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1.0INTRODUCTION

The importance of monitoring snow cover onset, duration and melt at local, regional and global
scalesand forclimate anchydrologic applications at local and regional scales been

documentedn many studies TheSuomi-NPP(S-NPP) VisibleInfrared Imaging Radiometer

Suite {11 RS) snowcover algorithm and data prodstave been developéat analysis of snow
cover at local to global scaledaily monitoring of snow cover requires a robust algorithm that
can provide accurate results in @inditions spatially and temporally froigtealto the most
challenging viewing situations. TineritageModerate Resolution Imaging Spectroradiometer
(MODIS) snow covemrlgorithm and data prodtschavebeenusedextensively at local, regional

and global scales by numerous researches in many different countree® arsg¢sthe

foundation ofthe VIIRS snow cover algorithmnd product The theory of the normalized
difference snow index (NDSI) techniquar snowdetection isdiscussedollowed by description

of thealgorithm and data product then the accuracy and uncertainty of the algorithm and product
and validation approach are presented. Information on the data product format is also given.

1.1 Science/Applications Rationale for the Product

Many studies usingagellite and irsitu data show that Northern Hemisphere snow cextmt

and timing of snow melt are changin@ghi etal., 2010 Brown and Robinson, 2011; Robinson

and Estilow, 2013)Derksen and Brown (2012) and Brown et al. (2010) found that snow cover
melt is occurring earlier in the spring at some locations in the Northern Hemisphere. Spring
snow cover has undergone significant reductions over the past 90 years and the ratasé decr
has accelerated over the past 40 years. Results from the Rutgers Global Snow Lab snow cover
climatedata record (CDRttp://climate.rutgers.edu/snowcover thenearly 50 record, show

an earlier pring snowmelt in the Northeidemisphere of 2.12+ 0.45%/decadeMODIS snow

cover products have been used to study trends or interannual variability in snow cover (e.g., Pu
et al., 2007), and for developing sna@aver depletion curves for hydrologic model and for

other investigations and applications. A listing of citations is maintained on our project website
http://modissnowice.gsfc.nasa.gov/?c=publicatiombich contains more tharéQ citations for

the standar1ODIS snow products

1.2 Intended user community

The SNPP snow cover algorithm and data products will extendénth Observing System
(EOS snow cover data product recorihe NASA EOS MODIS snow cover data recthet
began in 2000 haseen used in a rge of research and applicatidesmonitor iow cover onset,
duration and meltdatein studies ranging from synoptic study of snow cover relatetirtmte
change to monitoring of watershed snow cover for hydroédgnodeling. The SNPP VIIRS
snow cover data produatsaybe used to study the occurrence and extent of snow aok@ss
all landscapes in ways similar to those of MODIS.


http://climate.rutgers.edu/snowcover
http://modis-snow-ice.gsfc.nasa.gov/?c=publications
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Figure 1. Seasonal track of snow cover extent by FSC mean (green) afgblttetor a region of Appalachian
Mountains in WV. The onset of snow cover, duration and melt are accurately observed as are intermittent snow free
periods within the snow seas@Riggs and Hall, 2014).

MODIS Collection 5 C5) heritagesnow cover datproducts havéeen usedy Dietz, et al.

(2012) to creatsnow cover duration majms Europe 2002011using theMODIS Terra
(MOD10A1) and Aqua (MYD10A) dataproducs with assessed accuracy of above 90%

