
Dear Dr. Blöschl: 

 

Thank you for your comments.  We had previously revised the paper but we were unable to 

upload it when we uploaded the original response to the referees’ comments.  However, we have 

made further changes, described below, and have now been able to upload the revised 

manuscript. 

 

We look forward to hearing from you regarding the revised manuscript. 

 

Sincerely, 

Dorothy Hall 

 

Please note that the blue bold font represents today’s response, and the black bold font is 

copied and pasted from our earlier responses.  Referees’ comments are in non-bold black 

font. 

 

We have softened and toned down the following statement: “We conclude that the MODIS 

Terra CGF is the more accurate MODIS snow-cover product.”  In the revised paper that 

we’ve uploaded, we have restated that as follows in the Abstract: According to our 

preliminary validation of the Terra and Aqua MODIS CGF SCE products in the western 

U.S. study area, we found higher accuracy of the Terra product as compared to the Aqua 

product.  The MODIS CGF snow-cover time series may be used to extend the SCE data 

record from 2000, into the VIIRS era through the early 2030s and perhaps beyond. 

 

In our response to the referees’ comments that we had previously uploaded, we responded 

to comments #5 and #6 of Referee #1, and also the question about validation of snow depth 

posed by Referee #2.  Our original responses are provided below in black font.  Additional 

comments in response to your queries are shown in blue font. 

 

From Reviewer #1’s review: 

 

5) Why only temporal filter is considered for gap-filling method? During snowmelt, 

snow-line approach or some kind of spatial filter can be more efficient.   

 

Authors: There are many other useful methods of gap filling, but the method described in 

our paper is the method that is used to develop the new product that will be available 

starting this summer or fall.  We are beyond the point where different methods can be 

considered since the new algorithm uses the CGF method, all of the programming has been 

completed by the MODIS Project and the products will be available soon.  It is too late to 

change the algorithm for Collection 6.1. 

 

There is no doubt that other methods of gap filling are useful and perhaps even more 

accurate or efficient than the method used in the NASA standard MODIS CGF product.  

However the method selected, as described in Hall et al. (2010) and Riggs et al. (2017b), 

cannot be changed because the CGF product is “in production.” 

 



Therefore we do not understand why Referee #1 wants us to compare gap-filling methods 

beyond saying that there are some very good methods out there that differ from the 

method that we’ve selected.  Several years ago we selected one method based on the fact 

that we must produce the product very quickly after data acquisition.  For example, we 

don’t have the luxury of waiting until the clouds clear after the day in question and then 

looking back to fill in gaps caused by clouds.  We needed an algorithm that produces a 

snow map within a few hours after data acquisition and we settled on the CGF algorithm 

described in this paper.  That was decided and approved by the MODIS Project several 

years ago.  We cannot change it now. 

 

6) The results show only few examples which does not allow to see clearly if the results are 

robust and general. More thorough analysis (longer time periods, seasonal 

evaluation, larger/different regions) will allow to draw much more robust findings.   

 

Authors: We agree with this comment, but we are unable to do a thorough and global 

analysis because the product is not yet being produced by the MODIS and VIIRS Projects.  

When processing starts, the product will be downloadable through the National Snow and 

Ice Data Center starting in the fall of 2019.   

 

In order to develop a time series in this pre-production phase, we need to do a considerable 

amount of programming.  We’ve done this by developing a Terra MODIS CGF SCE time 

series for the western U.S. data set for 2012.  For this revised version of the paper, and in 

response to this and other comments, we ran a 3-month time series using VIIRS SCE maps 

(see Figure 9).  Running a CGF time series is computationally burdensome, and therefore a 

comprehensive, global analysis cannot be accomplished until after the official MODIS 

processing begins.  Even after production begins it will take many months until the 

complete MODIS and VIIRS time series (from 2000 to present for MODIS and from 2011 

to present for VIIRS) can be processed.  Complete processing is likely to occur sometime in 

the year 2020 for both the MODIS C6.1 and VIIRS C2 CGF SCE products.   

 

Recently we found out that MODIS data processing of Collection 6.1, that includes 

producing the CGF snow product, will begin by early October 2019.  It may take up to one 

year to process all of the data, globally, from 2000 – present.  Until processing has been 

completed near the end of the year 2020, we cannot do comprehensive global validation. 

 

In short, processing will not be complete in a time frame that is reasonable for providing 

the revisions to this paper.  And it is important that this paper be published so that users of 

the new products will have the information contained in this paper when the products first 

become downloadable from NSIDC in the fall of 2019.  After processing has been 

completed, global validation will be possible by users globally.  Comprehensive global 

validation is not something that is possible for one person or one small group to complete.   

 

Additionally, VIIRS data processing is not likely to start until later this fall.  Therefore it 

won’t be possible to even begin validating the VIIRS CGF snow products probably until 

early 2020.  Again, many months will be required for the NASA VIIRS Project to fully 

process the VIIRS time series (2011 – present). 



 

Comment from the editor that Reviewer #2’s comment about global validation was not addressed 

adequately: 

 

I agree that validation of the satellite data is only possible by comparison with measurements. 

The manuscript presents validation against the NOAA snow depth data provided by the dense 

network of meteorological stations. Such networks are not available in other countries. Can we 

trust that the CGF maps are valid also in those parts of the world where the network density does 

not allow detailed validation? 

 

Our original response is shown below.  Additional comments are shown in blue. 

 

Authors:  Evaluation of the CGF maps in other countries will have to wait until the 

products are released and available to download through NSIDC (beginning in the fall of 

2019).  In areas of the world where the network of meteorological stations is not dense 

enough to allow validation, there are other methods to evaluate the uncertainties.  These 

methods, discussed in the paper, include comparison with other snow maps, comparison 

with higher-resolution satellite data (such as with Landsat or Sentinel data), and 

comparison with surface reflectance maps such as from MODIS and VIIRS.   

 

The MODIS SCE products have been validated and evaluated in many regions of the 

world; there are numerous peer reviewed articles published on this topic.  However, the 

VIIRS SCE daily tiled product has not yet been released; only the swath product is 

available, so evaluation research has not yet appeared in the literature because users tend 

to be more comfortable using a tiled product than a swath product.  In our comparisons 

between MODIS and VIIRS CGF products we have found very good agreement between 

MODIS and VIIRS SCE and CGF products thus there is the expectation that the VIIRS 

products will have similar accuracy to that reported for MODIS.  We acknowledge, 

however, that the comparisons are necessarily limited because product production has not 

yet begun. 

 

It is incumbent on the user to validate the product in his/her study area.  While we, the 

product developers, can do preliminary validation, we cannot perform global validation.  

For one thing we are not as knowledgeable about snow-covered areas on different 

continents and in different countries as are the researchers who live there. 
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Abstract.  MODerate resolution Imaging Spectroradiometer (MODIS) cryosphere products that have been available 18 

since the launch of the Terra MODIS in 2000 and the Aqua MODIS in 2002 include global snow-cover extent (SCE) 19 

(swath, daily and eight-day composites) at 500 m and ~5 km spatial resolution and daily snow albedo.  These 20 

products are used extensively in hydrological modeling and climate studies. of local and regional climate, and are 21 

increasingly being used to study augment studies of regional hydrological and climatological changes over time.  22 

Reprocessing of the complete snow-cover data record, from Collection 5 (C5) to Collection 6 (C6) and Collection 23 

6.1 (C6.1), has led toprovided improvements in the MODIS product suite.  Suomi National Polar-orbiting 24 

Partnership (S-NPP) Visible Infrared Imaging Radiometer Suite (VIIRS) Collection 1 (C1)  snow-cover products at 25 

375 m spatial resolution have been available since 2011, and are currently being reprocessed for Collection 2 (C2).  26 

Both the MODIS C6.1 and the VIIRS C2 products will be available to download through the National Snow and Ice 27 

Data Center beginning in the fall of 2019, with the complete time series available in 2020.  To address the need for a 28 

cloud-reduced or cloud-free daily snow SCE product for both MODIS and VIIRS, a new daily cloud-gap filled 29 

(CGF) snow-cover product algorithm was developed for MODIS C6.1 and VIIRS C2 processing.  MOD10A1F 30 

(Terra) and MYD10A1F (Aqua) are daily, 500-m resolution cloud-gap filled ( CGF)  snow-cover SCE map products 31 

from MODIS.  VNP10A1F is the daily, 375-m resolution CGF snow-coverSCE map product from VIIRS.  These 32 

CGF maps products provide daily cloud-free snow maps, along withinclude quality-assurance data such asincluding 33 

cloud-persistence maps statistics showing the age of the snow or non-snow observation in each pixel.  The objective 34 

of this paper is to introduce the new MODIS and VIIRS standard CGF daily SCE products and to provide 35 

preliminary evaluation of uncertainties in the gap-filling methodology so the products can be used as the basis for a 36 

moderate-resolution Earth Science Data Record (ESDR) of SCE.  The objective of this paper is to introduce the new 37 

MODIS and VIIRS standard CGF daily SCE products and to provide preliminary evaluation of uncertainties in the 38 

products so the products can be used as the basis for a moderate-resolution Earth Science Data Record (ESDR) of 39 

SCE.  SCEprovide preliminaryion of from the CGF products  moderate-resolutionSCE.  Work is ongoing to evaluate 40 

and document uncertainties in the MODIS and VIIRS standard daily CGF snow-cover products.  In this workT, we 41 
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developed MODIS and VIIRS time series of the MODIS and VIIRS CGF products and have been developed and 42 

evaluated those time series in selected study sites in the United StatesU.S. and southern Canada.  Analysis of the 43 

MOD/MYD10A1F product accuracys for study areas in the western United States shows excellent results in terms 44 

of accuracy of snow-cover mapping.  When there are frequent clear-sky episodes, MODIS is the satellite 45 

instruments are able to capture enough clear views of the surface to produce accurate useful snow-cover information 46 

and snow maps.  Even in the extensively-cloud-covered northeastern United States during winter months, snow 47 

maps from MODIS CGF products are useful, though the snow maps are likely to miss some snow, particularly 48 

during the spring snowmelt period when snow may fall and melt within a day or two, before the clouds clear from 49 

the storm that deposited the snow.  A time-series comparison of three months of Terra MODIS and S-NPP VIIRS 50 

