66% cloudy. The zonal distributions were computed for 5° latitude zones. All pixels were included in this
analysis and no attempt was made to discard data from the multiple views at higher latitudes. In addition,

Figure 13. Zonal Cloud Fraction Comparison for 26 September
2013. MODIS results are generated from the MYD35 Collection
6 data. NOAA CLAVR-x was processed on the IDPS VIIRS SDRs
using the NOAA VIIRS Cloud Mask. Cloud fraction was com-
puted from the four-level masks. Clear pixels were assumed
to be cloud free. Cloudy pixels were assumed to be 100%
cloudy. Probably clear pixels were assumed to be 33% cloudy
and probably cloudy pixels were assumed to be 66% cloudy.
Mean values were computed using area weighting.
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area-weighted mean values of cloud fraction for the entire region were computed and shown in the figure
legend. The VCM tends to offer a similar zonal cloud fraction for most zones relative to the NOAA results. The
MODIS cloud fraction is the highest for all zones reflecting the more clear-sky conservative nature of that
mask. The difference between the VCM and MODIS appears quasi-constant for all zones; this indicates a
systematic difference in cloud sensitivity across all cloud types between the two masks. In terms of the mean
cloud fractions, the VCM is 9% below MODIS but 1% below NOAA. As demonstrated by the recent Global
Energy andWater Cycle Experiment Cloud Assessment Report [Stubenrauch et al., 2013], these differences are
not unexpected based on the range of cloud fractions observed from the contributing data sets. The good
correlation in the shape of these distributions and level of agreement in the values indicates that the VCM
performance is consistent in all regions for this daytime nonpolar analysis for one day.

6. Conclusions

The VCM is being validated across many scales since the launch of S-NPP. Tools that allow detailed analyses of
specific granules reveal any shortcomings of particular cloud detection tests. The development of GGs per-
mits detailed quantitative analyses for specific scenes and their related cloud detection tests and often serves
as an effective independent data set. Extensive matchup comparisons reveal the performance of the VCM
across space and time on larger scales. This multipronged effort has led to significant improvements in the
VCM since the launch of S-NPP and gives the VCM Cal/Val team a path for continued VCM validation. With the
added software updates already scheduled for implementation into the IDPS, the VCM is expected to achieve
all of its requirements. Comparison of its global distribution cloud fraction also indicates the VCM is working
well compared to other established methods.
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