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15 Abstract. MODerate resolution Imaging Spectroradiometer (MODIS) cryosphere products that have been available
16  since the launch of the Terra MODIS in 2000 and the Aqua MODIS in 2002 include snow-cover extent (swath, daily
17  and eight-day composites) and daily snow albedo. These products are used in hydrological modeling and studies of
18 local and regional climate, and are increasingly being used to study regional hydrological and climatological

19  changes over time. Reprocessing of the complete snow-cover data record, from Collection 5 (C5) to Collection 6
20  (C6) and Collection 6.1 (C6.1), has led to improvements in the MODIS product suite. Suomi National Polar-

21  orbiting Partnership (S-NPP) Visible Infrared Imaging Radiometer Suite (VIIRS) Collection 1 (C1) snow-cover

22 products have been available since 2011, and are currently being reprocessed for Collection 2 (C2). To address the
23 need for a cloud-reduced or cloud-free daily snow product for both MODIS and VIIRS, a new daily cloud-gap filled
24 snow-cover product was developed for MODIS C6.1 and VIIRS C2 processing. MOD10A1F (Terra) and

25 MYD10ALF (Aqua) are daily, 500-m resolution cloud-gap filled (CGF) snow-cover map products from MODIS.

26 VNP10A1F is the 375-m resolution CGF snow map from VIIRS. The CGF maps provide daily cloud-free snow

27 maps, along with cloud-persistence maps showing the age of the snow or non-snow observation in each pixel. Work
28  isongoing to evaluate and document uncertainties in the MODIS and VIIRS standard daily CGF snow-cover

29 products. Analysis of the MOD/MYD10ALF products for study areas in the western United States shows excellent
30 results in terms of accuracy of snow-cover mapping. When there are frequent clear-sky episodes, MODIS is able to
31  capture enough clear views of the surface to produce accurate snow-cover information and snow maps. Even in the
32  extensively-cloud-covered northeastern United States during winter months, snow maps from MODIS CGF products
33 are useful, though the snow maps are likely to miss some snow, particularly during the spring snowmelt period when
34 snow may fall and melt within a day or two, before the clouds clear from the storm that deposited the snow.

35 Comparisons between the Terra and Aqua CGF snow maps have revealed differences that are related to cloud

36  masking in the two algorithms. We conclude that the MODIS Terra CGF is the more accurate MODIS snow-cover
37 product, and should therefore be the basis of an Environmental Science Data Record that will extend the CGF data
38 record from the Terra MODIS beginning in 2000 through the VIIRS era, at least through the early 2030s.

40 1 Introduction
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42 Regular snow-cover mapping of the Northern Hemisphere from space began in 1966 when the National Oceanic and
43 Atmospheric Administration (NOAA) began producing weekly snow maps to improve weather forecasting (Matson
44  and Wiesnet, 1981). A 53-year climate-data record (CDR) of Northern Hemisphere snow-cover extent (SCE), based
45  on NOAA’s snow maps is now available at the Rutgers University Global Snow Lab (Robinson et al., 1993; Estilow
46 etal., 2015). Since the 1960s, snow-cover mapping from space has become increasingly sophisticated. Not only
47 has the temporal resolution of snow maps increased from weekly to twice-daily, but the spatial resolution has also
48 improved over time. Data from multiple satellite platforms and instruments with visible/near-infrared (VNIR) and
49  short-wave infrared (SWIR) bands are now available to support improved snow mapping and snow/cloud

50 discrimination as compared to the earliest satellite snow-cover maps when sparse satellite data were available.

51

52 Due to increasing global temperatures, especially in more-northerly areas in the Northern Hemisphere, the Rutgers
53  CDR has been used by researchers to show that SCE has been declining and melt has been occurring earlier (Déry
54 and Brown, 2007). This shortening of the snow season has many implications such as, for example, in the western
55 United States (Mote et al., 2005; Stewart, 2009; Hall et al., 2015), with earlier snowmelt contributing to a longer fire
56  season (Westerling et al., 2006; O’Leary et al., 2018).

57

58 Medium-resolution SCE maps are produced daily from multiple satellite sensors such as are on the MODerate-

59 resolution Imaging Spectroradiometer (MODIS) on both the Terra, launched in 1999, and Aqua, launched in 2002,
60  and the Visible Infrared Imaging Radiometer Suite (VIIRS) on the Suomi - National Polar Partnership (S-NPP) and
61  the Joint Polar Satellite System — 1 (JPSS-1) satellites, launched in 2011 and 2017, respectively. These snow maps
62 are used extensively by modelers and hydrologists to study regional and local SCE and to develop snow-cover

63 depletion curves for multiple hydrological and climatological applications. Algorithms utilizing data from these

64  sensors provide global swath-based snow-cover maps at spatial resolutions ranging from 375 m to 1 km under clear
65 skies. Instruments on the Landsat series of satellites and other higher-resolution sensors, such as from the Sentinel
66 series, provide still-higher spatial resolution, though lower temporal resolution.

