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[1] The Visible Infrared Imager Radiometer Suite (VIIRS) instrument was launched in
October 2011 on the satellite now known as the Suomi National Polar-orbiting Partnership.
VIIRS was designed to improve upon the capabilities of the operational Advanced Very High
Resolution Radiometer and provide observation continuity with NASA’s Earth Observing
System’s Moderate Resolution Imaging Spectroradiometer (MODIS). VIIRS snow and ice
products include sea ice surface temperature, sea ice concentration, sea ice characterization, a
binary snow map, and fractional snow cover. Validation results with these “provisional” level
maturity products show that ice surface temperature has a root-mean-square error of 0.6–1.0 K
when compared to aircraft data and a similar MODIS product, the measurement accuracy
and precision of ice concentration are approximately 5% and 15% when compared to
passive microwave retrievals, and the accuracy of the binary snow cover (snow/no-snow)
maps is generally above 90% when compared to station data. The ice surface temperature
and snow cover products meet their accuracy requirements with respect to the Joint Polar
Satellite System Level 1 Requirements Document. Sea Ice Characterization, which consists
of two age categories, has not been observed to meet the 70% accuracy requirements of ice
classification. Given their current performance, the ice surface temperature, snow cover, and
sea ice concentration products should be useful for both research and operational
applications, while improvements to the sea ice characterization product are needed before it
can be used for these applications.
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1. Introduction

[2] There is now an unprecedented demand for authori-
tative information on the past, present, and future states of
the world’s snow and ice resources. The cryosphere, which
includes solid precipitation, snow cover, sea ice, lake and
river ice, glaciers, ice caps, ice sheets, permafrost, and sea-
sonally frozen ground, exists in various forms at all latitudes
and in about 100 countries. It is one of the most useful indi-
cators of climate change yet is one of the most under sampled
domains in the climate system.

[3] Changes in the cryosphere have major impacts on
health, water supply, agriculture, transportation, freshwater
ecosystems, hydropower production, and cryosphere-related
hazards such as the floods, droughts, avalanches, and sea
level rise. It is therefore not surprising that the cryosphere,
its changes, and its impacts have received increased attention
in recent years. Today it receives frequent coverage by the
media, creating a demand for authoritative information on
the state of the world’s snow and ice resources from polar
ice to tropical glaciers.
[4] Cryospheric observations and information contribute

to a variety of societal benefit areas. They help reduce the risk
of loss of life and property from natural and human-induced
disasters; provide a better understanding of environmental
factors affecting human health and well-being; improve the
management of energy and water resources including flood
forecasting; are required for infrastructure design in cold
climates; help us understand, assess, predict, mitigate, and
adapt to climate variability and change; improve weather
forecasting and hazard warnings; improve the management
and protection of terrestrial, coastal, and marine ecosystems;
help support sustainable agriculture; and improve our ability
to monitor and conserve biodiversity. The performance of
numerical weather forecasts strongly depends on the accu-
racy of initial conditions for predictive models, including
snow and ice cover. Ice-mapping services provide forecasts
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for navigation and offshore activities. Cryospheric data play
a critical role in climate reanalyses, as input to the assimila-
tion systems and for verification of model fields.
[5] Satellite instruments are essential for delivering sustained,

consistent observations of the global cryosphere and are a
key to extending local in situ measurements. The Visible
Infrared Imager Radiometer Suite (VIIRS) on the Suomi
National Polar-orbiting Partnership (S-NPP) satellite provides
information that can be used to estimate a number of snow
and ice properties. This paper describes the VIIRS snow and
ice products. These include the Ice Surface Temperature
(IST) Environmental Data Record (EDR), the Sea Ice
Characterization EDR, the Sea Ice Concentration intermediate
product (IP), and the Snow Cover EDR. The Snow Cover
EDR includes two products: a binary snowmap and fractional
snow cover. The characteristics of these products are
described, and preliminary validation studies used to assess
the accuracy and utility of the products are presented.

2. S-NPP VIIRS Product Types

[6] The VIIRS instrument was launched on 28 October
2011 as part of the National Polar-orbiting Operational
Environmental Satellite System Preparatory Project (NPP).
NPP was renamed the Suomi National Polar-orbiting
Partnership (S-NPP) soon thereafter. VIIRS was designed to
improve upon the capabilities of the operational Advanced
Very High Resolution Radiometer (AVHRR) and provide
observation continuity with NASA’s Earth Observing System’s
Moderate Resolution Imaging Spectroradiometer (MODIS).
[7] The VIIRS products are processed in the National

Oceanic and Atmospheric Administration’s (NOAA) near-real
time Interface Data Processing Segment (IDPS). The IDPS
converts the raw data into calibrated, geolocated Sensor Data

Records (SDRs). The SDRs are processed into geophysical
parameters called Environmental Data Records (EDRs). In
addition to SDRs and EDRs, the IDPS produces Intermediate
Products (IPs). While IPs are used in EDR processing, some
may be used as stand-alone products. EDRs and IPs are gener-
ated in swath-based format. The products are archived and
distributed by NOAA’s Comprehensive Large Array-data
Stewardship System as Hierarchical Data Format 5 format
files [http://www.hdfgroup.org/HDF5].
[8] Design features of VIIRS that differ from its heritage

instruments include dual gain radiometric bands, the Day-
Night Band, and the along-scan aggregation of subpixel detec-
tors to limit pixel growth to an approximate factor of two from
nadir to the end of the scan [Baker, 2012a]. The pixel sizes at
the edge of the scan for VIIRS imagery and moderate resolu-
tion bands (0.375 km at nadir; 0.75 km at nadir) are approxi-
mately 0.8 km and 1.6 km, respectively, compared to 2.4 km
and 4.8 km for MODIS bands (0.5 km at nadir; 1 km at nadir).
Furthermore, VIIRS has a wider swath (3000 km) than
MODIS (2320 km) [Hutchison and Cracknell, 2006].