CGF snow-cover maps, xx – xx, 2012, reveals xxx.  Comparisons between the Terra and Aqua CGF snow-cover 51 

maps TheObserved differences, though small, have revealed differences that are related toare largely attributed to 52 

differences in cloud masking in the two algorithms and also differences in time of day of image acquisition.  53 

AHowever, a nearly three-month time-series comparison of Terra MODIS and S-NPP VIIRS CGF snow-cover maps 54 

for a large study area covering all or parts of 11 states in the western United States and part of southwestern Canada 55 

reveals excellent correspondence between the Terra MODIS and S-NPP VIIRS products, with a mean difference of 56 

11,070 km2 for a large (~2,487,610 km2)which is ~<0.45 percent of the study area in the western U.S. that includes 57 

all or parts of 11 states and part of southwestern Canada.  We conclud According to our preliminary validation of the 58 

Terra and Aqua MODIS CGF SCE products in the western U.S. study area, wWe also eAdditionally, we found that t 59 

that thehigher accuracy of the Terra productMODIS  CGF is the more accurate thanas compared to  the Aqua 60 

MODIS snow-cover product,product.  The MODIS CGF snow-cover time series  and should therefore form be the 61 

basis of an Environmental Science Data RecordESDR that willmay be used to extend the CGF SCE data record 62 

from the Terra MODIS beginning in 2000, through into the VIIRS era, at least through the early 2030s and perhaps 63 

beyond. 64 

 65 

1 Introduction   66 

 67 

Regular snow-cover mapping of the Northern Hemisphere from space began in 1966 when the National Oceanic and 68 

Atmospheric Administration (NOAA) began started producing weekly snow maps to improve weather forecasting 69 

(Matson and Wiesnet, 1981).  A 53-year climate-data record (CDR) of Northern Hemisphere snow-cover extent 70 

(SCE), based on NOAA’s snow maps is now available at the Rutgers University Global Snow Lab (Robinson et al., 71 

1993; Estilow et al., 2015) at a resolution of 25 km2.  Since the 1960s, snow-cover mapping from space has become 72 

increasingly sophisticated.  Not only has the temporal resolution of the NOAA snow maps increased from weekly to 73 

twice-daily, but the spatial resolution has also improved over time.  Furthermore, dData from multiple satellite 74 

platforms and instruments with visible/near-infrared (VNIR) and short-wave infrared (SWIR) bands are now 75 

available to support improved snow mapping and snow/cloud discrimination as compared to the earliest satellite 76 

snow-cover maps when sparse satellite data were available.  77 

 78 
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Using tThDue to increasing global temperatures, especially in more-northerly areas in the Northern Hemisphere, the 79 

Rutgers CDR,  has been used by researchers for decades, and in recent years to showhave shown that SCE has been 80 

declining and melt has been occurring earlier in the Northern Hemisphere (e.g., Déry and Brown, 2007).  This 81 

shortening of the snow season has many implications such as, for example, in the western United States (Mote et al., 82 

2005; Stewart, 2009; Hall et al., 2015), with earlier snowmelt contributing to a longer fire season (Westerling et al., 83 

2006; O’Leary et al., 2018) and other environmental and societal problems.  However, the coarse resolution of the 84 

Rutgers CDR is not suitable for regional and basin-scale studies. 85 

 86 

Meltwater from mountain snowpacks provides hydropower and water resources to drought-prone areas such as the 87 

western United States.  Accurate snow measurement is needed as input to hydrological models that predict the 88 

quantity and timing of snowmelt during spring runoff.  SCE can be input to models to estimate snow-water 89 

equivalent (SWE) which is the quantity of most interest to hydrologists and water management agencies.  90 

AIncreasingly-accurate predictions save money and water because reservoir management improves withas 91 

measurement accuracyknowledge of SWE improvencreases.  92 

 93 

 94 

Moderateedium-resolution SCE maps are produced daily from multiple satellite sensors such as fromare on the 95 

MODerate-resolution Imaging Spectroradiometer (MODIS) on both the Terra , launched in 1(1999 launch), and 96 

Aqua (, launched in 2002 launch), and satellites, and from the Visible Infrared Imaging Radiometer Suite (VIIRS) 97 

on the Suomi - National Polar Partnership (S-NPP) and the Joint Polar Satellite System – 1 (JPSS-1) satellites, 98 

launched in 2011 and 2017, respectively.  SThese snow maps from MODIS, in particular, are used extensively by 99 

modelers and hydrologists to study regional and basin-scalelocal SCE and to develop snow-cover depletion curves 100 

for multiple hydrological and climatological applications.  Algorithms utilizing data from the VIIRS and MODISse 101 

sensors provide global swath-based snow-cover maps with at spatial resolutions ranging from 375 m to 500 1 km 102 

under clear skies.  Instruments on the Landsat series of satellites for which the record began in 1972, and other 103 

higher-resolution sensors, such as from the more-recent Sentinel series, provide still-higher spatial resolution data 104 

from which snow maps can be developed, though lower temporal resolution. 105 

 106 

Cloud cover is the single most-important factor affecting the ability to map SCE accurately using visible and near 107 

infrared (VVNIR) and short-wave infrared (SWIR) sensors.  Clouds often frequently create daily gaps in snow-108 

coverSCE maps that are generated using data only from VNIR and SWIR sensors.  Cloud-gap filling can be used to 109 

mitigate the cloud issue using VNIR and SWIR sensors.  Additionally, mMThough useful, methods to combine 110 

passive- microwave snow-cover maps with VNIR maps to eliminate clouds have been developed are only partially 111 

successful (e.g., see Foster et al., 2011) but there are substantial limitations to the resulting products even though the 112 

passive-microwave sensors can provide images through cloud cover.  COne way to mitigate the cloud issue is 113 

through cloud-gap filling can be used to mitigate the cloud issue using VNIR and SWIR sensors (CGF).   114 

 115 
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In this paper, we describe the Terra and Aqua MODIS and the S-NPP VIIRS cloud-gap filled (CGF)CGF 116 

algorithmSCE map products have been developed to address the cloud-gap issues caused by gaps in data from cloud 117 

cover when using VNIR and SWIR sensors., data products and uncertainties.  Theseare new products that have not 118 

previously been available. .  Also discussed are advantages and uncertainties of the CGF SCE products from 119 

MODIS and VIIRS.  In addition to the inherent uncertainties in the MODIS snow maps, discussed elsewhere (e.g., 120 

Hall and Riggs, 2007, and in many numerous other papers), there are additional uncertainties related to gap filling 121 

that are addressed herein. We also discuss the development of a moderate-resolution Environmental Science Data 122 

Record (ESDR) of SCE and using MODIS and VIIRS standard snow-cover maps.  JPSS launches containing VIIRS 123 

sensors are planned through at least 2031, continuing the SCE record at moderate spatial resolution.   124 

 125 

The objective of this paper is to introduce the new MODIS and VIIRS standard CGF daily SCE products and to 126 

provide preliminary evaluation of uncertainties in the gap-filling methodology so that SCE from the CGFthe 127 

products can be used as the basis for a moderate-resolution Earth Science Data Record (ESDR) of SCE.  seA 128 

thorough analysis of the uncertainties of these new products globally will not be possible untilonly after the entire 129 

time series haveof both MODIS and VIIRS have been processed and archived which is likely to occur sometime in 130 

2020.  The objective of this paper is to introduce readers to the new MODIS and VIIRS standard CGF daily snow-131 

cover products and to identify methods to evaluate and document uncertainties in the products.  A thorough analysis 132 

of the uncertainties is not possible until all of the product time series has been processed and archived which is 133 

likely to occur sometime in 2020.   134 

 135 

2 Background  136 

 137 

2.1  Terra and Aqua MODIS 138 

 139 

The MODIS instruments have been providing daily snow maps at a variety of temporal and spatial resolutions 140 

beginning on 24 February 2000 following the 18 December 1999 launch of the Terra spacecraft using a subset of the 141 

36 channels available on the MODIS sensors.  A second MODIS was launched on 4 May 2002 on the Aqua 142 

spacecraft and the data record began on 4 July n xx xxxx 2002. The MODIS sensors provide allowed the 143 

development of a large suite of land, atmosphere, and ocean products [https://modis.gsfc.nasa.gov], including daily 144 

maps of global snow cover and sea ice.  The prefix, MOD, refers to a Terra MODIS algorithm or product and MYD 145 

refers to an Aqua MODIS algorithm or product.  When the discussion in this paper refers to both the Terra and Aqua 146 

products it will be designated as such usingwe will use the M*D nomenclature.  Information on the full MODIS 147 

standard cryosphere product suite is available elsewhere [https://modis-snow-ice.gsfc.nasa.gov/].  148 

 149 

Since the launches of the Terra and Aqua spacecraft, there have been several reprocessings of the entire suite of 150 

MODIS Land Data Products [https://modis-land.gsfc.nasa.gov/].  SpecificallyIn recent years, reprocessing from 151 

Collection 5 (C5) to Collection 6 (C6) and in the near future, Collection 6.1 (C6.1), has led tobeen accomplished to 152 
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provide improvements in the MODIS snow-cover standard data products to the user community (Riggs et al., 2017a 153 

and 2018).  154 

 155 

A great deal of validation has been conducted on the MODIS snow-cover products through the C5 era (e.g., Klein 156 

and Barnett, 2003; Parajka and Blöschl, 2006; Hall and Riggs, 2007; Frei and Lee, 2010; Arsenault et al., 2012 and 157 

2014; Parajka et al., 2012; Chelamallu et al., 2013; Dietz et al., 2013), including validation with higher-resolution 158 

snow maps derived from satellite imagery, such as from Landsat Thematic Mapper, Enhanced Thematic Mapper 159 

Plus and Operational Land Imager (TM/ETM+ and OLI) (e.g., see Huang et al., 2011; Crawford, 2015; Coll and Li, 160 