67

68  Cloud cover is the single most-important factor affecting the ability to map SCE accurately using VNIR and SWIR
69 sensors. Clouds often create daily gaps in SCE maps that are generated using data only from VNIR and SWIR

70 sensors. One way to mitigate the cloud issue is through cloud-gap filling (CGF). In this paper, we describe the

71 MODIS Terra and Aqua CGF algorithm, data products and uncertainties. In addition to the inherent uncertainties in
72 the MODIS snow maps, discussed elsewhere (e.g., Hall and Riggs, 2007, and in many other papers), there are

73 additional uncertainties related to gap filling. We also discuss the development of a moderate-resolution

74 Environmental Science Data Record (ESDR) of SCE and using MODIS and VIIRS standard snow-cover maps.

75 JPSS launches containing VIIRS sensors are planned through at least 2031, continuing the SCE record at moderate
76  spatial resolution.

77
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2 Background

The MODIS instruments have been providing daily snow maps at a variety of temporal and spatial resolutions
beginning on 24 February 2000 following the 18 December 1999 launch of the Terra spacecraft. A second MODIS
was launched on 4 May 2002 on the Aqua spacecraft. The MODIS sensors provide a large suite of land, atmosphere,
and ocean products [https://modis.gsfc.nasa.gov], including daily maps of global snow cover and sea ice. The
prefix, MOD, refers to a Terra MODIS algorithm or product and MYD refers to an Aqua MODIS algorithm or

product. When the discussion in this paper refers to both the Terra and Aqua products it will be designated as such
using the M*D nomenclature. Information on the full MODIS standard cryosphere product suite is available

elsewhere [https://modis-snow-ice.gsfc.nasa.gov/].

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

MODIS Land Data Products [https://modis-land.gsfc.nasa.gov/]. Specifically, reprocessing from Collection 5 (C5)

to Collection 6 (C6) and in the near future, Collection 6.1 (C6.1), has led to improvements in the MODIS snow-
cover standard data products (Riggs et al., 2017 and 2018).

A great deal of validation has been conducted on the MODIS snow-cover products through the C5 era (e.g., Klein
and Barnett, 2003; Parajka and Bldschl, 2006; Hall and Riggs, 2007; Frei and Lee, 2010; Arsenault et al., 2012 and
2014; Parajka et al., 2012; Chelamallu et al., 2013; Dietz et al., 2013), including validation with higher-resolution
imagery, such as from Landsat Thematic Mapper, Enhanced Thematic Mapper Plus and Operational Land Imager
(TM/ETM+ and OLI) (e.g., see Huang et al., 2011; Crawford, 2015; Coll and Li, 2018). Crawford (2015) found
strong spatial and temporal agreement between MODIS Terra snow-cover fraction and Landsat TM/ETM+ derived
snow cover, noting that some high-altitude cirrus cloud contamination was observed and transient snow was
sometimes difficult for the MODIS algorithm to detect. Though use of higher-resolution data is valuable, use of
meteorological-station data for validation (e.g., Brubaker et al., 2005) is the only true validation of the snow-cover
products. Comparing extent of snow cover derived from MODIS with snow cover from other satellite products is

not true validation because all derived snow-cover products have uncertainties.

A new feature of the MODIS C6 product suite provides the snow decision on each map as a normalized-difference
snow index (NDSI) value instead of fractional-snow cover (FSC) (Riggs et al., 2017). This has the important
advantage of allowing a user to more-accurately determine FSC in their particular study area by applying an
algorithm to derive FSC from the NDSI that is tuned to a specific study area. The C5 FSC algorithm (Salomonson
and Appel, 2004) is useful for estimating FSC globally for MODIS Terra data products, but is of more-limited utility
for specific and especially well-characterized study areas. That algorithm remains useful globally and can easily be
applied to the MODIS C6 and C6.1 and VIIRS C1 and C2 NDSI data.
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114  S-NPP VIIRS C1 SCE products [https://doi.org/10.5067/VIIRS/VNP10.001] are designed to correspond to the
115  MODIS C6 SCE products (Riggs et al., 2017). There were many revisions made in the MODIS C6 algorithms that
116 improved snow-cover detection accuracy and information content of the data products. Though there are important
117 differences between the MODIS and VIIRS instruments (e.g., the VIIRS 375 m native resolution compared to

118 MODIS 500 m), the snow-detection algorithms and data products are designed to be as similar as possible so that
119  the 19+ year MODIS ESDR of global SCE can be extended into the future with the S-NPP and Joint Polar Satellite
120 System (JPSS)-1 VIIRS snow products and with products from future JPSS platforms.

121

122 2.1 Methods to reduce or eliminate cloud cover in MODIS-derived snow-cover maps

123

124 The presence of cloud cover prevents daily continuous SCE maps from being produced using VNIR and SWIR
125 sensors. To reduce the effects of cloud cover in the MODIS snow-cover maps, many researchers have employed a
126 variety of different methods. For example, as part of the early MODIS snow-product suite, eight-day maximum
127 snow-cover maps (M*D10A2) were designed to provide greatly-reduced cloud cover. However these maps are
128 available only once every eight days, the maps frequently retain some cloud cover, and it is difficult to determine on
129 which days during the eight-day period snow was or was not observed. In spite of this, the eight-day maximum
130 snow maps have been useful in numerous research studies, e.g., M*D10A2 has been used successfully to develop
131  snowmelt-timing maps (O’Leary et al., 2018) and to map snow zones (Hammond et al., 2018), and are still available
132 inC6.0and6.1.