3. Ice Surface Temperature EDR

[9] Changes in sea ice significantly affect exchanges of
momentum, heat, and mass between the sea and the atmo-
sphere. While sea ice extent is an important indicator and
effective modulator of regional and global climate change
[e.g., Johannessen et al., 2004], sea ice temperature and sea
ice thickness are the more important parameters from a
thermodynamic perspective [Bitz and Lipscomb, 1999].
The VIIRS Ice Surface Temperature (IST) EDR provides the
radiating, or “skin”, temperature at the sea ice surface. It is
not strictly an ice temperature; it includes the aggregate temper-
ature of objects comprising the ice surface, including snow and
melt water on the ice. Inland water bodies and coastal ice tem-
peratures are available from the land surface temperature EDR.
The VIIRS IST EDR (Figure 1) provides surface temperatures
retrieved at VIIRS moderate resolution (750 m at nadir), for
ice-covered oceans both day and night [Baker, 2011a]. The
required measurement uncertainty is 1 K over a measurement
range of 213–275 K.

3.1. Algorithm Description

[10] The baseline split window algorithm statistical regres-
sion method uses two VIIRS infrared (IR) bands, 10.76 μm
(M15) and 12.01 μm (M16), for both day and night. It is based
on the AVHRR heritage IST algorithm of Yu et al. [1995]:

IST ¼ ao þ a1TM15 þ a2 TM15 � TM16ð Þ þ a3 sec zð Þ � 1ð Þ (1)

where TM15 and TM16 are the VIIRS top-of-atmosphere
(TOA) brightness temperatures for the VIIRS M15 and
M16 bands, respectively, z is the satellite zenith angle, and
ao, a1, a2, and a3 are regression coefficients. The VIIRS
IST algorithm is similar to the IST algorithm first developed
by Key and Haefliger [Key and Haefliger, 1992; Key et al.,
1997] for AVHRR. The Key et al. [1997] algorithm was later
adopted for MODIS [Hall et al., 2004].
[11] Pixel level quality flags that provide information such

as the cloud confidence, subpixel ice fraction, and other
information relevant to retrieval quality are provided with
the product and described in detail in the IST Operational
Algorithm Description Document [Baker, 2013b].

Figure 1. Composite of the VIIRS Ice Surface Temperature
EDR over the Arctic on 17 March 2013. VIIRS Land and
Cloud Masks are filled as black. Some underestimation of
cloud by the VIIRS Cloud Mask occurs in this scene.
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3.2. Validation

[12] IST EDR performance is dependent upon the quality
of the input SDR brightness temperatures, VIIRS Cloud
Mask IP cloud confidence, Ice Concentration IP, Aerosol
Optical Thickness IP, and regression coefficients derived
from matchups between the VIIRS M15 and M16 TOA
brightness temperatures and truth surface temperature sources
for snow/ice-covered ocean. The IST validation results shown
here use prelaunch regression coefficients [Ip and Hauss,
2009] derived from global synthetic data [Baker, 2012b] that
included the effects of VIIRS sensor relative spectral response
and sensor noise based on prelaunch test measurement
sensor characterization.
[13] Validation of VIIRS IST data is being performed

primarily with IST measurements acquired during NASA’s
Operation IceBridge, which commenced in 2009 and is
ongoing, utilizing an aircraft carrying several instruments to
measure sea ice and ice sheet characteristics over the Arctic
during the spring and the Antarctic in the fall. During
March and April 2012, the NASA P-3 aircraft was deployed
carrying a Heitronics, Inc. KT-19, which is a downward
pointing IR pyrometer that measures the ice surface temp-
erature, though no atmospheric corrections are performed.
Figure 2 shows the track of the NASA P-3 aircraft for the 14
March 2012 IceBridge flight. The P-3 flew at an altitude of
300 m over the sea ice during the flight segment analyzed.
[14] Figure 3 shows a comparison between the IST mea-

sured by the KT-19, the nearest VIIRS IST measurement,
and the MODIS IST product. The MODIS ice surface temper-
ature is retrieved using the algorithm of Key et al. [1997]. The
comparison is for the flight leg from 16:03:37 to 19:10:08
(west of�120 longitude). The VIIRS overpass occurred from
16:01 to 16:06 UTC and MODIS from 16:35 to 16:40 UTC.
IST observations were averaged over 100 points for each
VIIRS IST EDR pixel.
[15] Early in 2013, NASA’s Land Product Evaluation and

Analysis Tool Element reprocessed portions of the VIIRS
IST EDR that are coincident with segments of 16 IceBridge
flights over sea ice during March and April 2012. The
reprocessed VIIRS IST EDR for 14 March 2012 shows very

good agreement with the ice surface temperature observed
by the KT-19 and with the MODIS IST. Mean ice surface
temperature for the 14 March flight track segment, which
overlapped 890 VIIRS pixels was �33.24°C for VIIRS,
�33.39°C for MODIS, and �33.75°C for the KT-19. An
RMS difference of 0.6°C is found between the VIIRS and
KT-19 temperatures while MODIS/KT-19 RMS was 1.19°C,
and VIIRS/MODIS RMS was 1.12°C.
[16] The Suomi NPP VIIRS ice surface temperature

retrievals were also evaluated on a broader scale using collo-
cated ice surface temperature retrievals from MODIS. The
MODIS MOD29 product for Terra (MYD29 for Aqua) con-
tains 1 km resolution retrieved ice surface temperature under
clear-sky conditions. Suomi NPP and Aqua have similar
orbit characteristics, and their ground tracks converge for a
few orbits every 2–3 days. For the converged orbits within a time
gap of 5 min, ice surface temperature retrievals from MODIS
and VIIRS were remapped to a 1 km Polar EASE-Grid using
nearest neighbor for the interpolation. An example of the
collocated VIIRS IST and MODIS IST on 6 February 2013

Figure 2. NASA P-3 flight track for 12 March 2012. Times are in UTC.

Figure 3. Comparison between the IST (°C) measured by
the KT-19 (in black, smoothed over 100 points), the nearest
VIIRS IST measurement (in green) and MODIS observation
(red). The comparison is for the leg from 16:03:37 to
19:10:08 (west of �120 longitude) on 14 March 2012.
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is shown in Figure 4, with the VIIRS moderate resolution
band 15 (M15, 10.76 μm) brightness temperature and 2 m
air temperature from the National Centers for Environmental
Prediction/National Center for Atmospheric Research (NCEP/
NCAR) Reanalysis as reference. The ice surface temperature
retrieval over the Arctic Ocean from VIIRS shows similar
spatial patterns and values as that fromMODIS, and both pat-
terns are similar to that of NCEP/NCAR 2 m air temperature.
VIIRS retrievals are available for more pixels due possibly to
the cloud leakage (undetected clouds) in VIIRS cloud mask,
particularly during nighttime, and MODIS ice surface temper-
ature retrievals include open water at night.
[17] All collocated VIIRS and MODIS Terra and Aqua ice

surface temperature retrievals under clear-sky conditions
were collected from August 2012 to May 2013 over both
the Arctic and Antarctic. In each month, a histogram of ice
surface temperature differences of VIIRS and MODIS was
plotted for all cases, binned for MODIS ice surface tempera-
ture ranges of 213–230 K, 230–240 K, 240–250 K, 250–260 K,
and 260–275 K. The bias is defined as the mean of the mea-
surement errors (differences). Measurement uncertainty is
defined as the root-mean-square of the measurement errors.