2018).  Crawford (2015) found strong spatial and temporal agreement between Terra MODIS snow-cover fraction 161 

and Landsat TM/ETM+ derived snow cover, noting that some high-altitude cirrus cloud contamination was 162 

observed and transient snow was sometimes difficult for the MODIS algorithm to detect.  Though use of higher-163 

resolution data is valuable for comparison and validation purposes, however, use of meteorological-station data for 164 

validation (e.g., Brubaker et al., 2005) is the only true validation of the snow-cover products when adequate station 165 

data are available.  Comparing extent of snow cover derived from MODIS with snow cover from other satellite 166 

products, though extremely useful, is not true validation because all derived snow-cover products have uncertainties.   167 

 168 

A new feature of the MODIS C6 and C6.1  product suites provides the snow decision on each map as a normalized-169 

difference snow index (NDSI) value instead of fractional-snow cover (FSC) (Riggs et al., 2017a and 2018). This has 170 

the important advantage of allowing a user to more-accurately determine FSC in their particular study area by 171 

applying an algorithm to derive FSC from the NDSI that is tunedthey can tune to a specific study areato derive FSC 172 

from the NDSI.  The C5 FSC algorithms (Salomonson and Appel, 2004 &and 2006) is still useful for estimating 173 

FSC globally for Terra MODIS data products, but is of more-limited utility for specific ,and especially well-174 

characterized study areas.  That algorithm remains useful globally and can easily be applied to the MODIS C6 and 175 

C6.1 and VIIRS C1 and C2 NDSI data to derive an estimate of FSC globally. 176 

 177 

2.2  S-NPP VIIRS 178 

 179 

There are 22 channels on the S-NPP VIIRS instrument.  Though the the key VIIRS snow-mapping channels, I1 180 

(0.600 – 0.680 µm) and I3 (1.580 - 1.640 µm), are  also available on both VIIRS and MODIS (with slight 181 

differences in the wavelength range), some of bands that are used in cloud mapping that are available on the MODIS 182 

sensors, are not available on the VIIRS.  As a result there are differences in the MODIS and VIIRS cloud masks that 183 

affect the SCE standard products.  Additionally, the Terra MODIS and the S-NPP VIIRS data are acquired at 184 

different times of the day allowing for movement of clouds and for some snow-cover changes.  Furthermore, the 185 

spatial resolution of the MODIS SCE products is 500 m while the resolution of the VIIRS SCE products is 375 m. 186 

 187 

S-NPP VIIRS C21 SCE products [https://doi.org/10.5067/VIIRS/VNP10.001] are designed to correspond to the 188 

MODIS C6.1 SCE products (Riggs et al., 2017a and b).  There were many revisions made in the MODIS C6 and 189 
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C6.1 algorithms that improved snow-cover detection accuracy and information contentQA ofin the data products.  190 

Though there are important differences between the MODIS and VIIRS instruments (e.g., the VIIRS 375 m native 191 

resolution compared to MODIS 500 m), some of which are described in the previous paragraph, the snow-detection 192 

algorithms and data products arewere designed to be as similar as possible so that the 19+ year MODIS ESDR of 193 

global SCE can be extended into the future with the S-NPP and Joint Polar Satellite System (JPSS)-1 VIIRS snow 194 

products and with products from future JPSS platforms.  195 

 196 

2.31 Methods to reduce or eliminate cloud cover in MODIS-derived snow-cover maps 197 

 198 

 199 

 200 

The objective of the NASA standard MODIS and VIIRS CGF snow-cover algorithms is to generate snow maps 201 

daily in the normal operational processing stream of MODIS and VIIRS snow products.  As part of the early 202 

MODIS snow-product suite, eight-day maximum snow-cover maps (M*D10A2) were designed to provide greatly-203 

reduced cloud cover.  However these maps are available only once every eight days, the maps frequently retain 204 

some cloud cover, and it is difficult to determine on which days during the eight-day period snow was or was not 205 

observed; furthermore, only maximum observed snow cover is provided for any given eight-day period.  In spite of 206 

the limitations, the eight-day maximum snow maps have been useful in many studies (e.g., O’Leary et al., 2018; 207 

Hammond et al., 2018).  However, tThe currentcloud-gap filling cloud-clearing method that uses current day and/or 208 

previous day(s) of MODIS daily snow-cover products to fill gaps created by cloud cover and is far superior to the 209 

eight-day maximum method of cloud clearing.   210 

 211 

Many effective methods have been developed to reduce or eliminate cloud cover in the MODIS standard snow-212 

cover products as well as other satellite-derived snow-cover products.  These methods, includeing temporal and 213 

spatial filtering, and use of data from two or more than one satellites.  Fusion of ground and satellite measurements 214 

is another method to mitigate the influence of clouds.  Though we cannot provide an exhaustive review here, in the 215 

following paragraphs we refer to some of the methodsIn the following paragraphs we provide a brief overview of 216 

selected works that address the cloud-clearing issue using MODIS SCE products.provide examples of cloud-cover 217 

mitigation of snow-cover mapsstandard Our objective is to generate the CGF snow maps daily in the normal 218 

operational processing stream of MODIS and VIIRS snow products.  The cloud-clearing method uses current day 219 

and/or recent previous day(s) of MODIS daily snow-cover products to fill gaps created by cloud cover.  If timeliness 220 

were not a constraint then interpolation of snow cover over time, both on previous and future days, could be a part of 221 

a cloud-clearing algorithm, and would increase the accuracy of the snow cover map on any given day. 222 

 223 

 224 

 225 
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The presence of cloud cover prevents daily continuous SCE maps from being produced using VNIR and SWIR 226 

sensors.  To reduce the effects of cloud cover in the MODIS snow-cover maps, researchers have employed a variety 227 

of different methods.  As part of the early MODIS snow-product suite, eight-day maximum snow-cover maps 228 

(M*D10A2) were designed to provide greatly-reduced cloud cover.  However these maps are available only once 229 

every eight days, the maps frequently retain some cloud cover, and it is difficult to determine on which days during 230 

the eight-day period snow was or was not observed.  In spite of this, the eight-day maximum snow maps have been 231 

useful in many studies, e.g., M*D10A2 has been used successfully to develop snowmelt-timing maps (O’Leary et 232 

al., 2018) and to map snow zones (Hammond et al., 2018).   233 

and spatial    234 

 235 

Forward, 236 

 237 

Use of two or more days to map snow cover can be called temporal filtering.  The presence of cloud cover prevents 238 

daily continuous SCE maps from being produced using VNIR and SWIR sensors.  To reduce the effects of cloud 239 

cover in the MODIS snow-cover maps, many researchers have employed a variety of different methods.  For 240 

example, as part of the early MODIS snow-product suite, eight-day maximum snow-cover maps (M*D10A2) were 241 

designed to provide greatly-reduced cloud cover.  However these maps are available only once every eight days, the 242 

maps frequently retain some cloud cover, and it is difficult to determine on which days during the eight-day period 243 

snow was or was not observed.  In spite of this, the eight-day maximum snow maps have been useful in numerous 244 

research studies, e.g., M*D10A2 has been used successfully to develop snowmelt-timing maps (O’Leary et al., 245 

2018) and to map snow zones (Hammond et al., 2018), and are still available in C6.0 and 6.1.   246 

 247 

Many other methods have also been developed to reduce or eliminate cloud cover in the MODIS snow-cover 248 

product suite.  Parajka and Blöschl (2008) used a 7-day temporal filter causing a reduction of cloud coverage of  249 

>95%, maintaining an overall accuracy of  >92% when SCE was compared with in-situ data.  Other methods to 250 

reduce cloud cover have also been successful (e.g., see for example, Tong et al., 2009a & b; Coll and Li, 2018).  251 

Gafurov and Bárdossy (2009) developed a cloud-clearing method consisting of six sequential steps that begins with 252 

using Terra and Aqua snow cover maps, ground observations, spatial analysis and finally snow climatology to clear 253 

clouds and generate a cloud-free daily snow-cover map with high accuracy.  Gafurov et al. (2016) developed an 254 

operational daily snow-cover monitoring tool using that same cloud-clearing method with enhancements, with a 255 

mean accuracy of 94% for a case study of the Karadarya River basin in Central Asia.  To fill gaps caused by cloud 256 

cover, use of forward and backward gap-filling methods to eliminate cloud cover have been used successfully with 257 

the MODIS standard snow products and other satellite data.  Use of forward (e.g., Parajka and Blöschl, 2008; 258 

Gafurov et al., 2016) and backward (e.g., Foppa and Seiz (2012)) and multi-temporal forward/backward 259 

interpolation gap-filling methods to reduce cloud cover have been used successfully by many researchers with the 260 

MODIS standard snow products and other satellite data (for example, see Parajka and Blöschl, 2008; Gafurov et al., 261 

2016; Malnes et al., 2016).   262 
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 263 

Foppa and Seiz (2012) developed a temporal forward and backward gap-fill method to create a “cloud-free” daily 264 

snow map from the daily global MOD10C1 data product.  Additionally, a Malnes et al. (2016) used a multi-temporal 265 

forward/backward interpolation gap-filling technique was used to create a cloud-free daily snow map from 266 

MOD10A1 products that was then used to detect the first and last snow-free day in a season for northern Norway 267 

(Malnes et al., 2016).   268 

2.3.2 Spatial filtering 269 

 270 

 271 

A sA sSpatial-filtering method s that usess the relative position of a cloud-obscured pixel to the regional snow-line 272 

elevation (SNOWL) was developed by Parajka et al. (2010) using Terra MODIS data to create “cloud-free” snow 273 

maps which that produced robust snow-cover mapsping even in situations of extensive cloud cover.  .  274 

 275 

A combination of SNOWL and temporal forward and backward gap filling was used by Hüsler et al. (2014) to 276 

create “cloud free” satellite snow cover maps using data from the Advanced Very High Resolution Radiometer 277 