133

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

135 product suite. Parajka and Bléschl (2008) used a 7-day temporal filter causing a reduction of cloud coverage of
136 >95%, maintaining an overall accuracy of >92% when SCE was compared with in-situ data. Other methods to
137 reduce cloud cover have also been successful (e.g., see for example, Tong et al., 2009a & b; Coll and Li, 2018).
138 Gafurov and Bardossy (2009) developed a cloud-clearing method consisting of six sequential steps that begins with
139 using Terra and Aqua snow cover maps, ground observations, spatial analysis and finally snow climatology to clear
140 clouds and generate a cloud-free daily snow-cover map with high accuracy. Gafurov et al. (2016) developed an
141 operational daily snow-cover monitoring tool using that same cloud-clearing method with enhancements, with a
142 mean accuracy of 94% for a case study of the Karadarya River basin in Central Asia. To fill gaps caused by cloud
143 cover, use of forward and backward gap-filling methods to eliminate cloud cover have been used successfully with
144  the MODIS standard snow products and other satellite data.

145

146  Foppa and Seiz (2012) developed a temporal forward and backward gap-fill method to create a “cloud-free” daily
147  snow map from the daily global MOD10C1 data product. A spatial method that uses the relative position of a cloud-
148 obscured pixel to the regional snow-line elevation (SNOWL) was developed by Parajka et al. (2010) using MODIS
149 Terra data to create “cloud-free” snow maps which produced robust snow-cover mapping even in situations of

150 extensive cloud cover. A combination of SNOWL and temporal forward and backward gap filling was used by
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151  Hiisler et al. (2014) to create “cloud free” satellite snow cover maps using data from the Advanced Very High

152  Resolution Radiometer (AVHRR) of the European Alps. Malnes et al. (2016) used a multi-temporal

153 forward/backward interpolation gap-filling technique to create a cloud-free daily snow map from MOD10A1

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

155

156 A cubic spline interpolation method has been used with good results by some researchers (Tang et al., 2013 & 2017,
157 Xu et al., 2017) as a temporal CGF method using MODIS snow-cover products. Some researchers have developed
158 CGF techniques that combined Terra and Aqua, time interpolation, spatial interpolation and probability estimation,
159  e.g. Lépez-Burgos et al. (2013) to create “cloud-free” SCA maps. Deng et al. (2015) combined MOD, MYD and
160  SNOWL SCE and AMSR2 SWE data and temporal filtering to create a daily “cloud-free” snow cover maps of

161 China. Combining different methods sequentially to remove clouds is also a way to create CGF products (Dariane
162 etal., 2017). Crowdsourcing by cross-country skiers combined with MODIS snow-cover products has also been
163  used to create daily CGF products (Kadlec and Ames, 2017).

164

165 A common method to reduce cloud cover on a daily snow map is to combine the daily Terra (MOD10A1) and Aqua
166  (MYD10AL) snow maps (see for example, Gao et al., 2010 & 2011,

167  Lietal., 2017; Paudel and Anderson, 2011; Thompson et al., 2015; Yu et al., 2016; Xu et al., 2017). Dong and
168 Menzel (2016) developed a multistep method including probability interpolation, to eliminate cloud cover using
169 combined Terra-Aqua MODIS snow-cover products. This takes advantage of the fact that the Terra and Aqua

170 satellite overpasses occur at different times of the day and, since clouds move, oftentimes more snow cover or non-
171 snow-covered land cover can be imaged and mapped using data from both satellites, as compared to using the Terra
172 or Aqua MODIS data alone. However this method of cloud clearing is of limited utility because changes in cloud
173 cover are typically small between Terra’s 10:30 am local time equator crossing and Aqua’s at 1:30 pm.

174

175 Percent reductions in cloud cover combining Terra and Aqua daily snow-cover data are highly variable and

176 dependent on many factors such as location, time of year, daily weather and cloud conditions, etc., and have been
177 reported to vary. A factor that impacts the quality of both the Aqua MODIS snow-cover and the cloud-cover

178 products, used to mask clouds, is that the critical 1.6 um band used in both algorithms is non-functional on the Aqua
179  MODIS. As anexample, for the western U.S. study area shown in Fig. 1, for 14 March 2012 and 19 March 2012,
180  using a snow-cover map that combined Terra and Aqua snow cover products, the MODZ10 snow product showed
181 71.7 percent clouds while the combined Terra and Aqua products showed 67.0 percent for 14 March 2012; for

182 another date, 19 March 2012, MOD10 showed 71.8 percent clouds while the combined Terra/Aqua snow map

183  showed 68.4 percent. Combining the MOD and MY D snow maps definitely can reduce cloud cover but there are
184  issues with the Aqua snow maps (see below) and reliance on the continued availability of two nearly-identical

185  sensors is problematic.