[18] An example of the histogram and statistical analysis in
February 2013 is shown in Figure 5. Over 100 million collo-
cated cases were used. The VIIRS ice surface temperature
retrievals show the largest negative bias and measurement
uncertainty when the surface temperature is close to melting
point. With lower surface temperatures, the VIIRS ice surface
temperature retrievals show a smaller negative bias and smaller
measurement uncertainty. Overall, the measurement uncer-
tainty of VIIRS ice surface temperature retrievals is slightly
over 1 K. The performance in other months is similar for both
the Arctic and Antarctic.
[19] The IST EDR contains retrievals for false ice. Some of

the false ice in the VIIRS Sea Ice Concentration IP has been
linked to cloud “leakage” (cloud misidentified as clear) in the
VIIRS CloudMask (VCM), which is still maturing. IST EDR
surface temperature performance bias is relatively small but
may improve with updated regression coefficients.

4. Sea Ice Concentration IP

[20] Ice concentration is the fractional area coverage of
ice. The VIIRS Sea Ice Concentration IP consists of ice

Figure 4. (top left) Suomi NPP VIIRS 11 micron Brightness Temperature, (top right) NCEP surface air
temperature, (bottom left) ice surface temperature from Aqua MODIS, and (bottom right) Suomi NPP
VIIRS EDR on 6 February 2013.
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concentration at VIIRS Imagery spatial resolution (375 m
at nadir), for both day and night, over oceans poleward of
36°N and 50°S latitude. There are no accuracy requirements
for intermediate products.

4.1. Algorithm Description

[21] The Ice Concentration algorithm computes ice fraction
based on ice and water tie points determined from VIIRS I1
(0.64 μm) and I2 (0.865 μm) reflectance and surface tempera-
ture from the VIIRS Surface Temperature IPwhich is based on
the VIIRS I5 band (11.5 μm):

f ¼ Σj wj

�
bj–bj;water
� �

= bj;ice–bj;water
� ��=Σjwj (2)

where f is the calculated ice fraction at pixel, wj is the relative
quality weight in a band, bj,ice is the ice tie point, bj,water is the
water tie point, and bj is the pixel reflectance or brightness
value for jth source (I1, I2, or Surface Temperature IP).
[22] Ice/water thresholds are determined from the local

minimum of the distribution of reflectance and temperature.
Ice and water tie points are derived from the local maxima
of the reflectance and temperature distribution within a slid-
ing search window centered on each pixel. Ice fraction for
each pixel is computed as a quality-weighted average of the
fractions independently retrieved for the VIIRS I1 and I2
reflective bands and the Surface Temperature IP. Cloud and
quality information are provided by the Ice Quality Flags IP
and the Ice Weights IP. Outputs are the Ice Concentration
IP and the Reflectance/Temperature IP.

4.2. Validation

[23] The quality of VIIRS sea ice concentration is evalu-
ated using collocated sea ice concentration retrievals from
the Special Sensor Microwave Imager/Sounder (SSMIS)
onboard the DefenseMeteorological Satellite (DMSP) F17 sat-
ellite processed with the NASA Team Algorithm [Comiso
et al., 1997]. This passive microwave product contains daily
sea ice concentrations at a resolution of 25 km for both hemi-
spheres. Collocated sea ice concentration retrievals fromVIIRS
and the daily passive microwave product are remapped to a
25 km polar EASE-Grid with the nearest neighbor interpo-
lation for the passive microwave data and a weighted average
for interpolation for VIIRS.
[24] An example of the collocated VIIRS and passive

microwave sea ice concentration on 30 April 2013 is given
in Figure 6. The microwave product shows a reduction in
the sea ice concentration from the pack ice to the ice edge,
while the VIIRS product does not. This difference can be
attributed in part to the differences in what the instruments
measure (microwave emission versus visible reflectance and
thermal emission), instrument field-of-view, and the funda-
mental differences in the retrieval algorithms. Additionally,
sea ice concentration retrievals from passive microwave
sensors are less reliable in the presence of melting snow/ice,
which is common in the marginal ice zone. The underestima-
tion is shown in Figure 6 when VIIRS and passive microwave
sea ice concentration are compared to the sea ice concentration
from an operational ice chart. Over Hudson Bay, Hudson
Strait, and Davis Strait, both the ice chart and VIIRS show

Figure 5. Histogram of ice surface temperature differences of Suomi NPP VIIRS and MODIS (Aqua and
Terra) in February 2013 in the Arctic (top left) for all cases and for cases withMODIS ice surface temperature
in the ranges 213–230 K, 230–240 K, 240–250 K, 250–260 K, and 260–275 K. Measurement bias (bias) and
measurement uncertainty (uncer) are indicated for each bin.
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higher than 90% sea ice concentration, while the microwave
product shows sea ice concentrations around 50%. This also
explains the large sea ice concentration differences for the
intermediate values frommicrowave product shown in Figure 7.
[25] All collocated VIIRS and passive microwave sea ice

concentration retrievals in each month were collected from
August 2012 to May 2013 over both the Arctic and Antarctic.
In each month, histograms of sea ice concentration differences

between the VIIRS and passive microwave products were
plotted for all cases and for cases with passive microwave
sea ice concentrations in the bins 0–20%, 20–40%, 40–60%,
60–80%, and 80–100%.
[26] An example of the histogram and statistical analysis in

February 2013 is shown in Figure 7. Over 200,000 collocated
cases were collected in that month. The VIIRS sea ice con-
centration retrievals show the smallest bias and precision,