(AVHRR) of the European Alps.  Malnes et al. (2016) used a multi-temporal forward/backward interpolation gap-278 

filling technique to create a cloud-free daily snow map from MOD10A1 products that was then used to detect the 279 

first and last snow-free day in a season for northern Norway.Gafurov and Bárdossy (2009) developed a cloud-280 

clearing method consisting of six sequential steps that begins with using Terra and Aqua snow cover maps, ground 281 

observations, spatial analysis and finally snow climatology to clear clouds and generate a cloud-free daily snow-282 

cover map with high accuracy.  2Data-fusion methods of cloud clearing 283 

 284 

A cubic spline interpolation method has been used with good results by some researchers (Tang et al., 2013 & 2017; 285 

Xu et al., 2017) as a temporal CGF method using MODIS snow-cover products.  Some researchers have developed 286 

CGF techniques that combined Terra and Aqua, time interpolation, spatial interpolation and probability estimation, 287 

e.g. López-Burgos et al. (2013) to create “cloud-free” SCA maps.  Deng et al. (2015) combined MOD, MYD and 288 

SNOWL SCE and AMSR2 SWE data and temporal filtering to create a daily “cloud-free” snow cover maps of 289 

China.  Combining different methods sequentially to remove clouds is also a way to create CGF products (Dariane 290 

et al., 2017).  A cubic spline interpolation method has been used with good results by some researchers (Tang et al., 291 

2013 & 2017; Xu et al., 2017) as a temporal CGF method using MODIS snow-cover products.  Crowdsourcing by 292 

cross-country skiers combined with MODIS snow-cover products has also been used to create daily CGF products 293 

(Kadlec and Ames, 2017).  294 

 295 

A common method to reduce cloud cover on a daily snow map is to combine or fuse results from the daily Terra 296 

(MOD10A1) and Aqua (MYD10A1) snow maps (see for example, Gao et al., 2010a & 2010b and 20111;  297 

Li et al., 2017; Paudel and Anderson, 2011; Thompson et al., 2015; Dong and Menzel, 2016; Yu et al., 2016; Xu et 298 

al., 2017).  Dong and Menzel (2016) developed a multistep method including probability interpolation, to eliminate 299 
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cloud cover using combined Terra-Aqua MODIS snow-cover products.  These methodsis takes advantage of the fact 300 

that the Terra and Aqua satellite overpasses occur at different times of the day and, since clouds move, oftentimes 301 

more snow cover or non-snow-covered land cover can be imaged and mapped using data from both satellites, as 302 

compared to using the Terra or Aqua MODIS data alone.  However Though this method of cloud clearing is useful, 303 

it is of limited utility for large areas because changes in cloud cover are typically small between Terra’s 10:30 am 304 

local time equator crossing and Aqua’s at 1:30 pm.   305 

 306 

Additionally, rPercent reductions in cloud cover that are achieved by combining Terra and Aqua daily snow-cover 307 

data are highly variable and dependent on many factors such as location, time of year, daily weather and cloud 308 

conditions, etc., and have been reported to vary.  A factor that impacts the quality of both the Aqua MODIS snow-309 

cover and the cloud-cover products, used to mask clouds, is that many of the detectors in the critical 1.6 µm band 310 

used in both algorithms is non-functional on the Aqua MODIS.  As an example, for the western U.S. study area 311 

shown in Fig. 1, for 14 March 2012 and 19 March 2012, using a snow-cover map that combined Terra and Aqua 312 

snow cover products, the MOD10A1 snow product showed 71.7 percent clouds while the combined Terra and Aqua 313 

products showed 67.0 percent for 14 March 2012.  ; for another date, 19 March 2012, MOD10 showed 71.8 percent 314 

clouds while the combined Terra/Aqua snow map showed 68.4 percent.  Combining the MOD and MYD snow maps 315 

definitely can reduce cloud cover but there are issues with the Aqua snow maps (see below) and reliance on the 316 

continued availability of two nearly-identical sensors is problematicunrealistic for development of an ESDR because 317 

satellites do not last indefinitely. 318 

 319 

 320 

Figure 1:  Study area covering all or parts of 11 states in the western United States and part of southern Canada.  This study area 321 

is 2,487,610 km2 in area. 322 

 323 

 324 

2.3.4  Fusion of ground and satellite measurements 325 

 326 
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 327 

Figure 1:  Study area covering all or parts of nine states in the western United States and part of southern Canada.  The following 328 

MODIS tiles were used to develop the composite: h08v04, h09v04, h10v04, h08v05, h09v05, h10v05. 329 

Fusion of ground- based and satellite- based snow observations is also an effective approach to map snow-cover“see 330 

beneath” clouds.  This method of cloud clearing is used successfully by NOAA to develop the Interactive 331 

Multisensor Snow and Ice Mapping System (IMS) SCE products (see Helfrich et al., 2007 and 2012). 332 

 333 

 334 

3Hybrid methods to reduce cloud cover are also effective.  For example, Gafurov and Bárdossy (2009) developed a 335 

cloud-clearing method consisting of six sequential steps that begins with using Terra and Aqua snow cover maps, 336 

ground observations, spatial analysis and finally snow climatology to clear clouds and generate a cloud-free daily 337 

snow-cover map with high accuracy.  Other researchers have developed CGF techniques that combined Terra and 338 

Aqua, time interpolation, spatial interpolation and probability estimation, e.g. López-Burgos et al. (2013) to create 339 

“cloud-free” SCEA maps.  Deng et al. (2015) combined MOD, MYD and SNOWL SCE and AMSR2 SWE data and 340 

temporal filtering to create daily “cloud-free” snow cover maps of China.  Combining different methods sequentially 341 

to remove clouds is also a way to create CGF products (Dariane et al., 2017).  A cubic spline interpolation method 342 

has been used with good results by some researchers (Tang et al., 2013 & 2017; Xu et al., 2017) as a temporal CGF 343 

method using MODIS snow-cover products.  Crowdsourcing by cross-country skiers combined with MODIS snow-344 

cover products has also been used to create daily CGF products (Kadlec and Ames, 2017).  Many other methods to 345 

reduce cloud cover have also been successful (e.g., see for example, Tong et al., 2009a & b; Tang et al., 2013 & 346 

2017; Xu et al., 2017Dariane et al., 2017; Xu et al., 2017; Coll and Li, 2018).   347 

 348 

The CGF method of Hall et al. (2010) and Riggs et al. (2018) is the method that was selected for the NASA MODIS 349 

standard SCE products because of its ease-of-use, effectiveness and because it relies on data from only one sensor at 350 

a time to produce results. 351 

 352 

2.4  Differences between Terra and Aqua MODIS snow-cover maps 353 
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 354 

Beginning inSince the MODIS C6 re-processing, the Quantitative Image Restoration (QIR) algorithm (Gladkova et 355 

al., 2012) has been used in the Aqua MODIS snow algorithm to restore the lost data from the non-functional band 6 356 

detectors so that the same snow-cover mapping algorithm can be used in both Terra and Aqua.  Beginning with the 357 

launch of the Aqua MODIS, some detectors in Aqua MODIS band 6 have not functionedB since band 6 (with a 358 

center wavelength of ~1.6 µm) is, a key band for to snow-coverSCE mapping, experienced degradation issues even 359 

before the launch of the Aqua satellite in 2002 and many of its detectors are non-functioning there was a degredation 360 

in the Aqua MODIS SCE mapping algorithm as compared to the Terra MODIS algorithm8.  Therefore, fFor C5 and 361 

earlier collections, Aqua MODIS band 7 (~2.1 µm) was used instead of band 6 in the snow-mapping algorithm 362 

(Riggs et al., 2006).  Additionally,An additional complication is that ttThe cloud-masking algorithm for Terra uses 363 

MODIS band 6 but the cloud-masking algorithm forr the Aqua algorithm was adapted to use band 7 instead of band 364 

6 because of the non-functioning detectors in Aqua band 6 for Collection 5 and earlier collections.  This resulted in 365 

the Terra and Aqua algorithms often providing different snow-mapping results in many snow-covered areas due to 366 

the reduced accuracy of the Aqua algorithm.  IHowever, even in C6 and C6.1 in which the QIR is employed to map 367 

snow in both the Terra and Aqua SCE algorithms, there are still more cloud/snow discrimination errors in the Aqua 368 

cloud-mask algorithm as compared to the Terra algorithm because the QIR is not used for cloud masking within the 369 

Aqua datacloud mask.  This results in more snow commission errors in MYD10L2 (Aqua) snow maps as compared 370 

to MOD10L2 (Terra) snow maps.  Because of the greater uncertainties inherent in snow mapping using MYD10 371 

algorithms for reasons mentioned above, and because any combined method using both Terra and Aqua data is 372 

dependent on more than one sensor providing data, we do not recommend the Aqua MODIS SCE product to be part 373 

of a planned MODIS-VIIRS ESDR for SCE.  Additionally, since both the Terra and Aqua MODIS sensors are well 374 

beyond their design lifetimes, it is not realistic to depend on both to provide data indefinitely into the future.  375 

 376 

Fusion of ground based and satellite based snow observations is also an effective approach to “see beneath” clouds.  377 

This method of cloud clearing is used by NOAA to develop the Interactive Multisensor Snow and Ice Mapping 378 

System (IMS) SCE products (see Helfrich et al., 2007 and 2012). 379 

 380 

Our objective is to generate the CGF snow maps daily in the normal operational processing stream of MODIS and 381 

VIIRS snow products.  The cloud-clearing method uses current day and/or recent previous day(s) of MODIS daily 382 

snow-cover products to fill gaps created by cloud cover.  If timeliness were not a constraint then interpolation of 383 

snow cover over time, both on previous and future days, could be a part of a cloud-clearing algorithm, and would 384 

increase the accuracy of the snow cover map on any given day. 385 

 386 

3 Methodology and Results 387 

 388 

The new standard CGF products of Collection 6.1 and C2, respectively, M*D10A1F and VNP10A1F, enable 389 

researchers to download and use cloud-free MODIS and VIIRS daily snow SCE maps along with quality-assurance 390 

Formatted: Font color: Auto

Formatted: Strikethrough



 

 