186



Hydrol. Earth Syst. Sci. Discuss., https://doi.org/10.5194/hess-2019-123 Hydrology and
Manuscript under review for journal Hydrol. Earth Syst. Sci. Earth System
Discussion started: 23 April 2019 Sciences
© Author(s) 2019. CC BY 4.0 License.

?f
\ N
187

188 Figure 1: Study area covering all or parts of nine states in the western United States and part of southern Canada. The following
189 MODIS tiles were used to develop the composite: h08v04, h09v04, h10v04, h08v05, h09v05, h10v05.

Discussions

190 Beginning in C6 the Quantitative Image Restoration (QIR) algorithm (Gladkova et al., 2012) has been used in the
191 Aqua MODIS snow algorithm to restore the lost data from the non-functional band 6 detectors so that the same

192 snow-cover mapping algorithm can be used in both Terra and Aqua. The cloud-mask algorithm for Terra uses

193 MODIS band 6 but the cloud-masking algorithm for the Aqua algorithm was adapted to use band 7 instead of band 6
194  for Collection 5 and earlier collections. This resulted in the Terra and Aqua algorithms providing different snow-
195 mapping results in many snow-covered areas due to the reduced accuracy of the Aqua algorithm. However, even in
196 C6 and C6.1 in which the QIR is employed, there are still more cloud/snow discrimination errors in the Aqua cloud-
197 mask algorithm as compared to the Terra algorithm. This results in more snow commission errors in MYD10L2
198 (Aqua) as compared to MOD10L2 (Terra). Because of the greater uncertainties inherent in snow mapping using
199 MY D10 algorithms for reasons mentioned above, and because any combined method using both Terra and Aqua
200 data is dependent on more than one sensor providing data, we do not recommend the MODIS Aqua SCE product to
201  be part of a planned MODIS-VIIRS ESDR for SCE. Additionally, since both the Terra and Aqua MODIS sensors
202 are well beyond their design lifetimes, it is not realistic to depend on both to provide data indefinitely into the future.
203

204 Fusion of ground based and satellite based snow observations is also an effective approach to “see beneath” clouds.
205 This method of cloud clearing is used by NOAA to develop the Interactive Multisensor Snow and Ice Mapping

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

207

208 Our objective is to generate the CGF snow maps daily in the normal operational processing stream of MODIS and
209  VIIRS snow products. The cloud-clearing method uses current day and/or recent previous day(s) of MODIS daily
210 snow-cover products to fill gaps created by cloud cover. If timeliness were not a constraint then interpolation of
211 snow cover over time, both on previous and future days, could be a part of a cloud-clearing algorithm, and would
212 increase the accuracy of the snow cover map on any given day.

213
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214 3 Methodology and Results

215

216  The new standard CGF products, M*D10A1F and VNP10ALF, enable researchers to download and use cloud-free
217 MODIS and VIIRS daily snow maps along with quality-assurance (QA) data to assess uncertainties of the gap-
218  filling algorithm. The daily MODIS Terra CGF SCE product is similar to MOD10A1 product but is cloud-free as
219  seeninFig. 2.

220

221 . ' =
222 Figure 2: Top Row - Examples of the C6 MOD10AL1 and the new Collection 6.1 MOD10A1F MODIS snow maps for a study

223 area in the western United States (see Fig. 1). Top row: MOD10A1 snow maps showing extensive cloud cover on 14 and 15
224 April 2012. Bottom row: MOD10ALF cloud-gap filled (CGF) maps corresponding to the MOD10A1 maps in the top row, also
225 for 14 and 15 April 2012. Non-snow-covered land is green. Regions of interest (ROI) containing the Sierra Nevada Mountains
226  in California and Nevada (109,575 km?), and the Wind River Range in Wyoming (22,171 km?), are outlined in red.

227

228  Though cloud-gap filling provides a cloud-free snow map every day, the accuracy of the snow observation depends
229 in part on the age of the observation, i.e., number of days since last cloud-free observation, thus information on
230 cloud persistence is included with each product. The accuracy of the observation at the pixel level depends on the
231 snow-cover algorithm that includes cloud masking of the swath product, M*D10_L2, for MODIS and VNP10_L2
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for VIIRS. The MODIS and VIIRS snow-cover swath products are gridded and mapped into the daily tiled products
which are input to M*D10A1F and VNP10A1F CGF algorithms.