Figure 6. Sea ice concentration (top left) from Suomi NPP VIIRS IP, (top right) from the SSMIS using
NASA team algorithm on 30 April 2013, and (bottom) from the Canadian Ice Service weekly ice chart
on 29 April 2013.
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defined as the standard deviation of the measurement errors,
for surface sea ice concentration between 80 and 100%.
With lower sea ice concentration, the VIIRS retrievals show
larger values of measurement bias and precision. Overall,
the measurement accuracy and precision of VIIRS sea ice
concentration retrievals are approximately 5% and 15%,
respectively. These relatively small values are due to the
larger percentage of cases with sea ice concentration between
80 and 100%. In the Arctic, the bias of VIIRS versus passive
microwave sea ice concentration are under 10% for most
months, while the precision increases from 15% in February
to 30% in July. In the Antarctic, the biases increase from
13% in July and August to over 20% in February; and the
precision increases from 13% in July to 30% in February.
The underestimation of microwave sea ice product for inter-
mediate sea ice concentration may be the main reason for
these differences.
[27] Discontinuities with false and missing ice have been

observed in transitions from day to night. Nighttime perfor-
mance is poorer than daytime. The ice concentration perfor-
mance bias is small but not trivial and may be improved
with additional quality checks, algorithm quality checks and
maturation of the VCM, and updated Surface Temperature
IP regression coefficients.

5. Sea Ice Characterization EDR

[28] Spaceborne sensors, particularly passive microwave
radiometers and synthetic aperture radar, have been used pri-
marily to map ice extent and ice concentration and to monitor

and study their trends [Comiso, 2002; Maslanik et al., 2007;
Drobot et al., 2008; Comiso et al., 1997]. Sea ice thickness
and volume estimation methods were developed for use
with elevation data from the Ice, Cloud and land Elevation
Satellite’s laser altimeter [Kwok and Cunningham, 2008;
Kwok et al., 2009; Zwally et al., 2008], and measurements
of sea ice thickness and estimates of sea ice volume have
been made using satellite radar altimetry from the recently
launched European Space Agency CryoSat-2 mission. Arctic
sea ice thickness has also been estimated using airborne radar
observations during NASA’s IceBridge campaign [Kurtz
et al., 2013].
[29] The VIIRS Sea Ice Characterization EDR provides an

ice age class. VIIRS ice age consists of ice classifications for
Ice Free, New/Young, and Other Ice at moderate spatial res-
olution (750 m at nadir), for both day and night, over oceans
poleward of 36°N and 50°S latitude. New/Young ice is
discriminated from thicker ice (“Other Ice”) by a threshold
ice thickness of 30 cm. The accuracy requirement is 70%
correct typing of new/young ice, other ice, and ice-free.

5.1. Algorithm Description

[30] There is no operational visible/IR heritage for this
product, although there is research heritage using AVHRR
[Massom and Comiso, 1994; Yu and Rothrock, 1996; Wang
et al., 2010]. Satellite-based passive microwave instruments,
such as the DMSP SSM/I, are used to distinguish first year
from multiyear ice [e.g., Comiso et al., 1997] at much lower
spatial resolutions than the VIIRS visible bands provide.
Discrimination of new/young ice from thicker ice by the

Figure 7. Histogram of sea ice concentration differences of Suomi NPP VIIRS and microwave using
NASA team algorithm in February 2013 in the Arctic (top left) for all cases and cases with microwave
sea ice concentration in the ranges 0–20%, 20–40%, 40–60%, 60–80%, and 80–100%. Measurement
accuracy (bias) and measurement precision (prec) are indicated for each bin.
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Sea Ice Characterization EDR is achieved by two algorithms:
an energy balance approach [Yu and Rothrock, 1996] for
nighttime and a reflectance/temperature approach during
the day.
[31] The energy (heat) balance method for night and high

solar zenith angles is as follows:

Qs ¼ QΣ 1� αð Þ þ Ea–Es þ Qt þ Qe (3)

H ¼ λi T � θð Þ
QΣ 1� αð Þ þ Ea � Es þ Qt þ Qe

� λih
λs

(4)

where Qs is the resultant heat flux from the atmosphere to the
ice (snow) surface, QΣ is total incident short-wave solar radi-
ation, α is the surface albedo, Ea is the long-wave radiation
from the atmosphere, Es is the long-wave radiation from the
surface, Qt is the turbulent heat exchange, Qe is the heat
exchange due to evaporation, H is the ice thickness, h is the
snow depth, λi is the thermal conductivity of sea ice, λs is
the thermal conductivity of snow, Ts is the surface temp-
erature, and θ is the freezing temperature of water. In this
algorithm, Ts and Es are computed for each pixel based
on an ice “tie point” temperature that is determined from
the distribution of VIIRS-retrieved surface temperatures for
the local sliding window centered on each pixel. NCEP-
gridded surface fields (surface pressure, surface air temperature,

specific humidity, and wind speed) are used to determine
Ea, Qt, and Qe. The incident short-wave solar radiation is
determined based on precomputed tables of atmospheric
transmittance and solar irradiance using the 6S radiative
transfer code [Vermote et al., 1997]. Snow depth for the
30 cm ice thickness threshold is calculated based on the
heat/energy balance (equation (4)). The pixel is then classi-
fied by comparing the computed snow depth to a clima-
tology look-up table (LUT) snow depth for a 30 cm ice
thickness threshold.
[32] The reflectance/ice thickness retrieval method uses a

modeled Sea Ice Reflectance LUT for daytime. This daytime
(reflectance) algorithm uses ice tie point reflectance from
VIIRS I1 and I2 bands, the VIIRS Cloud Mask (VCM) IP,
the VIIRS Aerosol Optical Thickness (AOT) IP, and NCEP-
gridded precipitable water and total ozone fields. The snow
depth for each ice thickness bin is obtained from the modeled
snow depth/ice thickness LUT. Ice thickness is estimated from
the sea ice reflectance LUT using ice tie point reflectances,
modeled snow depth, aerosol optical depth (AOT), precipita-
ble water, and solar and satellite view geometry. A pixel is
classified by comparing retrieved ice thickness to 30 cm ice
thickness threshold.
[33] Pixel level quality flags that provide information

relevant to retrieval quality, such as cloud confidence, are

Figure 8. (left) VIIRS Sea Ice Characterization EDR and (right) MODIS Sea Ice Extent over the Beaufort
Sea during 6 May 2012.