12 
 

(QA) data information to assess uncertainties of the gap-filling algorithm.  Reference Figure 1 here StudyHereFor 391 

the present work, we focus on a large (2,487,610 km2) study area covering all or parts of 11 states in the western 392 

U.S. and part of southern Canada (Fig.ure 1).  Examples of the daily Terra MODIS standard and CGF and the daily 393 

S-NPP VIIRS standard and CGF cloud-free map products for thise western U.S. study area (Fig. 1) may beare seen 394 

in Fig. 2.  Note someThere are some differences in cloud cover between the Terra MODIS (top left) and S-NPP 395 

VIIRS (top right) standard snow maps.  The MOD10A1F scenesnow map is 65.8 percent (1,637,066 km2) cloud-396 

covered, vs 60.6 percent (1,506,924 km2) in the VNP10A1F snow map.  The difference in cloud coverage is largely 397 

due to the differences in the cloud masking of MODIS and VIIRS SCE maps, as described earlier.  However, 398 

difference in the locations of clouds is also a contributing factor because the Terra MODIS and S-NPP VIIRS 399 

images were acquired at different times on the same day, and clouds move.  There may also be changes in the 400 

location of snow cover within a day (due to melting of shallow snow, for example).  Even given these small 401 

differences in the standard products that include clouds, the CGF snow maps shown in the bottom row of Fig. 2 are 402 

very similar, with 15.2 percent (378,634 km2) snow cover on the MOD10A1F snow map and 16.6 percent (413,794 403 

km2) snow cover on the VNP10A1F snow map.  Thus the VIIRS maps shows fewer clouds and more snow than 404 

does the Terra MODIS map in this example. 405 

 406 

 in area.Examples of the dThe daily Terra MODIS CGF S-NPP SCE product is similar to MOD10A1 product but is 407 

cloud-free for the western U.S. study area (Fig. 1),  as seen in Fig. 2.  There are some differences in cloud cover 408 

between the Terra MODIS (top left) and S-NPP VIIRS (top right) snow maps.  The percentage of clouds in the 409 

MOD10A1F scene is 65.8 percent (1,637,066 km2), vs 60.6 percent (1,506,924 km2) in the VNP10A1F snow map.  410 

Th difference in cloud coverage isis is largely due to the differences in the cloud masking of MODIS and VIIRS, 411 

described earlier.  It isHowever dare also a factor because the images were acquired at different times on the same 412 

day, and clouds moveTperhaps even some changes in snow cover.  The CGF snow maps shown in the bottom row 413 

of Fig. 2 are very similar, with 15.2 percent (378,634 km2) snow cover on the MOD10A1F snow map and 16.6 414 

percent (413,794 km2) snow cover on the VNP10A1F snow map, with VIIRS modis/viirsmapping more snow than 415 

MODIS. 416 

 417 

the accuracy of the snow observation depends in part on the age of the observation, i.e., number of days since last 418 

cloud-free observation, thus information on cloud persistence is included with each product.  The accuracy of the 419 

observation at the pixel level depends on the cloud masking of the swath product, M*D10_L2, for MODIS and 420 

VNP10_L2 for VIIRS.  The MODIS and VIIRS snow-cover swath products are gridded and mapped into the daily 421 

tiled products that are input to M*D10A1F and VNP10A1F CGF algorithms.  422 

 423 
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 424 

Figure 1:  Study area covering all or parts of nine states in the western United States and part of southern Canada.  The following 425 

MODIS tiles were used to develop the composite: h08v04, h09v04, h10v04, h08v05, h09v05, h10v05.  The areal extent of this 426 

study area is 2,487,610 km2. 427 

 428 

 429 

 430 
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 432 

 433 

Figure 2:  Top Row - Examples of the C6 MOD10A1 and the new Collection 6.1 MOD10A1F MODIS snow mapsMODIS and 434 

VIIRS standard and cloud-gap filled (CGF) snow maps on 14 April 2012 for a study area in the western United 435 

States/southwestern Canada (see Fig. 1).  Top row left: MODIS MOD10A1 C6.1 snow maps showing extensive cloud cover on 436 

14 and 15 April 2012.  Top right: VIIRS VNPPN10A1 C1 snow map also showing extensive cloud cover on 14 April 2012.  437 

Bottom leftrow: MOD10A1F C6.1 cloud-gap filled (CGF) maps corresponding to the MOD10A1 snow maps in the top row, 438 

also for 14 and 15 April 2012.  Bottom right: VNP10A1F CGF map corresponding to the VNP10A1 snow map in the top row, 439 

also for 14 April 2012.  In all of the snow maps, Nnon-snow-covered land is green.  Regions of interest (ROI) containing the 440 

Sierra Nevada Mountains in California and Nevada (109,575 km2), and the Wind River Range in Wyoming (22,171 km2), are 441 

outlined in red on the MODIS snow maps.  The following MODIS tiles were used to develop the MODIS composites: h08v04, 442 

h09v04, h10v04, h08v05, h09v05, h10v05.  Each VIIRS swath that included coverage of this study area was composited to create 443 

a daily map, then the daily maps were used to create the VNP10A1F snow map for 14 April 2012. 444 

 445 

 446 

REVISE this FIGURE.  Instead of showing the 15 April 2012 MODIS image pair, replace that with 14 April VIIRS snow 447 

maps. 448 

 449 
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Though cloud-gap filling provides a cloud-free snow map every day, the accuracy of the snow observation depends 450 

in part on the age of the observation, i.e., number of days since last cloud-free observation, thus information on 451 

cloud persistence is included with each product.  The accuracy of the observation at the pixel level depends on the 452 

snow-cover algorithm that includes cloud masking of the swath product, M*D10_L2, for MODIS and VNP10_L2 453 

for VIIRS.  The MODIS and VIIRS snow-cover swath products are gridded and mapped into the daily tiled products 454 

which that are input to M*D10A1F and VNP10A1F CGF algorithms.  455 

 456 

The accuracy of athe snow observation is dependent on many factors.  In this work, we focus  on the uncertainties of 457 

the gap- filling method; we do not address the inherent accuracy of the snow maps because that has been 458 

documented elsewhere by many previous studies, at least for the MODIS SCE products.  The accuracy 459 

ofUncertainties in the CGF maps that relate to the gap-filling methodology, shown in Fig. 2 depends in part on the 460 

age of the observation, i.e., number of days since last cloud-free observation.  To address this, information on cloud 461 

persistence for each pixel is included with each product.  The accuracy of the observation at the pixel level also 462 

depends on the Ccloud masking of the swath product, M*D10_L2, for MODIS and VNP100_L2 for VIIRS, 463 

represents an additional uncertainty in the both products and contributes to differences between the snow-mapping 464 

results.  The MODIS and VIIRS snow-cover swath products are gridded and mapped into the daily tiled products 465 

that are input to M*D10A1F and VNP10A1F CGF algorithms (Riggs et al., 2017a).  466 

 467 

IFor MODIS, inputs to the MODIS CGF algorithms are the current day M*D10A1 and the previous day 468 

M*D10A1F products.  The CGF daily snow map is created by replacing cloud observations in the current day 469 

M*D10A1 with the most-recent previous cloud-free observation from the M*D10A1F (Hall et al., 2010; Riggs et 470 

al., 2018).  The algorithm tracks the number of days since the last cloud-free observation by incrementing the count 471 

of consecutive days of cloud cover for a pixel.  This is stored in the cloud-persistence count (CPC) data array.  If the 472 

current day observation is ‘cloud’ then the cloud count is one and is added to the CPC count from the previous day’s 473 

M*D10A1F and written to the current day’s M*D10A1F algorithm.  If the current day observation is ‘not cloud,’ 474 

then the CPC is reset to zero in the current day’s M*D10A1F CPC.  If the CPC is 0, that means that the snow-cover 475 

observation is from the current day.  If the CPC for the current day is 1, that represents the count of days since the 476 

last ‘non-cloud’ observation.  On the day that the CGF mapping algorithm is initialized for a time series,, for 477 

example, 1 xx February 2012, the CGF snow-cover map is identical to the MODIS daily snow-cover map 478 

(M*D10A1) and the cloud-persistence count (CPC) map will show zeros for non-cloud observations and ones for 479 

cloud observations (Riggs et al., 2018).  As the time series progresses, a nearly-cloud-free snow map is produced on 480 

about Day 5 8 in theis example shown in Fig. 3, on whichwhen the percent clouds cover is only 3.88.0 percent of the 481 

snow map (Fig. 3), though it takes 24 days to achieve a completely cloud-free map in this example (not shown).  482 

The same method is used to develop the VNP10A1F CGF snow-map products.  For the same initialization of the 483 

time series, beginning on 4 February 2012, a nearly-cloud-free snow map is produced on Day 5x when the clouds 484 

cover is only xxx6.7 percent of the map, and it takes xxx days to achieve a completely cloud-free VNP10A1F CGF 485 

snow map (Fig. 3). 486 
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PCT_CLOUD_MODIS_CGF_ALL 487 
  61.23  36.52  25.18  19.19  15.94  11.20  10.16   8.03   5.74   4.16 488 
PCT_CLOUD_VIIRS_CGF_ALL 489 
  50.78  23.28  14.21  10.20   6.71   4.70   4.48   3.18   2.17   2.02 490 
 491 

 492 

 493 
Figure 3:  Percent cloud cover on a scene from the western United States (see location of the study area in Fig. 1). Note that the 494 

percentage of cloud cover decreases dramatically in the first few days following the beginninginitiation of the CGF time series on 495 

1 February 2012, herein denoted as Day 1.  The percent cloud cover drops from about 75 percent on Day 1 to 3.8496 

  497 

Figure 3:  Percent cloud cover in a Terra MODIS (MOD10A1F) and an S-NPP VIIRS (VNP10A1F) time series of snow-cover 498 

maps for the western United States study area (see location in Fig. 1). Note that the percentage of cloud cover decreases 499 

dramatically in the first few days following the 4 February 2012 initiation of the CGF time series, denoted here as Day 1.  In this 500 

example, the percent cloud cover drops from about xx percent on Day 1 to xx percent on Day 5 for the MOD10A1F time series 501 

and xx percent on Day 1 to xxx percent on Day x for the VNP10A1F time series..   502 