Dietz, et al. (2013) createdsaow cover duratio map of central Asifor the same perio&nd
detected aorth-southgradiert in snow cover duration, start and melhe MODIS snow cover
products havalsobeen used to make snow depletion curves in hydrologic studies and modeling
on regional scale®.g., Déry and Brown, 2007; Hall et al., 2012; Crawford, 2@H38ajka and
Bloschl, 2012. The daily MODIS snow cover extent product can be used to accurately track
seasonal snow cover on the landscape, as demonstrate for a region of the Appalaatt@ndviou
in West Virginia Fig. 1 Riggs and Hall, 2014).The snow cover algadhm has been robust
across modandscapes and conditiongth accuracyestimate®f > 80% for most situations and
the producthave been applied in a variety of research andagtgins Smilar accuracy and
usage is expected for the VIIRS snow cover pradutisting of published paperhat have used
the MODIS snow products is maintained at the MODIS snow and ice project website,
http://modissnowice.gsfc.nasa.gov/ The NASA VIIRS snow cover produatill continue the
EOS snow cover data record that was begun witiénex MODIS in February 2008hd is
expected to havemilar robustness and accuracy.



http://modis-snow-ice.gsfc.nasa.gov/

2.0SNOW COVER ALGORITHM

TheNASA VIIRS snow covealgorithm uses theormalized difference snow index (NDSI)
technique which is effective at detectisigow cover globally with highccuracy over wide

range of viewing conditionsTheory of the NDSI is discussed then limitations, sources of error
and implementation of the snow detection algorithm are presented in the following sections.

2.1 TechnicalBackground and Heritage

Snow cover reflectance characteristics of high vigi\gls) reflectanceacrossthe0.37 1.0 um
wavelengthand low reflectance afhortwavenearinfrared(SWIR) reflectance ~ 1.6 m are the
primary characteristics used to detect snow cover on the landssiagsatellite sensors with
spectral bands in thasible andinfrared wavelength regiong-rei et al. (2012) discuss the
ressons for monitoring snow coveiith visible, SWIR, and passive microwawsensorsas well
asthetechniques and algorithms used to generate global scale daily snow cover products.
Across the globe, there is a vast range of satellite and solar viewing gealhoetigation,
temporal (diurnal and seasonal), and atmospheric conditions (aerosol andrebadfect
reflectance from snow. The objective is to develop an algorithiistladk to detect snow cover
from very low solar viewing angles tite edge of darkneg® local solar noon viewing
conditions across all landscape condititret may occur throughout the year.

The snow characteristic of high VIS reflectance @iy low SWIR reflectance is seen in the
numeroussnow reflectance curvesportedn the literatureusingin situ measurements acquired
with spectrometers ifield or laboratoryfrom airborne or spaceborne hyperspectral semsors
from spectral reflectance mdeling. High VIS reflectance and low SWIR reflectance is an
intrinsic optical characteristic @how howeverthe relative magnitude of VIS and SWIR
reflectancaifferencecan vary with snow conditions or illuminatiodn example of snow
reflectancecurves for snow of different ages and dirty snow from Punia drzhKar (2014) is
shown in Fig. 2 Snow reflectance curvedbtained in the fieldrom spectrometers e.g
Satterwhite et al., (2003), Negi et al. (2018hang et al. (20)1or spacborne sens's e.g.

Punia and Dhankar (2014) demonstrate this intrinsic property of snow under many different
physical snow or illumination/viewing condition$he heory ofusingthe NDSI fordetection of
snow coveis based othe difference betwednigh VIS snow reflectancand low SWIR
reflectanceideallyundersunlit conditionsof pure snow andigh solarelevation anglend clear
atmospherevhen the reflectance difference is largdowever snow in other situations, such as
low illumination or under vedation canopymayexhibita relatively low reflectance difference,
as shown in reports in the literature, which implies that there may be a lower limit to the
accuracy or effectiveness of using the NDSI technique.
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Figure 2 Hyperion acquired snow reflectance curves fi@amia and Dhankar (2014) of Himalayan snow cover.

The e ofVIS andSWIRreflectance as a ratio or as a normalized difference to detect snow
cover has been done since the mid 1970s in various formsliverent satellite sensors to

reliably and accurately map snow cover. A concise history of the use of VIS to SWIR ratios and
the normalized difference snow index (NDSI) is given in Hall and Riggs (2011). The NDSI has
been used in the MODIS snow coverguot algorithm in all collections since 2000 and is used

in the SNPP VIIRS snow cover product algorithm.