Figure 9. (left) VIIRS Sea Ice Characterization EDR and (right) IMS Sea Ice Extent during 17March 2013.
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provided with the product and described in detail in the
VIIRS Sea Ice Age EDR Operational Algorithm Description
Document [Baker, 2012c].

5.2. Validation

[34] The Sea Ice Characterization (SIC) EDR is being eval-
uated by examining Northern and Southern Hemisphere large-
scale ice classification, as well as more localized regions of
interest such as the Beaufort Sea. For example, Figure 8
utilizes the daytime, reflectance threshold branch of the SIC
EDR. Ice and ice-free areas agree well, as do the cloud masks
from VIIRS and MODIS. The coverage of sea ice appears
reasonable, and new/young ice appears in sea ice leads
(fractures) and near the coast. However, the appearance of
new/young ice in the upper right portion of the image is likely
a misclassification, possibly caused my low clouds or fog not
identified by the VIIRS Cloud Mask. Note that MODIS does
not classify ice type, rather ice and ice-free areas only.
[35] The similarity for ice coverage in the Arctic is evident

in Figure 9, which compares the VIIRS SIC sea ice classifica-
tion using both the daytime and nighttime algorithm branches
with ice extent from the Interactive Multisensor Snow and Ice
Mapping System (IMS) Daily Northern Hemisphere Snow
and Ice Analysis, a 4 km product [National Ice Center, 2008].
Table 1 summarizes the agreement for ice and ice-free areas.
Although the coverage of ice is in general agreement,
inspection of this hemispheric image indicates that new/
young ice is considerably overestimated by the VIIRS SIC
and with unrealistic spatial patterns. In some cases, the
classification is reversed (for example, with thin ice leads
classified as other ice, while areas of thicker ice are assigned
to the new/young class). Note that the IMS product does not
distinguish ice type.
[36] The SIC product was also compared to ice thickness cal-

culated with the One-dimensional Thermodynamic Ice Model
(OTIM) of Wang et al. [2010]. The OTIM was developed
based on the surface energy budget theory. Extensive valida-
tion of OTIM has been done with sea ice thickness measure-
ments from submarine cruises, upward looking sonar (ULS)
moorings, and in situ measurements in the Arctic Ocean. The
overall uncertainty of the OTIM-estimated ice thickness is
about 20% for both thin and thick ice [Wang et al., 2010].
[37] The OTIMwas applied to VIIRS data to first retrieve sea

ice thickness with input clear-sky VIIRS ice surface tempera-
ture and ice surface broadband albedo (when available). Sea
ice was then classified into ice free, new/young ice, and other
ice for comparison to the VIIRS Sea Ice Characterization
EDR. Figure 10 shows the Arctic sea ice age from the SIC
EDR and from OTIM for 5 May 2013 at 13:50 UTC.

Statistical results for this case shown are given in Table 2.
Results for other days and for the Antarctic are similar.
Overall, the SIC EDR sea ice age classification overestimates

Table 1. Comparison Between IMS Sea Ice Extent (ISIE) and VIIRS Sea Ice From Ice Age (VIA) EDR

Comparison Set Number of Pixels Percentage

VIA equal to New/Young, Other or Ice Free and ISIE equal to sea ice or Ice Free 1245353 a

VIA equal New/Young or other ice 866284 69.6 of valid pixels
ISIE equal to sea ice 805220 64.7 of valid pixels
VIA equal to Ice Free 379069 30.4 of valid pixels
ISIE equal to Ice Free 440133 35.3 of valid pixels
VIA equal to New/Young, or other ice and ISIE equal to sea ice 784581 97.4b

VIA equal Ice Free and ISIE equal to Ice Free 358430 81.4c

aThis is the set of valid comparison pixels.
bRepresents a match between VIA Sea Ice and ISIE Sea Ice, % = (# matching ice pixels/# ISIE ice pixels).
cRepresents a match between VIA Ice Free and ISIE Ice Free % = (# matching ice-free pixels/ # ISIE ice-free pixels).

Figure 10. (top) Sea ice age categories from VIIRS sea
ice age classification and (bottom) OTIM ice thickness
converted to the same categories at 13:50 UTC on 5 May
2013 in the Arctic Ocean. The day/night terminator (90° solar
zenith) passes approximately through the center of the image
from bottom left to top right.
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new/young ice percentage and underestimates all other ice
percentages, particularly for nighttime conditions, in com-
parison to OTIM results.
[38] In general, significant discontinuities in ice classifica-

tion between New/Young and Other Ice have been observed
in the granule level mapped composite data. Ice classification
discontinuities are most evident near the terminator where
the algorithm transitions from the daytime reflectance-based
algorithm to the nighttime energy balance algorithm. The
snow depth thresholds based on the snow/depth ice thickness
climatology LUT are problematic. A possible solution is the
use of ancillary precipitation to derive snow depth and com-
pute an ice thickness based on that snow depth. The lower
reflectance of melting sea ice appears to cause the SIC EDR
to indicate New/Young Ice, although this type of ice cannot
be present this time of year.
[39] Future validation of the Sea Ice Characterization EDR

will also employ in situ and model data. For example, there
are in situ measurements of ice thickness from the New
Arctic Program initiated by the Canadian Ice Service in
2002 and sea ice draft measurements from moored ULS in-
struments in the Beaufort Gyre Observing System. The
Pan-Arctic Ice-Ocean Modeling and Assimilation System
developed by Zhang and Rothrock [2003] simulates the ice
thickness distribution, which can also be used for validation.

6. Snow Cover EDR

[40] The VIIRS Snow Cover EDR includes binary (snow/
no-snow) and fractional snow cover products. Binary snow
cover is derived at 375 m spatial resolution, whereas the spa-
tial resolution of the fractional snow cover product is 750 m.
The accuracy requirement for binary snow cover is 90% cor-
rect classification. For fractional snow cover the requirement
is 10% uncertainty in the fractional snow-covered area over a
measurement range of 0–100%. Both products apply to the
land surface only under clear-sky conditions.