 503 

A CPC data arraymap is associated with each CGF snow map so that a user may determine the age of the snow 504 

observation of each pixel (Fig. 4).  For each pixel, the uncertainty of the observation increases with time since the 505 

last clear view.  To help a user assess the accuracy of an observation, the count of consecutive days of cloud cover is 506 

incremented and stored as QA in the CPC map that specifies how far back in time the observation was acquired.  For 507 

example, for 19 March 2012, when a pixel has a CPC = 0, this means that the reported NDSI value for that pixel was 508 

acquired on 19 March 2012.  When a pixel has a CPC=1 this means that the reported NDSI pixel value is one day 509 

old, hence it was acquired on 18 March, and so on (Fig. 4).  A user can decide how far back in time they would like 510 
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to use an observation, and can easily develop a unique CGF map, utilizing the CPC information that is most 511 

appropriate for their application.   512 

 513 

 514 

 515 
 516 

Figure 4:  Left -– Terra MODIS cCloud-gap filled (CGF) MOD10A1F snow map for 19 March 2012.  Right – Cloud-persistence 517 

count (CPC) map from the quality assurance (QA) dataset for the 19 March CGF snow map seen at left.  For 19 March 2012, 518 

when a pixel has a CPC = 0, this means that the NDSI value for that pixel was acquired on 19 March 2012.  When a pixel has a 519 

CPC=1 this means that the NDSI pixel value is one day old, hence it was acquired on 18 March, and so on.   520 

 521 

For the snow-cover product suite, tThe time series are started with the first day of acquisition for each mission, then 522 

reset when on October 1st is reachedof each year.  The first days of the gap-filling time series for the Terra and Aqua 523 

MODIS CGF production are 24 February 2000 and 24 June 2002, respectively.  The first day of gap filling for the S-524 

NPP VIIRS CGF production is the first day of VIIRS data collection which is 21 November 2011.  With those 525 

exceptions, gap-filling sequences begin on the first day of each water year, October 1st.   526 

 527 

The MODIS data-acquisition record is nearly continuous from the beginning of the missions however, there are brief 528 

periods -- minutes to hours -- when either the Terra 529 

[https://modaps.modaps.eosdis.nasa.gov/services/production/outages_terra.html] or Aqua 530 

[https://modaps.modaps.eosdis.nasa.gov/services/production/outages_aqua.html] MODIS data were not acquired or 531 

data were “lost.”  In general, those outages have minimal effect on the snow-cover data record.  There have also 532 

been some VIIRS data outages which are also tracked 533 

[https://modaps.modaps.eosdis.nasa.gov/services/production/outages_npp.html]. 534 

However, in addition,  there are also a fewrare extended data outages of one to five days that have occurred in the 535 

MODIS Terra record.  Extended outages, and may occur in the future.    George, do you know of gaps in the VIIRS 536 
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data record?  The gap-filling algorithms for both MODIS and VIIRS are designed to continue processing over daily 537 

or multi-day gaps in the data record.  A missing day of MODIS or VIIRS NDSI snow-cover input is processed as if 538 

it were completely cloud obscured so the previous day’s CGF result is retained and the CPC is incremented by one.  539 

Orbit gaps and missing swath or scan line data within a tile are processed as a cloud observation with the previous 540 

good observation retained and the CPC is incremented for the current day.  This provides a continuous snow-cover 541 

data record for the CGF product.  See Riggs et al. (2018) for further details.   542 

 543 

4 Results: 3.1 Evaluation and Validation Analysis 544 

 545 

In this section, we provide evaluation and validation for study areas in the western United States and a study area in 546 

the northeastern United States/southeastern Canada.  We also look a regions of interest (ROIs) within the primary 547 

western United States study area shown in Figure 1.  TAt the time of this writing, the MODIS and VIIRS CGF SCE 548 

products are not yetwill be available to download s.  Sometime during the fall of 2019 the products will be 549 

downloadable through the National Snow and Ice Data Center (NSIDC) in Boulder, Colorado, USA.  To enable 550 

some early evaluation of the products we produced CGF Terra and Aqua MODIS time series of selected areas in  the 551 

western U.S. and in the northeastern U.S. and southeastern Canada.  Here we provide evaluation and some 552 

validation for study areas in the western U.S./southwestern Canada and a study area in the northeastern 553 

U.S./southeastern Canada.  We also look at regions of interest (ROI) within ourthe primary western 554 

U.S./southwestern Canada study area shown in Fig. 1.  To begin to evaluate the products we produced Terra and 555 

Aqua MODIS time series of areas in the western U.S. and in the northeastern U.S. and southeastern Canada.  We 556 

selected the year 2012 for the time series because both MODIS and VIIRS data were available in that year.  557 

Comprehensive global validation studies will not be possible to perform until the data sets are released through 558 

NSIDC and the entire MODIS and VIIRS records have been processed.  This maywill take several months following 559 

initial release of the data; the full data records should be available in 2020.. 560 

 561 

There are many ways to evaluate the uncertainties in the CGF snow-cover maps but only one way to perform 562 

absolute validateion of the maps.  The CGF maps can be compared with other daily snow-cover map products (e.g., 563 

NOAA IMS 4-km snow maps Helfrich et al., 2007 and; 2012; Chen et al., 2012), with snow maps developed from 564 

higher-resolution maps such as from Landsat and Sentinel, and with reflectance images derived from satellite data.  565 

This allows us to evaluateevaluation of the products but does not constitute absolute validation.   566 

 567 

In the U.S., the SCEThe only way to validate the products can be validated is using NOAA snow depth data 568 

https://gis.ncdc.noaa.gov/maps/ncei/summaries/daily as has been done for MOD10A1 (Collections 1 – 5) by many 569 

authors (e.g., Brubaker et al., 2005; Chen et al., 2012).  However the density of meteorological stations is highly 570 

variable in the U.S. and the network of meteorological-station data over the globe is even more variable, especially 571 

in higher latitudes.  Therefore the snow maps can only truly be validated where there is a dense network of 572 

https://gis.ncdc.noaa.gov/maps/ncei/summaries/daily
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meteorological stations, though we can sometimes successfully interpolate between stations when stations are 573 

farther apart. 574 

 575 

4.1  Compare withValidation using NOAA snow depth data.   576 

 577 

Snow depths from NOAA snow depth data (e.g., see Fig. 5) can be overlain on a MODIS CGF snow map as shown 578 

in the example in Fig.ures. 6 and 7.  Based on NOAA snow-depth data indicating the presence of snow cover, oOn 579 

16 April 2012 the Terra MODIS CGF map appears to map the location of snow cover very well in an ROI in Utah 580 

that includes part of the Wasatch Range, based on NOAA snow-depth data indicating the presence of snow cover.  A 581 

NASA WorldView true-color (corrected reflectance) Terra MODIS image is shown alongside a Terra MODIS CGF 582 

snow map with NOAA snow depths superimposed on an ROI in south-central Utah (Fig. 6a, b & c).  There are no 583 

other NOAA stations that report snow cover except the ones shown in Fig. 6b.  The dark blue and light blue circles 584 

indicate snow depths of up to or ≥>254.0 mm, and the white circle indicates a snow depth of 0.1 – 25.4 mm, 585 

revealing that the MOD10A1F snow map accurately reflectsshows the location of snow cover in this ROI. 586 

 587 

 588 

 589 

Figure 5:  Snow depth (mm) from 16 April 2012 for part of the continental United States.  Source: NOAA National Climate Data 590 

Center https://gis.ncdc.noaa.gov/maps/ncei/summaries/daily.   591 

 592 

On 16 April 2012 the MODIS CGF map appears to map the location of snow cover very well in an ROI in Utah that 593 

includes part of the Wasatch Range, based on NOAA snow-depth data indicating the presence of snow cover.  A 594 

NASA WorldView true-color (corrected reflectance) Terra MODIS image is shown alongside a Terra MODIS CGF 595 
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snow map with NOAA snow depths superimposed on an ROI in south-central Utah (Fig. 6a, b & c).  There are no 596 

other NOAA stations that report snow cover except the ones shown in Fig. 6b.  The dark blue and light blue circles 597 

indicate snow depths of up to or >254.0 mm, and the white circle indicates a snow depth of 0.1 – 25.4 mm, revealing 598 

that the MOD10A1F snow map accurately reflects the location of snow cover in this ROI. 599 

 600 

 601 

Figure 6a:  NASA WorldView true-color (corrected reflectance) Terra MODIS image of a region on interest (ROI) in central 602 

Utah, USA.S.A.,  including the southern part of the Wasatch Range, acquired on 16 April 2012.  Fig. 6b. Snow depths from 603 

NOAA are mapped onto the Terra MODIS CGF map, MOD10A1F, for 16 April 2012 for the same area shown in Fig. 6a.  Open 604 

circles indicate stations that report snow depth, though none is visible in this snow map.  Fig. 6c.  Location map where the red 605 

rectangle delineates the ROI..   606 

3.114.2  Compare with higher-resolution images and derived snow maps.   607 

 608 

In the absence of meteorological-station data or in addition to it, aA good way to evaluate the accuracy of the 609 

MODIS CGF SCE maps is to compare them with snow maps derived from higher-resolution sensors such as from 610 

the Sentinel-2A (S-2A) Multispectral Instrument (MSI) 30-m resolution images derived from the Harmonized 611 

Landsat Sentinel-2 (HLS) dataset [https://hls.gsfc.nasa.gov/] (Claverie et al., 2018).  As an example, we compare 612 

snow cover mapped in MODIS CGF snow-cover products with snow cover derived from Sentinel-2A Multispectral 613 

Instrument (MSI) 30-m resolution images from the Harmonized Landsat Sentinel-2 (HLS) dataset 614 

[https://hls.gsfc.nasa.gov/] (Claverie et al., 2018) as seen in for an ROI in Montana, in (Fig. 7a and, b  & cshow a 615 

comparison of an S-2A image and a Terra MODIS CGF snow map from 2 December 2016). 616 
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 617 