For MODIS, inputs to the CGF algorithms are the current day M*D10AL1 and the previous day M*D10A1F
products. The CGF daily snow map is created by replacing cloud observations in the current day M*D10A1 with
the most-recent previous cloud-free observation from the M*D10A1F (Hall et al., 2010; Riggs et al., 2018). The
algorithm tracks the number of days since the last cloud-free observation by incrementing the count of consecutive
days of cloud cover for a pixel. This is stored in the cloud-persistence count (CPC) data array. If the current day
observation is ‘cloud’ then the cloud count is one and is added to the CPC count from the previous day’s
M*D10AI1F and written to the current day’s M¥D10A1F algorithm. Ifthe current day observation is ‘not cloud,’
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
observation is from the current day. If the CPC for the current day is >1, that represents the count of days since the
last ‘non-cloud’ observation. On the day that the CGF mapping algorithm is initialized for a time series, for
example, 1 February 2012, the CGF snow-cover map is identical to the MODIS daily snow-cover map (M*D10A1)
and the cloud-persistence count (CPC) map will show zeros for non-cloud observations and ones for cloud
observations (Riggs et al., 2018). As the time series progresses a nearly-cloud-free snow map is produced on about
Day 5 in this example, on which the percent cloud cover is only 3.8 percent (Fig. 3), though it takes 24 days to
achieve a completely cloud-free map (not shown). The same method is used to develop the VNP10A1F CGF
products.

80
60

40

e

2 3 4 5
Day of time series

Percent Cloud

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
percentage of cloud cover decreases dramatically in the first few days following the beginning of the CGF time series on 1
February 2012, herein denoted as Day 1. The percent cloud cover drops from about 75 percent on Day 1 to 3.8 percent on Day 5.

A CPC map is associated with each CGF snow map so that a user may determine the age of the snow observation of
each pixel. For each pixel, the uncertainty of the observation increases with time since the last clear view. To help a
user assess the accuracy of an observation, the count of consecutive days of cloud cover is incremented and stored as
QA in the CPC map that specifies how far back in time the observation was acquired. For example, for 19 March
2012, when CPC = 0, this means that the reported NDSI value for that pixel was acquired on 19 March 2012. When

CPC=1 this means that the reported NDSI pixel value is one day old, hence it was acquired on 18 March, and so on
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263 (Fig. 4). A user can decide how far back in time they would like to use an observation, and can easily develop a
264 unique CGF map, utilizing the CPC information that is most appropriate for their application.
265

266
(CGF) Snow Map
O
) s
CPC in days since last clear view
=
0 A 2 3 4 5 6 s 8 9 1.0 Cloud Water NoDec
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267
268

269 Figure 4: Left - Cloud-gap filled (CGF) MOD10A1F snow map for 19 March 2012. Right — Cloud-persistence count (CPC)
270  map from the quality assurance (QA) dataset for the 19 March CGF snow map seen at left.

271

272  The time series are started with the first day of acquisition for each mission, then reset when October 1% is reached.
273 The first days of the gap-filling time series for the Terra and Aqua MODIS CGF production are 24 February 2000
274  and 24 June 2002, respectively. The first day of gap filling for the S-NPP VIIRS CGF production is the first day of
275  VIIRS data collection which is 21 November 2011. With those exceptions, gap-filling sequences begin on the first
276  day of each water year, October 1%,

277

278  The MODIS data-acquisition record is nearly continuous from the beginning of the missions however, there are brief
279 periods -- minutes to hours -- when either the Terra

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

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

282  data were “lost.” In general, those outages have minimal effect on the snow-cover data record. However there are
283 rare extended data outages of one to five days that have occurred, and may occur in the future. The gap-filling
284  algorithms for both MODIS and VIIRS are designed to continue processing over daily or multi-day gaps in the data
285 record. A missing day of MODIS or VIIRS NDSI snow-cover input is processed as if it were completely cloud
286  obscured so the previous day’s CGF result is retained and the CPC is incremented by one. Orbit gaps and missing

287  swath or scan line data within a tile are processed as a cloud observation with the previous good observation retained
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and the CPC is incremented for the current day. This provides a continuous data record for the CGF product. See
Riggs et al. (2018) for further details.

3.1 Evaluation and Validation Analysis

There are many ways to evaluate the uncertainties in the CGF snow-cover maps but only one way to validate the
maps. The CGF maps can be compared with other daily snow-cover map products (e.g., NOAA IMS 4-km snow
maps Helfrich et al., 2007; 2012; Chen et al., 2012), with snow maps developed from higher-resolution maps such as
from Landsat and Sentinel and with reflectance images derived from satellite data. This allows us to evaluate the
products but does not constitute validation. The only way to validate the product is using NOAA snow depth data

https://gis.ncdc.noaa.gov/maps/ncei/summaries/daily as has been done for MOD10AL (Collections 1 — 5) by many

authors (e.g., Brubaker et al., 2005; Chen et al., 2012). However the density of meteorological stations is highly
variable. Therefore the snow maps can only truly be validated where there is a dense network of meteorological
stations, though we can sometimes successfully interpolate between stations when stations are farther apart.

Compare with NOAA snow depth data. Snow depths from NOAA snow depth data (e.g., see Fig. 5) can be overlain

on a MODIS CGF snow map as shown in Figs. 6 and 7.

L Manitoba

uer

NORTH
© pAROTA

LEGEND

Snow Depth (mm) ©0 050.9-762  0127.1-1524 ©203.3-286 |
©0.1-25.4 ©76.3-101.6 @ 152.5-177.8 @228.7-254.0 )
©255-50.8 ©101.7-127.0 ©177.9-203.2 #>254.0

Figure 5: Snow depth (mm) from 16 April 2012 for part of the continental United States. Source: NOAA National Climate Data
Center https://gis.ncdc.noaa.gov/maps/ncei/summaries/daily.