6.1. Algorithm Description

[41] The VIIRS snow identification algorithm used to
generate the binary snow cover product is an adaptation
of the heritage MODIS SnowMap algorithm [Hall et al.,
2001] that discriminates snow-covered from snow-free
pixels. Snow in the VIIRS field of view is identified using
a series of threshold tests involving observations in the

imagery resolution spectral bands I1 (centered at 0.645 μm),
I2 (0.865 μm), I3 (1.61 μm), and I5 (11.45 μm). Besides
the observed TOA reflectance and brightness temperatures,
the snow identification algorithm uses two spectral indices, the
Normalized Difference Snow Index (NDSI) and Normalized
Difference Vegetation Index (NDVI), which are calculated
from the observed reflectance in the bands I1 (RI1), I2 (RI2),
and I3 (RI3):

NDSI ¼ RI1 – RI3ð Þ = RI1 þ RI3ð Þ (5)

NDVI ¼ RI2 – RI1ð Þ = RI2 þ RI1ð Þ (6)

[42] A pixel in the VIIRS image is considered snow
covered if it satisfies the following threshold conditions:
NDSI> 0.4, RI2> 0.11, and TI5< 281 K, where TI5 is the
brightness temperature observed in the VIIRS band I5. For
smaller NDSI values in the range 0.1–0.4, the pixel can still
be classified as snow covered if it fits NDVI thresholds
determined as a function of NDSI:

NDVI_lower ¼ a1 þ a2 * NDSI (7)

NDVI_upper ¼ b1 þ b2 * NDSIþ b3 * NDVIð Þ2 þ b4 � NDVIð Þ3
(8)

where the values of coefficients a1, a2, b1, b2, b3, and b4 are
defined following Klein et al. [1998].
[43] Adaptations of the heritageMODIS algorithm to VIIRS

involved the use of VIIRS TOA brightness temperature
(TI5) for thermal false snow screening instead of the esti-
mated land surface temperature in the MODIS algorithm,
and the use of VIIRS band 1 reflectance at 0.645μm (RI1)
to calculate NDSI instead of the MODIS reflectance at
0.555 μm [Baker, 2011b]. To roughly account for the differ-
ence between the TOA brightness temperature and the land
surface temperature, the brightness temperature threshold in
the VIIRS algorithm was lowered slightly as compared to the
one used in the MODIS data-processing system (281 K for
VIIRS; 285 K for MODIS).
[44] Sincemost clouds are opaque in the optical and infrared

spectral bands, identification of snow in the VIIRS imagery
is limited to cloud-clear conditions. Clouds within the VIIRS
data-processing system are identified with a separate algo-
rithm [Baker, 2013a] prior to the snow mapping. However,
rather than a two-category (yes/no) cloud mask, information
on the cloud cover is provided with a four-category cloud
confidence flag. The four categories of cloud confidence,
“confidently cloudy”, “probably cloudy”, “probably clear”, and
“confidently clear”, allow for generating three different cloud
masks and, correspondingly, three different snow cover maps
from the same snow cover product. Since the product algo-
rithm theoretical basis document does not explicitly identify
what particular cloud mask should be used with the product
[Baker, 2011b], this may create confusion when evaluating,
validating, and comparing the snow-mapping results. In the
validation studies described here, VIIRS snow cover maps
were generated using themost conservative cloudmask, where
all cloud confidence categories except “confidently clear” are
considered cloudy, and the snow map is derived only for
“confidently clear” areas. A “relaxed” mask incorporating
pixels labeled as “confidently cloudy” and “probably cloudy”
was also tested but proved to be less accurate than the

Table 2. Percentage in Each Ice Age Category From VIIRS and
OTIM for Figure 10

Categories
VIIRS
Ice Age

OTIM
Ice Age

Difference
(VIIRS-OTIM)

Day and night time
Ice free 17 25 �8
New/Young ice 29 11 18
Other ice 54 64 �10

Daytime
Ice free 14 24 �10
New/Young ice 24 5 19
Other ice 62 71 �9

Nighttime
Ice free 26 29 �3
New/Young ice 50 25 25
Other ice 24 46 �22
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conservative mask. Application of the cloud mask consisting
only of “confidently cloudy” pixels resulted in extensive cloud
misses and corresponding large snow cover identification
errors. Therefore, snow products generated with this latter
cloud mask were not considered in this study.

6.2. Validation

[45] Results presented in this section are based on the anal-
ysis of VIIRS snow cover binary maps generated during
a 6 month period starting in December 2012 and ending
in May 2013. Continuous updates and improvements have
been made to the VIIRS Cloud Mask algorithm (VCM) since
the beginning of VIIRS product generation in early 2012. A
VCM algorithm update introduced inNovember 2012 resulted
in significantly improved cloud detection. Data prior to
November 2012 were excluded from the analysis due to the
substantial variation of performance of the VIIRS Snow
Cover EDR associated with evolution of the VCM. In the
period from December 2012 to May 2013 both the snow iden-
tification and cloud identification algorithms remained essen-
tially unchanged, providing a relatively consistent time series
of the snow cover product.
[46] Analysis of the VIIRS snow cover EDR was

performed using the VIIRS level 2 (granule-based) snow
product. To facilitate the analysis and comparison of VIIRS
snow maps with other snow cover products, the original
binary snow cover granules were resampled into global

latitude-longitude grids with 0.01° (or about 1 km) grid cell
size. The nearest neighbor approach was implemented in the
resampling process. An example of the snow cover granule
and the global daily snow cover map generated with VIIRS data
are presented in Figure 11. Gaps in the area coverage of the
VIIRS snowmap over ocean areas occur because granules with
no land pixels are not processed by the system. Due to the large
volume of VIIRS data, data processing and analysis was limited
to every third day during the time period fromDecember 2012
to May 2013. Overall, the data set included about 60 daily
global maps of snow cover derived from VIIRS data.
[47] Different approaches have been used to evaluate the per-

formance of the VIIRS snow-mapping algorithm and to assess
the accuracy of the derived binary snow cover maps. For qual-
itative analysis VIIRS snow cover maps were compared with
corresponding false color imagery (Figure 12). For quantita-
tive accuracy assessment the maps were compared with in situ
snow observations at ground-based stations. VIIRSmapswere
also checked for consistency with other satellite-based snow
cover products. The latter included snow and ice cover charts
generated interactively within NOAA Interactive Multisensor
Snow and Ice Mapping System (IMS) [Helfrich et al., 2007]
and snow maps derived within an automated approach from
MODIS sensor onboard NASA’s Terra and Aqua satellites.
[48] Visual examination of the VIIRS snow cover maps in

winter and spring of 2012–2013 (Figure 12) has shown that
they adequately reproduce major patterns of the global snow