 618 

 619 

 620 
Figure 7a:  Sentinel-2A ‘true-color’ image showing snow cover in shades of white and grey, acquired on 2 December 2016 for a 621 

region of interestn (ROI) in the state of Montana, U.S.A.  Black indicates non-snow-covered ground.  Fig. 7b.  The MOD10A1F 622 

cloud-gap-filled (CGF) snow map of the same area and on the same date as is shown in Fig. 7a.  In the CGF snow map in Fig. 7b, 623 

snow is depicted in various shades of white and purple, corresponding to Normalized Difference Snow Index (NDSI) values.  624 

Pixels shown in red represent ‘no decision’ by the NDSI algorithm.  Fig. 7c.  The red box corresponds to the location of the 625 

images in the ROI in Montana, shown in Fig. 7a and Fig. 7b. 626 

 627 

Snow cover on 2 December 2016 may be seen on the Sentinel-2A (S-2A) image in shades of white and grey from 628 

this RGB composite image (bands 4, 3 and 2 (red (664.6 nm), green (559.8 nm) and blue (492.4 nm), respectively)) 629 

in Fig. 7a.  Though the location of snow cover in the S-2AS2 image is visually very close to the snow cover depicted 630 

in shades of purple to white in the CGF snow map of Fig. 7b, there is not perfect correspondence.  The point of this 631 

comparison is to demonstrate the utility of high-resolution imagery to evaluate the CGF maps, not to perform a 632 

detailed and quantitative comparison that would involve our selecting an algorithm to map snow cover in the S-633 

2AS2 image, with its inherent uncertainties.  Therefore this is an example of evaluation and comparison of snow 634 

maps, and not validation of the CGF map product. 635 

 636 

4.3 3.12 Effect of cloud cover on the accuracy of the CGF snow-cover maps.   637 

 638 
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The accuracy of the CGF snow decision in each pixel is influenced by cloud persistence, or the number of days of 639 

continuous cloud cover.  This is because the algorithm updates the snow map under clear-sky conditions, or when 640 

there are breaks in cloud cover, according toas determined by the MODIS or VIIRS cloud mask.  To demonstrate 641 

differences in cloud coverage and thus to illustrate differences sources ofin CGF uncertainty, between two 642 

climatologically-different areas in the United Statescontinental U.S., we show the mean number of days of 643 

continuous cloud cover for an study area in the western U.S./northern Mexico and in the northeastern 644 

U.S./southeastern Canada for the month of February 2012 (Fig. 8a, b & c).  Greater accuracy in snow-cover 645 

decisions in for the CGF snow-cover product is possible achieved when there are more views of the surface as 646 

illustrated for in the month of February 2012; in the western U.S./northern Mexico ROI (Fig. 8a) are fewer days of 647 

clouds and more views of the surface  (that includes the Sierra Nevada Mountains ROI discussed earlier) as 648 

compared tovs. in part of the northeastern U.S./southeastern Canada  (Fig. 8ba).  For example, for February 2012 the 649 

mean number of days of continuous cloud cover on a per-grid cell basis in the northeastern U.S./southeastern 650 

Canada (2.67 days) is greater than in the western U.S./northern Mexico (0.49 days) as seen in Fig. 8b.  Figs. 8a and 651 

8b demonstrate graphically that there were more views of the surface in the western study area as compared to the 652 

eastern study area for the month of February 2012.  Thus the expectation is, that the accuracy of the CGF snow maps 653 

at this time of year is higher in western U.S. study areas as compared to cloudier northeastern U.S. study areas. 654 

 655 

 656 
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657 

 658 

Figure 8a, b and c and 8b:  Fig. 8a.  Maps showing the mean number of days of continuous cloud cover (a measure of cloud 659 

persistence) for February 2012 derived from the MOD35 cloud mask used in the MOD10A1F snow-cover products.  Fig. 8a.  A 660 

study area: 8a) in the western U.S., extending into northern Mexico, and 8b) .  Fig. 8b.  A study area in the nNortheastern 661 

U.S./southeastern Canada.  Fig. 8c.  Location mMap showing outlines, in red, the locations of the study areas shown in Figs. 8a 662 

and 8b. 663 
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 664 

4.3  Comparison of a time series of MODIS and VIIRS cloud-gap filled SCE maps 665 

 666 

For the study area in the western U.S. shown in Figure 1, A ~3-month (141 Februaryxx – 30 April1 xx, 2012) time 667 

series of Terra MODIS and S-NPP VIIRS SCE map products (Fig. 9) wasere developed, processed and evaluated for 668 

the study area in the western U.S. shown in Fig. 1.  .  Note in Figure 9 theThe difference in SCE between the 669 

MODIS and VIIRS snow maps for each day of thethe  time series is shown in the graph.  Overall, the snow maps 670 

agree very well though t.  he mean difference shows that In general, the Terra MODIS snow maps show more/less 671 

snow as compared to the VIIRS snow maps, with a mean daily difference of -11,070 sq km2. . which represents only 672 

0.45 percent of the study area which is only ~0.45 percent of the study area..  Overall, the snow maps agree very 673 

well.  Reasonss for disagreement between MODIS and VIIRS on a given day daily basis are that the Terra MODIS 674 

images are acquired at a different time of the day (10:30 A.M. equatorial crossing time) as compared to the S-NPP 675 

VIIRS images (1:30 P.M. equatorial crossing time); cloud-cover differences on the original snow maps (before gap 676 

filling) can also explain some of the difference in amounextent of snow mapped.  This is largelys because of 677 

differences in cloud masking between the MODIS and VIIRS SCE products as described earlier, in Section xxand as 678 

illustrated in the example shown in Fig. 2..  679 

 680 

Further analysis has confirmed that the differences in SCE between the two snow maps are largely due to 681 

differences in cloud masking.   682 

 683 

 684 

 685 

Figure 9:  Time series showing differences in snow-cover extent (SCE) derived from Terra MODIS and S-NPP VIIRS cloud-gap 686 

filled (CGF) snow maps for a nearly 3-month period extending from 4 February – 30 April, 2012.  Though the time series began 687 
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on 1 February, snow-cover extent from 1 – 3 February snow cover is not shown because, in this example, xxxthe gap-filling 688 

algorithm was started on 1 February had not filled most of in the gaps from clouds until 4 February. 689 

 690 

 691 

 692 

4.4  Development of Environmental Science Data Records using Cloud-Gap Filled Snow Maps 693 

 694 

4.453.13 Comparison of Terra and Aqua MODIS snow maps for inclusion in an Earth Science Data Record 695 

(ESDR).   696 

 697 

Because of the greater uncertainties inherent in snow mapping using MYD10 (Aqua) vs MOD10 (Terra) algorithms 698 

for reasons mentioned above that focus on Aqua band 6 issues, and because any combined method using both Terra 699 

and Aqua data is dependent on more than one sensor providing data, we do not recommend the Aqua MODIS SCE 700 

product to be part of a planned MODIS-VIIRS ESDR for SCE.  We analyzed Terra and Aqua CGF snow maps and 701 

time-series plots to determine which maps are better suited to being part of a moderate-resolution the SCE ESDR.  702 

First we compared snow maps-map data from both Terra and Aqua from 1 February through 30 April 2012 for ROIs 703 

including the Wind River Range, Wyoming, and the Sierra Nevada Mountains in California and Nevada (see red 704 

rectangles in Fig. 2, left panels, for locations).  In the first few days of each time series, the CGF algorithm is 705 

actively removing clouds from the daily maps, until both the Terra and Aqua daily maps are completely cloud-free 706 

by approximately DOY 20 of the Wind River Range ROI time series and Day 10 of the Sierra Nevada ROI time 707 

series as seen in Fig. 9.  Pixels for which the algorithm provided “no decision” were excluded from the analysis.  708 

The plots on the top row in Fig. 109 show agreement of the Terra MODIS and Aqua CGF mapsagreement of percent 709 

snow cover as R=1.0, and Mean Bias=1.69 for the Wind River Range ROI time series and R=0.96 and Mean 710 

Bias=1.13 for the Sierra Nevada ROI time series.  Difference in percent clouds in each ROI (in which the difference 711 

= Terra minus Aqua) reveals that the Aqua snow maps generally have more clouds than do the Terra snow maps. 712 

 713 

TEven when the “no-decision” pixels are excluded, there are still differences in Terra and Aqua cloud masking that 714 

preclude prevent the Terra and Aqua time series from being identical. This is especially notable from ~DOY 35 – 70 715 

of the Wind River Range time series (see top left graph in Fig. 109).  This corresponds to a period with significant 716 

cloud cover that is being mapped differently by the Terra and Aqua cloud masks (see bottom row in Fig. 109).  717 

Difference in percent cloud cover by day for Terra MODIS minus Aqua CGF for the ROI including the Wind River 718 

Range and the ROI including the Sierra Nevada Mountains are shown in the bottom row of Fig. 109.  TDifference in 719 

percent clouds in each ROI reveals that the Aqua snow maps generally have more clouds than do the Terra snow 720 

maps.The Aqua MODIS snow maps tends to have more cloud cover during the study period than does the Terra 721 

MODIS snow maps. 722 

 723 

 724 
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 725 
Figure 109: Top Row.  Time-series plots of percent snow cover in a 22,171 km2 scene (see location of the ROI that includes the 726 

Wind River Range, Wyoming, in Fig. 2) and in a 109,575 km2 scene (see ROI that includes the Sierra Nevada Mts., in Fig. 2) 727 

using M*D10A1F snow-cover maps for a time series extending from 1 February through 30 April (DOY 32 – 121) 2012.  728 

Bottom Row.  Difference in percent cloud cover by day for Terra MODIS minus Aqua MODIS for the ROI including the Wind 729 

River Range and the ROI including the Sierra Nevada Mountains, corresponding to the top panels, showing that the Aqua 730 

MODIS has shows more cloud cover during the study period than does the Terra MODIS. 731 