On 16 April 2012 the MODIS CGF map appears to map the location of snow cover very well in an ROl in Utah that
includes part of the Wasatch Range, based on NOAA snow-depth data indicating the presence of snow cover. A
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311 NASA WorldView true-color (corrected reflectance) MODIS Terra image is shown alongside a MODIS Terra CGF
312 snow map with NOAA snow depths superimposed on an ROI in south-central Utah (Fig. 6a, b & c). There are no
313  other NOAA stations that report snow cover except the ones shown in Fig. 6b. The dark blue and light blue circles
314 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
315  that the MOD10ALF snow map accurately reflects the location of snow cover in this ROI.

316

Snow Depth (mm) ©0 0509-76.2 ©127.1-1524 ©203.3-228.6
©0.1-254 ©76.3-1016 ©1525-177.8 ©228.7-254.0
©255-50.8 ©101.7-127.0 ©177.9-203.2 ®>2540

317

318 Figure 6a: NASA WorldView true-color (corrected reflectance) MODIS Terra image of central Utah, including the southern
319 part of the Wasatch Range, acquired on 16 April 2012. Fig. 6b. Snow depths from NOAA are mapped onto the MODIS Terra
320 CGF map, MOD10ALF, for 16 April 2012 for the same area shown in Fig. 6a. Open circles indicate stations that report snow
321  depth, though none is visible in this snow map. Fig. 6¢c. Location map.

322  3.11 Compare with higher-resolution images and derived snow maps. A good way to evaluate the accuracy of the

323  CGF SCE maps is to compare them with snow maps derived from higher-resolution sensors. As an example, we
324  compare snow cover mapped in MODIS CGF snow-cover products with snow cover derived from Sentinel-2A
325  Multispectral Instrument (MSI) 30-m resolution images from the Harmonized Landsat Sentinel-2 (HLS) dataset
326 [https://hls.gsfc.nasa.gov/] (Claverie et al., 2018) as seen in for an ROl in Montana, in Fig. 7a, b & c.

327

328

329
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Figure 7a: Sentinel-2A ‘true-color’ image showing snow cover in shades of white and grey, acquired on 2 December 2016 for
an ROl in the state of Montana. Black indicates non-snow-covered ground. Fig. 7b. The MOD10A1F 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, snow is depicted in
various shades of white and purple, corresponding to Normalized Difference Snow Index (NDSI) values. Pixels shown in red
represent ‘no decision” by the NDSI algorithm. Fig. 7c. The red box corresponds to the location of the images in Montana,
shown in Fig. 7a and Fig. 7b.

Snow cover on 2 December 2016 may be seen on the Sentinel-2A image in shades of white and grey from this RGB
composite image (bands 4, 3 and 2 (red (664.6 nm), green (559.8 nm) and blue (492.4 nm), respectively)) in Fig. 7a.
Though the location of snow cover in the S2 image is visually very close to the snow cover depicted in shades of
purple to white in the CGF snow map of Fig. 7b, there is not perfect correspondence. The point is to demonstrate
the utility of high-resolution imagery to evaluate the CGF maps, not to perform a detailed and quantitative

comparison.

3.12 Effect of cloud cover on the accuracy of the CGF snow-cover maps. The accuracy of the CGF snow decision in

each pixel is influenced by cloud persistence, or the number of days of continuous cloud cover. This is because the
algorithm updates the snow map under clear-sky conditions, or when there are breaks in cloud cover, according to
the cloud mask. To demonstrate differences in cloud cover and thus to illustrate differences in CGF uncertainty,
between two areas in the United States, we show the mean number of days of continuous cloud cover for a study
area in the western U.S./northern Mexico and in the northeastern U.S./southeastern Canada for the month of
February 2012 (Fig. 8a, b & c). Greater accuracy in snow-cover decisions for the CGF snow-cover product is
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352 possible when there are more views of the surface as in the western U.S. (that includes the Sierra Nevada Mountains
353 ROI discussed earlier) vs. in part of the northeastern U.S. (Fig. 8a). For example, for February 2012 the mean

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

355 (2.67 days) is greater than in the western U.S./northern Mexico (0.49 days) as seen in Fig. 8b. Figs. 8a and 8b

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

357 eastern study area for the month of February 2012. Thus the expectation is, that the accuracy of the CGF snow maps
358 at this time of year is higher in western U.S. study areas as compared to cloudier northeastern U.S. study areas.

359

<1 2
Number of days

360
361 Figure 8a and 8b: Maps showing the mean number of days of continuous cloud cover (a measure of cloud persistence) for
362 February 2012 derived from the MOD35 cloud mask used in the MOD10ALF snow-cover products. Fig. 8a. A study area in the
363 western U.S., extending into northern Mexico. Fig. 8b. A study area in the Northeastern U.S./southeastern Canada. Fig. 8c.
364  Map showing the locations of the study areas shown in Figs. 8a and 8b.