Figure 11. (top) Example of a granule of VIIRS binary snow cover map product with water mask and
cloud mask overlaid. Black stripes show dropped portions of scan lines in the granule, the so called
“bow tie” effect. (bottom) Daily global snow cover map derived from VIIRS data. Granules containing
no “land” pixels are not processed by the VIIRS snow algorithm. This causes gaps in the global snow cover
map over ocean areas.
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cover distribution and seasonal changes of the snow extent.
Most issues found in the VIIRS maps are due to physical lim-
itations of the remote-sensing method involved and are inher-
ent to snow cover maps derived from satellite optical sensor
data. Occasional snow misses in the VIIRS snow maps were
observed in the boreal forest zones both in Canada and in
the Russian Far East due to masking of snow by the forest can-
opy. The extent of snow misses in the forest had noticeably
increased toward late spring. This is explained by an increas-
ing amount of exposed forest litter over the melting snow pack
on the forest floor and by reduced reflectance of old melting
snow in the visible spectral band. Both factors make the snow
cover more difficult to identify.
[49] Snow misses in the VIIRS snow cover map in forested

areas are clearly seen in Figure 13, which presents an exam-
ple of the IMS daily snow cover map over the Northern
Hemisphere with the VIIRS snow map overlaid. As compared
to VIIRS, IMS analysts tend to identify larger areas as snow
covered along the snow cover boundary. Still, the two prod-
ucts demonstrate good agreement on the location of the snow
cover boundary in the regions where clouds do not prevent
automated snow retrievals.
[50] False snow identifications in the VIIRS snow maps

occurred most often in the midst of large cloud masses and
were apparently caused by failure of the VIIRS cloud algo-
rithm to properly identify clouds in the instrument field of
view. Figure 13 shows patches of snow cover in the midst

of clouds identified by VIIRS in the northern part of the
Balkan Peninsula in Europe that are quite likely spurious
snow. They are located much south of the snow line seen in
clear-sky portions of the VIIRS map east and west of this re-
gion and contradict with the results of the IMS interactive
analysis of the snow cover distribution. Our analysis of
VIIRS snow cover maps over low-elevation equatorial
regions of South America and Africa that never have a
seasonal snow cover has shown that spurious snow cover
typically occurs in about 0.08–0.12% of all land pixels.
Although the fraction of false snow identification is small,
these errors are still noticeable in the global product and thus
can lower confidence in the product.
[51] The conterminous United States (CONUS) offers

the best opportunity for detailed quantitative validation of
VIIRS snow cover maps. Besides several hundred synoptic
and airport meteorological stations, reports on the snow
depth over CONUS are available from several thousand
U.S. Cooperative Network stations (Figure 14). Unlike syn-
optic stations, U.S. Cooperative stations report zero snow
depth when there was no snow on the ground. These reports
provide an opportunity to identify both snow omission and
commission errors in the satellite product. Synoptic stations
in North America and elsewhere in the world issue a missing
data report both when the snow depth observation is missing
and when there was no snow on the ground. As a result these
reports can be used only to identify snow misses in the
remote-sensing product. To evaluate the accuracy of blended
snow cover maps we directly compared the station data to
corresponding grid cells of the snow map. The accuracy
was estimated as the fraction of matched satellite-station
pairs, where the two products agreed on the state of the snow
cover to the total number of matchups.
[52] The comparison of VIIRS-gridded snow cover maps

with station data over the CONUS area has demonstrated a
close agreement between the two data sets. The time series
of the accuracy estimates presented in Figure 14 shows that
the rate of agreement between satellite and surface observa-
tions of snow cover dropped below 90% for only 1 out of
60 days. For most of the winter season the rate of agreement
ranged from 93 to 98%. As seen in Figure 14, in the begin-
ning of the winter season errors were mostly associated with
snow misses, whereas in the end of the winter season and
in spring most errors were due to false snow identification.
The increase in the agreement between the two data sets to
almost 100% in late April and in May is not indicative of
the true accuracy of VIIRS discrimination of snow-covered
and snow-free land surface since at that time the CONUS
area was snow free except for a few mountainous locations.
[53] A comparison of VIIRS snow cover maps with NOAA

interactive snow charts (IMS) cannot be considered as true
validation since the NOAA snow product is based on the
analyst’s interpretation of the satellite imagery and other
ancillary data rather than on direct snow cover measure-
ments. Nevertheless, NOAA charts are generally viewed
as the most accurate and reliable source of information on
the large-scale snow cover distribution and therefore present
a valuable resource for validation of an automated product.
Due to coarser, 4 km spatial resolution, IMS maps may not
be able to adequately reproduce small-scale peculiarities of
the snow cover distribution, particularly in the mountains or
in the vicinity of the snow line seen by VIIRS. However,

Figure 12. Comparison of (top) false color imagery and
(bottom) binary snow retrieval, where white is snow, yellow
is non-snow, gray is cloud, and cyan is water, at imagery reso-
lution in swath coordinates for a subset of VIIRS granule obser-
vations on 16 April 2013 at 06:20 UTC. The false color image
is a combination of VIIRS bands 3 (red), 1 (green), and 5 (blue).

KEY ET AL.: SNOW AND ICE PRODUCTS FROM VIIRS

12



human involvement in the process of snow map generation
practically excludes the occurrence in the IMS of occasional
serious snow-mapping errors that are frequently seen in
automated products.
[54] To compare IMS charts with VIIRS snow maps, both

products were mapped to a latitude-longitude grid with a 0.05°
(or about 5 km) grid cell size, also known as the Climate
Modeling Grid. IMS charts were resampled to this grid,
whereas VIIRS snowmap data at 1 km spatial resolution were

aggregated within 5 km grid cells. VIIRS grid cells with over
50% of cloudy pixels were assigned a “cloudy” flag, whereas
the rest of the land grid cells were labeled as snow covered or
snow free according to the dominant category of pixels in the
grid cell. “Cloud-clear” 5 kmVIIRS snowmap grid cells were
then compared to corresponding IMS grid cells. Figure 15
gives the results of the quantitative comparison of the VIIRS
and IMS daily snow maps over the Northern Hemisphere,
demonstrating a close correspondence of the two products.