The firstintendeduse of ratios ofVIS and NIR or SWIR was to separate snow and clouds in the
mid-1970s by Valovcin (1976, 1978) and Kyle et aB{8)with considerable more work by
Bunting and déEntemont (1982) who developed
cover from cloud for global cloud analysis. In the 1980s research focused on using the VIR and
NIR ratio technique to refine algtirms for snow cover detection with notable contributions by
Crane and Anderson (1984), Dozier (198&h the refinement of using a normalized difference

of VIS and NIR and Rosenthal and Dozier (1996) at regional scales and by Riggs et al (1993),
Hall etal (1995, 2002) and Hall and Riggs (2007) for global snow cover mapping. In those
techniquessnow covered arg&CA)was determined byetting a threshold value of the ratio or
normalized difference to make a binary map of S@&termining the NDSI threshold to set for
snow detection is a significadecisionof many research studies for exam@lbandze et al.

(2014). GeneratingsCA maps fromthe NDSI does not use the full range of information that
could be extracted from ti¢DSI to detect snow cover.

The processing architecture thie NDSIsnow cover detection technig is shown in Figure 3.
Data required for the algorithm are extracted from the VIIRS inputs and processed then the
NDSI is calculated for all daylight pilein a swath, then data screens are applied and QC flags

set. The cloud mask, ocean mask, and night mask are applied to make the NDSI snow cover data

a



layer for output. An unmasked NDSI data layer is also oatpdithe QC data layers are output
to the poduct.
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Figure 3. Snow Cover EDR processingarchitecture.

2.1.1Snow Cover Extent based oMNDSI

In general, an NDSI threshold value of 0.4 has been the consensus value for making SCA maps,
first suggested by Dozier (1989) based on visual inspection of imaewever recent

research has demonstratbdt theselection of a NDSI threshold for SCAmnds on many

factors. Threshold values for SCA based on the NDSI may be chosen by automated methods
such as discussed in Yin et al., (2013) to optimize the threshold to theynaagdandscape
conditions. Theheritage MODIS SCA algorithpusedin theMOD10_L2 and MYD10_L2
products, employedn NDSI threshold of 0.4 and an extended low rangé 0.4 NDSI range
coupled with the NDVI to improve snow detection in dense snow covered vegekdgom ét

al.; 1998,Riggs et al 2006). The NDSI as discussedarhas been used to map SCA as a binary
map of snow on the landscapdowever the NDSI can be used to estimate all viewable snow
cover on the surface and track the onset and duration of snow cover on thapands



An estimation of fractional snow cover (FSC) over the landscape, or viewable fraction of snow
on the landscape is a more useful measure of snow cover than is the binary SCA because FSC
ranges from €L00% and conveys information about the amount of snabl@ien the

landscape. Fractional snow cover is considered as the viewable fraction of snow in a pixel
(Nolin, 2010), which may not be the actual areal extent of snow in a pixel. For example; the
Canadian boreal forest in winter with a 100% surface cofvenow will have high NDSI values
around 0.7 but will not be near 1.0 because of forest canopy, viewing and solar geometry. The
NDSI is an index of the snow cover viewable on the landsitegtean be interpreted as

estimate oFSC

Various methodbsave been used to estim&8Cincluding spectral mixture analysiRfsenthal
and Dozier, 199@Rainter et.al2009 Rittger et al2013 primarily for alpine landscapesemi
empirical modeling of snow reflectanfetsamaki et al2005 and2012 over he Scandinavian
boreal zong and regressionf empirical relationshifppetween a lowresolution sensand a
higherresolution sensor such as MODIS with LaatdEM (Solomonson and Appel, 2004 and
2006 to estimate snow fractidmsed on the NDSIDetermination of FSC in thelODIS C5
algorithmis based on the regression relationship of NDFSCdeveloped from the empirical
relationships found between MOD(%erra and AqupandLandsat TMdaa (Solomonson and
Appel, 2004 an@006.

