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ABSTRACT:  

Onset, duration and melt of seasonal snow cover and ephemeral snow events are relevant in the 

study of climate change when observed over a period of several decades or longer.  The Moderate-

Resolution Imaging Spectroradiometer (MODIS) daily high resolution 500 m snow products, with 

a 14+ year data record, are useful for tracking seasonal snow cover extent and duration.    An 

impediment to daily observation of snow cover extent with MODIS is cloud cover.  A single 

season, 1 September 2013 to 30 April 2104, snow cover extent data record for a region of the 

Appalachians in southern West Virginia was made by processing the MODIS daily snow cover 

product to fill gaps caused by cloud cover then filtering the snow cover data to remove snow 

commission errors and suspected snow cover anomalies.  An accurate representation of the 

seasonal snow cover extent and duration, and short duration snow covers resulted from the 

technique.   
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INTRODUCTION: 

Extent and duration of seasonal snow cover is changing in some regions as the climate changes.  

The Intergovernmental Panel on Climate Change (IPCC) states, “Snow cover extent has decreased 

in the Northern Hemisphere, especially in spring (very high confidence).” (Vaughan et al., 2013).  

Changes in snow cover extent and duration over the Northern Hemisphere have been found by 

Brown and Derksen (2012) to be decreasing markedly more than projected by climate model 

simulation.  Snow cover extent at the end of the Northern Hemisphere cold season has decreased 

by about 20% between 1979 and 2013 (NOAA 2014).  Remote sensing of snow cover is the 

primary method used to study snow cover change at synoptic and regional scales.  

Remote sensing of snow cover with current optical sensors, Moderate Resolution Imaging 

Spectroradiometer (MODIS), Advanced Very High Resolution Radiometer (AVHRR) and Visible 

Infrared Imaging Radiometer Suite (VIIRS) provide users with daily observations of the surface 

and global coverage at high spatial resolution ranging from 250 m to 1 km.  The MODIS daily 

snow cover products have been used by many researchers to build daily time series data sets of 

snow cover to study extent, duration and variability of snow cover.  For example Dietz et al. (2012 

and 2013) have mapped snow cover duration over Europe and central Asia, respectively, and 

compiled statics on variability in snow cover duration using the NASA Earth Observing System 

(EOS) MODIS (modis.gsfc.nasa.gov) daily snow cover products from both the Terra 

(terra.nasa.gov) and Aqua (aqua.nasa.gov) missions.    
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The major impediment to using these optical sensors to monitor daily snow cover is cloud 

cover.  Snowfall events occur when it is cloudy so the extent of snow cover cannot be seen until 

the clouds clear which may be immediately after a snowfall or some number of days into the 

future.  Cloud cover causes gaps in the data record that can be a single day to many consecutive 

days over which an inference about snow cover in the satellite data record has to be made.  Several 

techniques for cloud gap filling have been presented in the literature e.g. Parajka and Blöschl 

(2008), Gafurov and Bárdossy (2009) and Gao et al. (2011)  that are potentially useful in building 

a cloud free snow cover data record.  The first step in building a daily cloud free data record is to 

fill in the cloud gaps then filter errors from the data set.   

Presented here is a technique that interpolates snow cover during cloud obscured periods to give 

a ‘cloud free’ observation and filters out snow commission errors in the MODIS daily snow cover 

product over an entire snow season for a regional area.  An accurate representation of snow cover 

extent and duration for a season emerges from use of this technique.   

 

STUDY AREA AND DATA: 

A region of the Appalachian Mountains in southern West Virginia was selected because it is a 

forested mountainous region, climatologically has a seasonal snow cover and may have snow 

events that result in short periods of snow cover outside of the duration of the seasonal snow cover 

(Figure 1).  

 

 

Figure 1. Study region of the Appalachians in southern West Virginia as seen by MODIS on 11 February 

2014.  False color image of MODIS bands 1, 2 and 6 shows snow cover in hues of yellow and snow free 

surfaces in shades of blue. The white box is the region from which data was extracted for this study.   
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The MODIS daily snow cover product MOD10A1 is studied for the period of 1 September 2013 

to 30 April 2014.  The MODIS snow cover products are produced as a series from the Level-2 

swath product to the daily global gridded product.  The snow cover detection algorithm is applied 

in the Level-2 algorithm to make the MOD10_L2 product which is then used to make the 

MOD10A1 daily snow cover product.  MOD10A1 is a composite of the best observation from the 

one or more swath products that are mapped into a grid cell in the projection of the MOD10A1 

product.  A day of the MOD10A1 fractional snow cover (FSC) product is shown in Figure 2.  The 

study region lies within the single MODIS tile of h11v05.  The MODIS snow cover products  

described in Riggs et al. (2006) are available from the National Snow and Ice Data Center 

(NSIDC) NASA-EOS Distributed Active Archive Center (DAAC) 

(nsidc.org/data/modis/data_summaries).   