365

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

367

368  3.13 Comparison of Terra and Aqua MODIS snow maps for inclusion in an Earth Science Data Record (ESDR).

369 We analyzed Terra and Aqua CGF snow maps and time-series plots to determine which maps are better suited to
370 being part of the SCE ESDR. First we compared snow-map data from both Terra and Aqua from 1 February

371 through 30 April 2012 for ROIs including the Wind River Range, Wyoming, and the Sierra Nevada Mountains in
372  California and Nevada (see red rectangles in Fig. 2 for locations). In the first few days of each time series, the CGF

13
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373 algorithm is actively removing clouds from the daily maps, until both the Terra and Aqua daily maps are completely
374 cloud-free by approximately DOY 20 of the Wind River Range ROI time series and Day 10 of the Sierra Nevada
375 ROI time series as seen in Fig. 9. Pixels for which the algorithm provided “no decision” were excluded from the
376 analysis. The plots on the top row in Fig. 9 show the MODIS Terra and Aqua agreement of percent snow cover as
377 R=1.0, and Mean Bias=1.69 for the Wind River Range ROI time series and R=0.96 and Mean Bias=1.13 for the
378 Sierra Nevada ROI time series. Difference in percent clouds in each ROI (in which the difference = Terra minus
379 Aqua) reveals that the Aqua snow maps generally have more clouds than do the Terra snow maps.

380

381  Even when the “no-decision” pixels are excluded, there are still differences in Terra and Aqua cloud masking that
382 preclude the Terra and Aqua time series from being identical. This is especially notable from ~DOY 35 — 70 of the
383 Wind River Range time series (see top left graph in Fig. 9). This corresponds to a period with significant cloud
384 cover that is being mapped differently by the Terra and Aqua cloud masks (see bottom row in Fig. 9). Difference in
385 percent cloud cover by day for MODIS Terra minus Aqua for the ROI including the Wind River Range and the ROI
386 including the Sierra Nevada Mountains are shown in the bottom row of Fig. 9. The Aqua MODIS tends to have
387 more cloud cover during the study period than does the Terra MODIS.

388

Wind River Range’ ' [ ’ o ) Sierra Nevada Mts.j

M I [ ————— TerraMODIS R=0.96
t ‘.R =1.0 Aqua MODIS Mean Bias=1.13
[ | MeanBias=1.69 e,
Terra MODIS
Agqua MODIS

Percent Snow Cover
3
»

Percent Snow Cover

DOY 2012 DOY 2012

Wind River Range |

Differencein Percent Cloud Cover
Differencein Percent Cloud Cover

DOY 2012 DOY 2012

389
390 Figure 9: Top Row. Time-series plots of percent snow cover in a 22,171 km? scene (see location of the ROI that includes the
391 Wind River Range, Wyoming, in Fig. 2) and in a 109,575 km? scene (see ROI that includes the Sierra Nevada Mts., in Fig. 2)
392 using M*D10A1F snow-cover maps for a time series extending from 1 February through 30 April (DOY 32 — 121) 2012.

393 Bottom Row. Difference in percent cloud cover by day for MODIS Terra minus Aqua for the ROI including the Wind River
394 Range and the ROI including the Sierra Nevada Mountains, corresponding to the top panels, showing that the Aqua MODIS has
395 more cloud cover during the study period than does the Terra MODIS.
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396

397 Though the percent snow cover on the Terra and Aqua snow maps is highly correlated in the example time series
398 shown in Fig. 9, there is also quite a bit of disagreement for example from about DOY 35 — 70 for the Wind River
399 Range. Our analysis of both CGF snow maps indicates that the Terra MODIS snow map is superior for reasons that
400  are discussed below.

401

402 The primary reason for disagreement between the MODIS Terra and Aqua snow maps in C5 and earlier collections
403 is that the 1.6 um channel (Band 6) on the Aqua MODIS sensor has some non-functioning detectors (MCST, 2014).
404 Other reasons include low illumination and terrain shadowing. The reader is referred to the MODIS C5 User Guide
405 (Riggs et al., 2016) for more details concerning the effect of the non-functioning detectors on the Aqua snow-cover
406  maps in data collections prior to C6.

407

408 For C6, the MYD10A1 algorithm uses the Quantitative Image Restoration (QIR) of Gladcova et al. (2012) to correct
409 the band 6 radiances for the non-functioning detectors, and thereby to enable use of the same algorithm as is used for
410  the Terra MODIS. Differences in cloud cover, and in cloud masking account for differences in snow-mapping

411 results between the C6 Terra and Aqua MODIS snow maps shown in Fig. 9. The lower panels in Fig. 9 illustrate
412  differences in the cloud masking for Terra and Aqua for the 1 February — 30 April 2012 time series.