 732 

Though the percent snow cover on the Terra and Aqua snow maps is highly correlated in the example time series 733 

shown in Fig. 109, there is also quite a bit of disagreement for example from about DOY 35 – 70 for the Wind River 734 

Range.  Our analysis of both CGF snow maps for this western U.S. study area indicates that the Terra MODIS snow 735 

maps are is superior for reasons that areas discussedfor reasons described below.  Further analysis, after the full 736 

dataset has been reprocessed, is required to confirm this. 737 

 738 

The primary reason for disagreement between the Terra MODIS and Aqua MODIS snow maps in C5 and earlier 739 

collections is that the  1.6 µm channel (bBand 6) on the Aqua MODIS sensor has some non-functioning detectors 740 

(MCST, 2014) as described earlier.  Other reasons include low illumination and terrain shadowing.  The reader is 741 

referred to the MODIS C5 Snow Products User Guide (Riggs et al., 20016) for more details concerning the effect of 742 

the non-functioning detectors on the Aqua snow-cover maps in data collections prior to C6. 743 

 744 

For C6, the MYD10A1 snow-mapping algorithm uses the Quantitative Image Restoration (QIR) (of Gladkcova et 745 

al.,  (2012) to correct the Aqua MODIS band 6 radiances for the non-functioning detectors, and thereby to enable 746 

use of the same algorithm as is used for the Terra MODIS.  Differences in cloud cover, and in cloud masking 747 
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account for differences in snow-mapping results between the C6 Terra and Aqua MODIS snow maps shown in Fig. 748 

109.  The lower panels in Fig. 109 illustrate differences in the cloud masking for Terra and Aqua for the 41 February 749 

– 30 April 2012 time series. 750 

 751 

An  specific example to illustrateing this can be seen on 26 April 2012 which was a day that had a large amount of 752 

clouds in the primary westernour U.S. study area shown in Fig. 1 of the western United States (Fig. 110).  The 753 

patterns of cloud cover in the false-color imagery (not shown) of both Terra and Aqua MODIS show that the clouds 754 

are inhave the same shape of as many of the ‘no-decision’ regions on the Aqua CGF snow map.  The clouds are 755 

probably very cold (possibly with ice) on top of lower-level clouds. The Aqua cloud mask fails to flag most of those 756 

clouds as ‘certain cloud,’ so they are processed as 'clear' in the MYD10A1 snow algorithm, and ‘no decision’ is the 757 

result.  This is an outcome of the fact thatbecause the Aqua MODIS band 6 (with its non-functioning detectors) is 758 

not used in the Aqua MODIS cloud masking algorithm because of the non-functioning detectors.  Even though 759 

MYD10A1 uses the QIR for the C6 and C6.1 SCE algorithms, the C6 cloud masking algorithm, MYD35 developed 760 

by the University of Wisconsin, does not “restore” the non-functioning detectors of Aqua band 6, and therefore 761 

usesd Aqua band 7 instead. 762 

 763 

This is a common problem with the C6 Aqua CGF snow maps, and tThe large number of ‘no decision’ pixels 764 

resulting from the Aqua C6 and C6.1 cloud mask would affect the continuity of a moderate-resolution SCE n ESDR.  765 

For that reason, we have decided to use of the Terra and VIIRS CGF maps only, as part ofto develop the ESDR. 766 

 767 

 768 
Figure 110: Terra MODIS (left) and Aqua MODIS (right) cloud-gap-filled (CGF) snow-cover maps from 26 April 2012.  Note 769 

that there are red pixels on both snow maps indicating ‘no decision’ by the algorithm, however there are many more red pixels on 770 

the Aqua MODIS snow map, primarily due largely to the inability of the Aqua MODIS cloud mask to identify large areas of 771 

cloud cover as ‘certain cloud.’  The location of this western United States study area is shown in Fig. 1. 772 

 773 

There are greater uncertainties inherent in snow mapping using the Aqua MODIS vs. Terra MODIS for reasons 774 

mentioned above that are largely related to the non-functioning detectors in the Aqua MODIS band 6.  The large 775 

number of ‘no decision’ pixels resulting from the Aqua C6 and C6.1 cloud mask would adversely affect the 776 
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continuity of a moderate-resolution SCE ESDR.  Based on this preliminary analysis, we recommend use of the Terra 777 

MODIS and S-NPP VIIRS CGF maps only, to develop the moderate-resolution SCE ESDR.  Further analysis in 778 

other snow-covered areas is necessary to confirm this. 779 

 780 

4.5  Development of Environmental Science Data Records using Cloud-Gap Filled Snow Maps 781 

 782 

 783 

54 Discussion and Conclusion 784 

 785 

 786 

Meltwater from mountain snowpacks provides hydropower and water resources to drought-prone areas such as the 787 

western United States.  Accurate snow measurement is needed as input to hydrological models that predict the 788 

quantity and timing of snowmelt during spring runoff.  SCE can be input to models to estimate snow-water 789 

equivalent (SWE) which is the quantity of most interest to hydrologists and water management agencies.  790 

Increasingly-accurate predictions save money because reservoir management improves as measurement accuracy of 791 

SWE increases.  792 

 793 

In this paper, we describe some of the applications andsome uncertainties of the C6.1 MODIS and VIIRS cloud-gap 794 

filled (CGF) daily snow-cover maps, M*D10A1F and the C2 the C22 VIIRS CGF snow-cover map, VNP10A1F, 795 

respectively.  The objective of this work the NASA MODIS and VIIRS algorithms products is to produce a daily, 796 

cloud-free snow-cover products along with appropriate QA information.  These products will enable  that can SCE 797 

can be used as the basis for that an Earth Science Data Record (ESDR) of snow cover tocan be produced at moderate 798 

spatial resolution for hydrological and climatological applications.  Cloud-gap filled snow-cover products from 799 

MODIS and VIIRS have all of the uncertainties of the original products, that contain clouds, as well as additional 800 

uncertainties that are related to cloud-the age of the snow measurementgap -filling, such as the age of the snow 801 

observation method.  When using the MODIS and VIIRS CGF products, a user can specify how far back in time 802 

they want to look, using the Cloud-Persistence Count (CPC) which tells the age of the snow measurement in each 803 

pixel; the CPC, and is available as part of the product QA metadata for both the MODIS and VIIRS CGF snow-804 

cover products.  Uncertainty relating to cloud-gap filling is greater in areas with frequent and persistent cloud cover 805 

during the snow season such as in the northeastern U.S., or WRR vs. areas such as the Sierra Nevada Mountains 806 

where gaps in clouds occur more frequently during the snow season.   807 

 808 

It is difficult to validate the MODIS and VIIRS CGF (and other) snow maps.  Absolute validation can only be 809 

accomplished using  NOAA daily snow depth station data when available.  However, pwWe can also evaluate the 810 

product accuracy can also be evaluated by comparing the CGF with MODISproducts with surface reflectance maps, 811 

higher-resolution maps such as derived from Landsat and Sentinel and using other satellite-derived snow maps. 812 

 813 
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Comparisons of the daily MODIS and VIIRS CGF SCE products for a nearly 3-month time period in 2012 over a 814 

study area in the western U.S. (2,487,610 km2) show excellent correspondence between the products with the VIIRS 815 

products, on average, mapping 11, 070 km2 more snow as compared to the MODIS products on a given day, or 0.45 816 

percent of the study area. 817 

 818 

Comparisons of Terra and Aqua CGF snow maps in C6 reveal many more “no-decision” pixels in the Aqua snow 819 

maps, due to cloud masking, low illumination and terrain shadowing.  Because of non-functioning detectors in band 820 

6, the Aqua cloud mask is less accurate than the Terra cloud mask according to our preliminary validation over the 821 

western U.S. study area.  Though the Terra and Aqua snow algorithms are the same in C6 due to use of the 822 

Quantitative Image Restoration (QIR) technique technique to map snow using forthe Aqua MODIS, the Aqua cloud 823 

mask does not use the QIR.but the accuracy of the Terra product is higher, and therefore the Terra   MODIS CGF 824 

snow-cover maps of C6.1 are useful for development of an ESDR and ultimately a CDR (combined with S-NPP 825 

VIIRS and other JPSS VIIRS-derived snow maps now and in the future).   826 

 827 

Time series of both the Terra and Aqua daily CGF snow-cover maps show pixels classified as ‘no decision,’ but on 828 

the Aqua CGF maps, there are many more ‘no decision’ pixels on the Aqua maps.  Because of this issue with the 829 

Aqua MODIS cloud masking, as detailed above,ThereforeFor this reason we do not recommend using the C6.1 830 

Aqua MODIS CGF snow maps as part of an ESDR at this time.  In the future, if the Terra and Aqua cloud mask 831 

algorithms become more similar in future re-processing of the cloud mask, this recommendation will be reassessed.   832 

 833 

Comparisons of the daily Terra MODIS and S-NPP VIIRS CGF SCE products for a 3-month time period in 2012 834 

were undertaken for our study area in the western U.S. (2,487,610 km2) covering all or parts of 11 states and part of 835 

southwest Canada.  Though the MODIS and VIIRS SCE maps show excellent correspondence, the VIIRS maps, on 836 

average, show 11,070 km2 more snow as compared to the MODIS maps on a given day which is only ~<0.45 837 

percent of the study area.  MODIS CGF snow-cover maps of C6.1 are useful for development of an ESDR and 838 

ultimately a CDR (combined with S-NPP VIIRS and other JPSS VIIRS-derived snow maps now and in the future).   839 

 840 

 841 

 842 

Snow cover is one of the Global Climate Observing System (GCOS) essential climate variables.  The distribution, 843 

extent and duration of snow, along with knowledge of snowmelt timing, are critical for characterizing the Earth’s 844 

climate system and its changes.  To augment complement the 53-year NOAA/Rutgers CDR of snow cover at 25-km 845 

resolution which is valuable for climate and other studies, the MODIS/VIIRS moderate-resolution ESDR will be 846 

available at 500-m resolution and as such will beis useful for local and regional studies of snow cover and water 847 

resources, as well as for climate studies.  The value of the ESDR will increase as  as the length of the record 848 

increases.   849 

 850 
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