 

Figure 2. The MOD10A1 fractional snow cover (FSC) map from MOD10A1.A2014042.h11v05.005*.hdf on 

11 February 2014.  The white box is region that data was extracted from for this study.   

METHODS AND DISCUSSION: 

Clouds obscure the view of seasonal snow cover at irregular intervals of hours to days, 

preventing a consistent daily time series of satellite observations of snow cover.  Techniques of 

filling the gaps in observation caused by clouds have been developed by several researchers e.g. 

Parajka and Blöschl (2008), Gafurov and Bárdossy (2009) and Gao et al. (2011) those techniques 

may replace cloudy observations with adjacent clear observations, or with probability of snow 

based on elevation zone or with surface observations of snow cover, all of which have been show 

to be effective for developing a cloud free time series of snow cover extent.  A simple cloud 

clearing technique is to retain the last clear observation before a cloudy period then update with 

next clear observation e.g. the MODIS cloud-gap-filled algorithm by Hall et al. (2010).  An 

interpolation technique using only the MODIS observations to fill cloud gaps is used here. 

Accurate snow and cloud discrimination is also a factor in the MODIS snow cover data 

products.  The snow algorithm uses the MODIS cloud mask product (MOD35_L2) as input to 

mask clouds in an image.  The MODIS cloud mask algorithm is cloud conservative and in some 

situations detects snow cover as ‘certain cloud’.  For example, in Figures 1 and 2 much of the 

snow cover in the study region is detected as cloud though there is no visible evidence for cloud 

over the snow cover on that day.  We have investigated ways to alleviate that snow/cloud 

confusion coming from the cloud mask algorithm by examining the cloud spectral tests data in the 



124 

 

cloud mask product for relationships that are reliably associated with some snow cloud confusion 

situations.  Some success has been achieved (Riggs and Hall, 2003) in that approach and the 

investigation continues.  This cloud/snow discrimination problem is not part of the cloud clearing 

technique used in this study; any cloud observation is assumed to be correctly detected cloud.   

Snow commission errors, detecting snow on snow free surface, is a well understood problem in 

the snow cover product.  Snow commission errors are associated with low illumination conditions, 

dense vegetation, rugged terrain and cloud edges or undetected clouds (Riggs et al., 2006).  A 

reason for those errors is that the snow detection algorithm is at the low end of its ability to clearly 

discriminate snow from non-snow features in low illumination.  The algorithm is run to maximize 

snow detection albeit with a higher snow commission error probability.  Though snow 

commission errors are typically much less than 1% of any swath and variable spatially and 

temporally they may have a large negative effect visually and appear as spurious snow days in a 

time series.  The MODIS snow cover detection algorithm has been revised for Collection 6 (C6) 

including new screens that block some of the snow commission errors and flag possible snow 

commission errors (Riggs and Hall, 2014).  In this study snow commission errors are blocked 

based on spatial and temporal factors and a final manual inspection of the data.   

The first step in processing of the daily time series of MOD10A1 data is to replace cloudy 

observations with an estimate of snow that may be under the clouds.  There are very few instances 

of multiday cloud free days with less than 30% cloud cover, in this time series as shown in Figure 

3 where consecutive clear days are connected by lines.   

 

Figure 3. Daily time series of MOD10A1 with clear days, those with 30% or less cloud cover, over the season 

1 September 2013 to 30 April 2014.  Days connected by lines are consecutive clear days.  Fractional snow 

cover (FSC) is the mean of all pixels with snow cover in the region.   

This cloud gap filling algorithm uses only MODIS clear observations to replace cloud 

observations.  The algorithm sequentially processes the entire time series and is applied in a series 

of repeated passes through the data set to replace cloud gaps of single to multiple days in different 

passes.  The results of one pass are used in the next pass to replace other cloud gaps.  Special 

processing is done on the first and last days of time series when they are cloudy to replace those 

cloud observations.  Interpolation of FSC across single day and multiday cloud gaps is done using 

the clear observations on either side, prior to and post cloud cover, to fill those cloud gaps.  The 

basic processing steps are; 

Single day of cloud: 

 Single day of cloud on first or last day of series with adjacent clear view replaced with 

clear view FSC. 

 Single day of cloud with adjacent clear view days fill with interpolated FSC observation.   

Consecutive days of cloud: 

 Linear interpolation over cloud days using adjacent clear view FSC observations.  
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 Consecutive days of cloud from first day of period are replaced with first clear view 

observation. 

 Consecutive days of cloud from some day in period to end of period are replaced with the 

clear view observation preceding the cloud period.  

Persistent cloud cover over the entire time period remains cloud covered. 

 

A continuous daily cloud free time series of FSC data (Figure 4) is the output of this cloud gap 

filling algorithm.  Inspection of the FSC mean and FSC area time series finds that there are 

probably many days with snow commission errors identified  on days with a high mean FSC value 

and very low FSC area coverage, in the time series outside of the expected seasonal snow cover, 

for example days during the month of September.   Those snow commission errors are removed by 

filtering the data with a minimum FSC area filter; if FSC area on a day is ≤ 10% of maximum 

snow cover area for the season, then that day was set to no snow.  That filter was effective at 

removing snow commission error where small number pixels in the region were detected as snow.  