2.2 Algaithm Description (The Normalized Difference Snow Index (NDSI)

The NDSI is a robust indicator show onthe surfaceéhat has been used in various forms by

many investigators since the late 1980s; primarily to generate SCAbasgd orsetting an

NDSI threshold above which the surface is considered as 100% snow covered and below which
the surface is considered not snow coverBade NDSI isameasure of the relative difference of
reflectance between\dS band and &WIR band. The basic NDSapplicableto sensors with

VIS and SWIR channels;idiDSI = (VIS - SWIR)/ (VIS + SWIR)

The VIIRS NDSI is:
NDSI = (117 13) / (I1 + 13)

Where I1 is VIIRS band 110.64 pm,and I3 is VIIRS band 13 1.6im, bothat 375 m
resolution.



It is an index that indicates the presence of snow cover on the surface based on snow
characteristics of high VIS reflectance and very low SWIR. If snow is present and viewable by
a satellite then the NDSI will be in the theoretical range. df to 1.0with a value of 0.0 or less
indicating now snow. Howeven practicethe NDSI for snow ranges from 0.0 to 1l0snow

is present and viewable by the sensor the NDSI will be > 0. An accdpbed §DSI threshold
valueused haveen 0.4,although many researchers have shown that better SCA maps can be
made in specific situatiorfer local or regional snow mapping if, for examplee NDSlis set

for that situation with methods of threshold selection based on visual inspection/interpretation,
empiricd relationship or automated selectipfin et al., 2013). In such cases tHBSI

threshold setting may be as low as 0.1 for SCA determination.

The ability to detect snow cover is related to the difference in VIS and SWIR. The greater the
VIS-SWIR difference the greater the NDSI. To illustridte NDSI let us assume that sno\s
reflectance increases from 0.0 to 1.0 in increments adidlthat th&SWIR reflectanceemains
constant at 0.1(solid line in Fig. 3) A SWIR reflectance of 0.10 from snow is reasonable for a
snow covered surface with minimal vegetation or oslefacefeaturedased on reflectance

plots in the literature and extensiisualinterpretatiorexperiencef analysis oMODIS

imagery As the visilte reflectance increases the NIDi&creases as shown Hye solid black

line in Fig.3.
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Figure 3 NDSI plots. Plotted are the NDSI wats for three conditionsThe lid line isthe NDSI with the VIS
reflectancancreasing from 0 to 108 in increments of % whilethe SWIR reflectanceas constant at 1%. The
asteriskdine is VISreflectance increasingom 0 to 1006 inincrements of % while the SWIR reflectancas
constant at%. The damonddine is VIS reflectancencreasing from Oa 100% in increments of % while the
SWIR reflectances constant at 2.

The NDSI is plottecgainsthe VIS to SWIRdifference to show change in NDSI as the
differencebetween VIS and SWIR increasas-igure 3 AstheVIS reflectance increases the
difference betwaeVIS andSWIR increasesthus the NDSI increasesaching a maximum
NDSI of 0.81 (Fig.3). Theasterisk line in Fig3 with snow at loweSWIR reflectancef 5%
with VIS increasingfrom 0 to 100%has a larger VIS to SWIR differenead the NDSI
increases more rapidly before slowing and reaching a horizontal asympt@©anNDSI.
Conversely, theliamond line in Fig. 3vith snow at higheBWIR reflectanc0% the NDSI
curve increases relatively slowdydreaches an asymptaae~ 0.67NDIS. As shownthe
greaterthe VISSWIR differenceahegreaterthe NDSI Thisdifferenceincreases the certaintf
snowcoverdetection As theVIS i SWIR difference decreases so does the NBSkeallas the



range of NDSkalues. Thus with a lower differentiee certainty of snow cover detection
decreases.

Mishra et al. (2009) investigated the range of NDSI value of snow idithalayanregion
relative to subpixel snow modeling afaind thatNDSI can rangdrom 0.04to 0.92 with
increasing amounts of snow coveérhey alsdound thatdifferent snow fractions in a pixel may
have the same NDSI value due to percentages of other componezilsctance from a pixel.