413

414 A specific example illustrating this can be seen on 26 April 2012 which was a day that had a large amount of clouds
415 in our study area of the western United States (Fig. 10). The patterns of cloud cover in the false-color imagery (not
416 shown) of both MODIS Terra and Aqua show that the clouds are in the same shape of many of the ‘no-decision’
417 regions on the Aqua CGF snow map. The clouds are probably very cold (possibly with ice) on top of lower-level
418 clouds. The Aqua cloud mask fails to flag most of those clouds as ‘certain cloud,” so they are processed as ‘clear' in
419 the MYD10A1 snow algorithm, and ‘no decision’ is the result. This is an outcome of the fact that band 6 is not used
420  inthe Aqua cloud masking algorithm because of the non-functioning detectors. Even though MY D10AL uses the
421 QIR for C6, the C6 cloud masking algorithm does not.

422

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

424 resulting from the C6 cloud mask would affect the continuity of an ESDR. For that reason, we have decided to use
425  the Terra CGF maps only, as part of the ESDR.

426
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Terra MODIS el s AquaMODIS
26 April 2017 ¢ g 26 April 2017

MOD10A1FA2012117 MYD10A1FA2012117

Figure 10: Terra MODIS (left) and Aqua MODIS (right) cloud-gap-filled (CGF) snow-cover maps from 26 April 2012. Note
that there are red pixels on both snow maps indicating ‘no decision’ by the algorithm, however there are many more red pixels on
the Aqua snow map, due largely to the inability of the Aqua MODIS cloud mask to identify large areas of cloud cover as ‘certain

cloud.’

4 Discussion and Conclusion

Meltwater from mountain snowpacks provides hydropower and water resources to drought-prone areas such as the
western United States. Accurate snow measurement is needed as input to hydrological models that predict the
quantity and timing of snowmelt during spring runoff. SCE can be input to models to estimate snow-water
equivalent (SWE) which is the quantity of most interest to hydrologists and water management agencies.
Increasingly-accurate predictions save money because reservoir management improves as measurement accuracy of
SWE increases.

In this paper, we describe some of the applications and uncertainties of the C6.1 MODIS cloud-gap filled (CGF)
daily snow-cover map, M*D10A1F and the C2 VIIRS CGF snow-cover map, VNP10AL1F. The objective of this
work is to produce a daily, cloud-free snow-cover product along with appropriate QA information that can be used
as the basis for an Earth Science Data Record (ESDR) of snow cover at moderate spatial resolution. Cloud-gap
filled snow-cover products from MODIS and VIIRS have all of the uncertainties of the original products, that
contain clouds, as well as additional uncertainties that are related to the age of the snow measurement. When using
the MODIS and VIIRS CGF products, a user can specify how far back in time they want to look, using the Cloud-
Persistence Count (CPC) which tells the age of the snow measurement in each pixel, and is available as part of the
product QA metadata for both the MODIS and VIIRS CGF snow-cover products. Uncertainty relating to cloud-gap
filling is greater in areas with frequent and persistent cloud cover during the snow season such as the northeastern
U.S. or WRR vs the Sierra Nevada Mountains.

It is difficult to validate the MODIS and VIIRS CGF (and other) snow maps. Absolute validation can be
accomplished using NOAA daily snow depth station data when available. We can also evaluate the product
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456 accuracy by comparing the CGF with MODIS surface reflectance maps, higher-resolution maps such as derived
457  from Landsat and Sentinel and other snow maps.
458
459 Comparisons of Terra and Aqua CGF snow maps in C6 reveal many more “no-decision” pixels in the Aqua snow
460 maps, due to cloud masking, low illumination and terrain shadowing. Because of non-functioning detectors in band
461 6, the Aqua cloud mask is less accurate than the Terra cloud mask. The Terra and Aqua snow algorithms are the
462 same in C6 due to use of the Quantitative Image Restoration technique for Aqua, but the accuracy of the Terra
463 product is higher, and therefore the Terra MODIS CGF snow-cover maps of C6.1 are useful for development of an
464  ESDR and ultimately a CDR (combined with S-NPP VIIRS and other JPSS VIIRS-derived snow maps now and in
465  the future).
466
467  Time series of both the Terra and Aqua daily CGF snow-cover maps show pixels classified as ‘no decision,” but on
468 the Aqua CGF maps, there are many more ‘no decision’ pixels on the Aqua maps. Because of this issue with the
469 Aqua MODIS cloud masking, as detailed above, we do not recommend using the C6 Aqua MODIS snow maps as
470 part of an ESDR at this time. In the future, if the Terra and Aqua cloud mask algorithms become more similar in
471 future re-processing of the cloud mask, this recommendation will be reassessed.
472
473 Snow cover is one of the Global Climate Observing System (GCOS) essential climate variables. The distribution,
474 extent and duration of snow, along with knowledge of snowmelt timing are critical for characterizing the Earth’s
475 climate system and its changes. To augment the 53-year NOAA/Rutgers CDR of snow cover at 25-km resolution
476  which is valuable for climate and other studies, the MODIS/VIIRS moderate-resolution ESDR will be available at
477  500-m resolution and as such is useful for local and regional studies of snow cover and water resources, as well as
478 climate studies as the length of the record increases.
479
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