Those snow commission errors were caused by snow/cloud confusion errors or low illumination 

conditions on non-snow features that were detected as snow.  Snow commission errors typical in 

the product are described in the snow product users guide (Riggs et al., 2006).  Snow omission 

errors were insignificant in this study but are possible as described in Riggs et al. (2006).  After 

filtering out snow commission errors a track of seasonal snow cover over the region is evident 

(Figure 5) as are some probable anomalies in the FSC track.   

 

Figure 4. Cloud gap filled daily time series of MOD10A1 over the season 1 September 2013 to 30 April 

2014.  Days connected by lines are consecutive clear days.  Fractional snow cover (FSC), black asterisk, is 

the mean of all pixels with snow cover in the region.  Area, red diamonds, is the sum of all pixels with snow. 



126 

 

 

Figure 5. Cloud gap filled daily time series of FSC after it was filtered for snow commission errors.  

Fractional snow cover, black asterisk, is the mean of all pixels with snow cover in the region.  Area, red 

diamonds, is the sum of all pixels with snow. 

Suspected anomalies in the FSC time series in Figure 5 were investigated by examining Terra 

MODIS imagery using the NASA Worldview a Global Imagery Browse Services provided by 

EOSDIS (https://earthdata.nasa.gov/labs/worldview/).  Visual interpretation of MODIS imagery 

resolved two anomalies in the time series.  In Figure 6 anomalies are marked with a blue ‘x’.   

 

Figure 6. Cloud gap filled daily time series of  FSC after it was filtered for snow commission errors.  Blue 

‘X’ marks anomalies in data series.  Blue circles mark uncertain accuracy in FSC interpolation.  Fractional 

snow cover is the mean of all pixels with snow cover in the region.  Area, red diamonds, is the sum of all 

pixels with snow. 
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The spike in FSC on 12 October (Figure 6) was caused by missing MOD10_L2 data not 

accounted for in the cloud gap interpolation algorithm.  Cloud/snow confusion was significant on 

9-11 November, primarily errors in cloud detection that resulted in clouds being detected as snow, 

that resulted in that anomaly.   

Notable downward trends in FSC over periods in January and February, blue circles on Figure 

6, are associated with long periods of persistent cloud cover. Those downward trends imply that 

duration of cloud cover affects accuracy of interpolation of FSC across cloud cover period of 

about seven days or longer.  Removing the FSC anomalies along with retaining the uncertain FSC 

interpolations through long duration cloud cover periods results in a reasonably accurate track of 

snow cover events and duration of snow cover over a season, Figure 7.   

RESULTS: 

A reasonably accurate track of seasonal snow cover extent, events and snow cover duration 

(Figure 7) results from application of the cloud gap filling technique, snow commission error 

filtering technique then manual investigation of and removal of suspect anomalies in FSC on some 

days in the time series.  The final track of seasonal FSC in Figure 7 was compared to MODIS 

imagery using the Worldview service.  Visual interpretation of the MODIS imagery corresponding 

to seasonal track of FSC revealed that brief snow cover events and the persistent seasonal snow 

cover period are accurately represented.  From the seasonal track (Figure 7), persistent snow cover 

duration period extended from about 3 January to about 20 February and there were periods of 

short duration snow cover early and late in the season, with first snow event of the season being 

about 22 November and the last snow event was on 25-31 March and that last snow cover melted 

away over the course of a day.   

The cloud gap interpolation algorithm used gave good results across single day and few days 

duration of cloud cover but the accuracy of the FSC interpolation was observed to decrease over 

longer periods of cloud duration, e.g. in January and February declines in FSC (Figure 7).  That 

result indicates that the interpolation algorithm over longer periods of cloud cover should be 

improved.  In this study the duration of cloud cover was not counted for use in the algorithm.  The 

MODIS snow cover cloud gap filled prototype product (Hall, et al., 2010) counts the duration of 

cloud cover and stores that data in a layer of the product for users to access to estimate quality of 

the observation.   

The accuracy of the results was based primarily on visual interpretation of MODIS imagery 

data.  National Ice Center (NIC) snow and ice charts (www.natice.noaa/ims/) were also used to 

verify results of some days.  Validation of the results to surface observations or snow cover 

modeling products was not included in this study. 
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Figure 7. Final cloud gap filled daily time series of FSC.  Fractional snow cover, black asterisks, is the mean 

of all pixels with snow cover in the region.  Area, red diamonds, is the sum of all pixels with snow. 

CONCLUSIONS: 

Accurate tracking of seasonal snow cover on a region of the Appalachians in southern West 

Virginia was done for a single season with the MOD10A1 snow cover product processed to fill 

cloud gaps, remove snow commission errors and other anomalies in the data.    Processing of the 

MODIS snow products is required to overcome the impediment of cloud cover and to remove 

suspect errors and anomalies in the FSC data when generating a time series of daily snow cover.   

Results of this study and those of the many published works evaluating or validating the 

MODIS snow products or generating derived snow cover data sets such as snow cover duration 

are studied and used as a source for revising the existing snow cover algorithms and quality 

assessment data stored in the products, and for developing new MODIS snow cover products.   
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