Studies of the interannual variability of snoaverdepletion curves have found that the NDSI
can provide morenformationthan a binary SCAg(g.,Kolberg and Gottschallk010) The
NDSI hasalsobeen used in neural netwaisearctof snow cover mapping becausenofre
information content than binary SGAg. Dobreva and Klein (2011Yhis is in part because the
use of an NDSI threshold to make a binary SO#orgs the ability to mapnowcover at lower
NDSI values.If an NDSI threshold for snow cover is set at 0.4, that threshold linevi;dna
Fig. 3, then any snow cover with lower value will be excluded from the SCA wiaiph could
be a significant amount of snow depending on conditi@wmne researchers have noted the
ability to correctly detect snow below the 0.4 NDSI threshold (Jain et aB; P@@san et gl.
2012 Lin et al.(2012). Also, NDSI from higher spatial resolution sensbessalsobeen used
with great success to delineate glaciers (Racovitearly 20a88), ando accurately detect
glacier ice in complex shadowedr&n (Burns ad Nolin, 2014) It is possible to make more
accurate snow cover maps with higher resolution sensors, i.e. VIIRS at 375 m abiopaee
MODIS at 500 m resolution albeitith a smallbut notablancrease in accuracy.

The NDSI varies across a snow covered landscape in relation to the landscape and viewing
conditions e.g.seeMishra et al. (2009)Diversity of NDSI across the landscape is found in all
MODIS and VIIRS imageryTheVIIRS acquisition o December 2014945 UTC(Fig. 4) is
used to demonstrate the diversity of snow cover across a landscamsvodovered plains

boreal forestend mountains.



Figure 4 VIIRS false colorimage of bands 11, 12, I3 (RGBH)OA reflectancdrom theNASA Land SIPS
NPP_VIAE_L1.A2014339.194B1 0300Z product. In this band combination snow cover appears in shades of
yellow on plains and snow covered lakaad yellowishto dark blue in boreal forestsnow free surfacesppeain
shades obright blue,andcloudsappearin white to bluishwhite depending on the type or thickness of cloud cover.
South isat top of image, snow covered NorthellaiRs top center, Lake Winnipeg left center of image, Hudson Bay
in lower left Lake Superior in upper leffThe white stypes on either side of the image is tlwsvbie trim.

TheresultingNDSI imageis shown in Fig5 with NDSI in shades of greyisually the NDSI
valuesin Fig. 5correspondo the observed snowsover across all the landscapeface featureg
Fig. 4) negative NDSI valueappear in black a r e asmow®d andtliehighestNDSI values
are shownn white. Snow cover has higher NDSI valuegrtiother features and appeardight
greyto white shadesSnow cover on the plains and frozen lakes hasitifeest NDSI values.
Snow covered forests haadower range of NDSI values, mid grey shades which is relatively
strong indicator of snowln this imageclouds oceans and bowtie triare maskeand shown in
dark grey, with NDSI set to 0.0



Figure5. NDSI imagdor VIIRS image NPP_VIAE_L1.A2014339.19451_03001(Fig.4). Clouds, oceans and
bowtie trim have beeresto NDSI=0.0and areshown in dark gne Nonsnow surfaceare showrnn black with
NDSI < 0.0. Snow cover NDSI valueange from> 0.0 to 1.0and are showimn shades from lighgreyto white.

The histogram of NDSI valudgig. 6) for in thesceneshown inFig. 4hasa tail in the

distribution of NDSI values of less than about 0.3. Towatrangetail of NDSI values

corresponds to situations whetiewablereflectance from snow cover low dueto forest

canopy, terrain shadingloud shadows, thin or sparse snow cover in a pixel, or perhaps is a non
snow feature that has a positN®S| value. Ths the region in theange of 0.0 < NDSD0.3Q

is wheresnow cover can be detected luith increasedincertainty insnow cover detection.


































