Figure 14. (top) VIIRS binary snow cover map over conterminous U.S. (CONUS) with surface snow
cover observation data overlaid. Clouds are shown in gray. (bottom) Statistics of errors and agreement
between the VIIRS daily snow cover map and station data during the time period from December 2012
to May 2013. Comparison was performed for every third day during this time period.

Figure 13. Overlay of the VIIRS daily snow map over the IMS snow product on 27 February 2013.
(top) Northern Hemisphere. (bottom) Enlarged portion of the map over Europe.
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The rate of agreement on the snow cover distribution
remained above 98% and averaged to about 99% during
most of the winter 2012–2013 and in the beginning of
spring 2013 but dropped slightly to about 95% in May. A
somewhat lower agreement between the two products in late
spring may be caused by lower accuracy in the IMS maps.
In spring the snow cover melts off earlier than ice on lakes.
In the regions having a large number of small water bodies
and particularly in the tundra zone IMS analysts frequently
interpret this mixture as continuous snow cover and thus
overestimate the snow cover extent. It is important to note
that comparison between the VIIRS and IMS snow maps
was performed only over regions identified in the VIIRS
Cloud Mask as “confidently clear”.
[55] The accuracy of VIIRS snow cover maps is close to the

estimated accuracy of MODIS snow cover maps. Studies
comparing MODIS data with in situ observations typically
report 93–97% agreement between the two data sets [Hall
and Riggs, 2007]. Our analysis of the snow map products
based on MODIS and VIIRS data, however, has shown that
substantially more clouds are mapped in the VIIRS snow
map than in the MODIS product. The fraction of pixels iden-
tified as cloudy in the MODIS snowmap is typically 55–60%
[e.g.,Wang et al., 2008], whereas in the VIIRS snow product
the fraction of cloudy pixels identified with the conservative
cloud mask is 65–70%. As a result, the effective daily area
coverage of current VIIRS snow maps was substantially
smaller than that of MODIS.
[56] A comprehensive analysis of the reasons for over-

estimation of the cloud amount by the VIIRS cloud identifi-
cation algorithm falls beyond the scope of this study. Still,
one of these reasons is clearly the tendency of the VIIRS
cloud algorithm to interpret shallow and patchy snow cover
under clear-sky conditions as a cloudy scene. As a result,
areas in the vicinity of the snow line corresponding to the
transition from completely snow-covered land surface to
completely snow free are frequently mapped in the VIIRS
snow cover map as cloudy. Since most disagreement between
the satellite and in situ snow observations occurs in the tran-
sition zone, mapping it as cloudy and therefore eliminating
it from the comparison increases the estimated accuracy of
the satellite snow cover product. The conservative nature of
the cloud mask should therefore be accounted for in the
overall evaluation of the quality of the satellite-based snow
cover map along with its accuracy. However, quantitative
criteria that would incorporate both parameters have yet to
be developed.

[57] Validation of VIIRS snow cover maps was limited to
the Northern Hemisphere. Comprehensive evaluation of
snow cover product over the Southern Hemisphere is not cur-
rently possible, as snow cover over Southern Hemisphere is
not mapped interactively within IMS and there are only a
few ground stations in South America routinely delivering
reports on snow cover. Given that the same algorithm is
applied globally, it is reasonable to assume that the accuracy
of snow maps over the Southern Hemisphere will be similar
to that for the Northern Hemisphere.
[58] In the current version of the VIIRS product generation

system, the snow fraction product is calculated by aggre-
gating the binary snow cover data within 2 × 2 pixel cells.
Hence, the fractional snow cover product is a direct derivative
of the binary snow cover product with little added value.
While case studies have shown that the fractional snow cover
product may meet the accuracy requirement overall, it does
not meet the requirement throughout the measurement range
because only five snow fraction values are possible (0, 25,
50, 75, and 100%) when all four pixels in the 2 × 2 cell are
valid. Transition zones between snow-covered and snow-free
areas are particularly problematic. In the future, the aggrega-
tion approach to estimating snow fraction may be replaced by
a spectral-mixing algorithm [e.g.,Romanov et al., 2003;Painter
et al., 2009] or NDSI-based approach [e.g., Salomonson and
Appel, 2004]. Such a product would be more robust and more
attractive to the users.

7. Summary

[59] The VIIRS snow and ice products include the Ice
Surface Temperature (IST) EDR, the Sea Ice Characterization
EDR, the Sea Ice Concentration IP, and the Snow Cover
EDR. The Snow Cover EDR is comprised of two products: a
binary snow map and fractional snow cover. Primary opera-
tional users of the products in the U.S. are the National Ice
Center, the National Operational Hydrologic Remote Sensing
Center, the National Centers for Environmental Prediction
(NCEP), and the National Weather Service, including the
Alaska Ice Desk.
[60] Early validation results are generally positive. The Ice

Surface Temperature product is meeting the accuracy require-
ments, with a root-mean-square (RMS) error of 0.6–1.0 K
when compared to aircraft data and a similar MODIS product.
The measurement accuracy and precision of VIIRS sea ice
concentration retrievals are approximately 5% and 15% when
compared to passive microwave retrievals. There is no

Figure 15. Statistics of errors and agreement between the VIIRS daily snow cover map and IMS snow
product for the time period from December 2012 to May 2013. Comparison was performed for every third
day during this time period.
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accuracy requirement for intermediate products. Sea ice
characterization, which consists of two age categories, meets
the accuracy requirement for daytime retrievals and some
nighttime retrievals but with substantial misclassification
during many nighttime scenes.
[61] The accuracy of the binary snow cover maps as com-

pared to the station data is generally above 90% and therefore
meets the requirement. The estimated accuracy of VIIRS
snow maps is similar to, and may even exceed, the accuracy
of snow cover maps derived from MODIS. However, this
higher accuracy is partially explained by a more conservative
cloud mask provided with the VIIRS snow cover product.
The second VIIRS snow EDR, fractional snow cover, is a
direct derivative of the binary snow cover map and therefore
is of limited utility.
[62] The products are currently at the “provisional”maturity

level. Provisional maturity means that product quality may not
be optimal; incremental product improvements are still occur-
ring; version control is in affect; the research community is
encouraged to participate in the quality assurance (QA) and
validation of the product but need to be aware that product
validation and QA are ongoing; users are urged to consult the
EDR product status document prior to use of the data in publi-
cations; and the product is ready for operational evaluation.
Further modifications and improvements should be expected
as the issues discussed throughout this paper are addressed.
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