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I. Abstract

The Binary Snow Cover  and the Snow Cover Fraction are among the suite of land surface products which will be derived from observations of the 22-band Visible/Infrared Imager/Radiometer Suite (VIIRS) onboard the National Polar-orbiting Operational Environmental Satellite System (NPOESS) Preparatory Project (NPP) (launch expected in 2011) and afternoon overpass NPOESS platforms (launches expected in 2014 and 2021).
The main goal of the Land and Cryosphere Validation Plan is to identify the approaches that will be used to verify and validate the operational land and cryosphere products in the NPP era and to develop product validation tools that will be used both operationally and off-line.  The objective of this particular project consists in the development of algorithms and software to routinely validate the snow cover products derived from VIIRS instrument data onboard NPOESS. This report describes our activities in the first year of the project implementation. In accordance with the Schedule of the project implementation the work during this period was concentrated on the following three tasks: (1) Development of tools, algorithms and codes to acquire simulated VIIRS data from NPP-Land PEATE, (2) Development of tools to acquire observations of snow depth at ground-based meteorological stations, and (3) Development of approaches and tools compare and validate snow retrievals from VIIRS with surface observation data. 
II. Summary of the Snow Cover Product requirements and algorithm

The VIIRS Snow Cover suite of products includes the Snow Cover Binary Map and the Snow Cover Fraction Map. The Snow Cover Binary Map is a swath product. It will be produced at 375m maximum spatial resolution in the daytime. Snow will be identified only in pixels defined as confidently clear. The requirement for this product is 90% probability of correct typing. The VIIRS Snow Fraction product is derived from the binary snow map by aggregating snow/no snow estimates within 2 x 2 VIIRS pixel blocks. 

The VIIRS snow identification algorithm is similar to the one developed for MODIS onboard Terra and Aqua satellites. It employs a threshold-based decision-tree algorithm to separate snow free and snow covered pixels. An external cloud mask is used to exclude cloudy pixels from the classification process. 

III. Evaluation of the current VIIRS Snow Cover Product derived from simulated data 

The Binary Snow Map product will likely (but not definitely) meet its target requirement of 90 percent probability of correct classification.  A similar algorithm applied to MODIS data provides about 92 to 97 percent snow/no snow classification accuracy. The accuracy of classification should be expected to vary depending on the vegetation cover type. Due to the masking effect of trees, the probability of correct typing in forests will be lower than over grasslands and croplands. It is important that even with the 90% classification accuracy the product value for the user community (NWP, hydrological and climate modeling) will be limited because of gaps in the area coverage due to clouds.  Generation of spatially continuous snow cover product on a daily basis is possible only through synergy of VIIRS snow retrievals with information on snow cover derived from future MIS microwave sensor. 

The need for the VIIRS Snow Fraction Product is not yet obvious. If snow identification in the satellite imagery is accurate, snow fraction values other than 0 and 1 are expected only within a narrow area along the snow line. The snow fraction is not a value-added product and if needed most potential users can easily reproduce it themselves. At this time validation of the Snow Fraction product is impossible since there is no in situ observations of this parameter. Estimates of the fractional snow cover obtained with higher spatial resolution satellite imagery (i.g., Landsat,  ASTER) can generally be used for the product verification. These estimates however they can not be considered “truth” since they are also indirect and there their accuracy is largely unknown. Moreover estimates of snow fraction from higher resolution satellite imagery are not available operationally. Because of these issues the current research is focused solely on the validation of the VIIRS Binary Snow Cover product.

Prior to the launch of the VIIRS instrument, the development and testing of product validation tools will be carried out using simulated VIIRS data from NPP – Land Product Evaluation and Algorithm Test Element (PEATE). PEATE is managed and developed by NASA. NPP Data Adaptive Processing System (NPPDAPS) at Land PEATE has integrated both Science Version of the Codes (SCI) and the Operational Version of the Code (OPS).  Additionally, within Land PEATE modifications of science and operational algorithms (Land PEATE Adjusted Version, LPA) can be developed. At this time Land PEATE has made available snow products for the following tests: One Orbit Test with VIIRS simulated data (2003025), Single Day Global Test (2002222) using MODIS VIIRS proxy data and 51 Day Global Test using MODIS VIIRS proxy data (2003170-2003222).  Only for 16 days from the last test the information about the geolocation of observations and cloud mask was retained. Therefore only the results of the major 16 day Global Test for 07/12/2003 – 07/27/2003 can be used to assess the quality of snow products.  

Proxy data for the test are derived from MODIS Aqua instrument and mapped to the VIIRS bands with VIIRS viewing geometry.  The estimate of generated snow products is limited to the Northern Hemisphere because reliable historical information about snow distribution is available for the Hemisphere.
As the first step towards comprehensive assessment and validation of VIIRS snow cover products, we have accessed, downloaded and examined VIIRS Binary Snow Cover maps for the Global Test period of  07/12/2003 – 07/27/2003. The product is available presented on PEATE website in the form of tiles. 
The Fig. 1 and Fig. 2 illustrate the results of Snow Map generated by PEATE for the first and the last days of 16-day Global Test.
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Fig. 1. Binary snow product distribution on July 12, 2003 generated by Land PEATE.
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Fig. 2. Binary snow product distribution on July 27, 2003 generated by Land PEATE.

The projection chosen by land PEATE to present results of snow product calculation could not be considered as optimal to analyze the details of parameters distribution in high latitudes.  However at the current stage of snow product evaluation there is no need to consider secondary features of computed snow distribution.

The results of Snow Map product calculation for each pixel are presented by just one value out of three possible options.  The options are as follows: snow, no snow, missing information (fill value).  All those three gradations of the results are clearly identifiable in figures 1 and 2.

Snow / non snow information is provided over all land areas (including islands) covered by observations, exactly the same processing is implemented to all types of land surface. Moreover, the algorithmic discrimination between snow and non snow is applied identically to all pixels over land including cloud covered regions.  However, according even to an initial version of the snow retrieval algorithm developed for NPOESS by Raytheon more than 10 years ago, snow identification is limited to daytime and area without clouds.

Another pronounced feature of Snow Map results is snow retrieval for a large number of tiles over all oceans including the Arctic Ocean.  Those tiles are presented for all days of snow retrieval as well as in maps of vegetation indexes and land surface temperature, though cloud masks for the latter products could be different.  It allows to come to the conclusion that land/water mask used by Land PEATE is not correct.  
IV. Ancillary data from Land Product Evaluation and Algorithm Test Element (PEATE)
A meaningful analysis of snow products generated by Land PEATE is impossible without taking land/water and cloud masks (as well as location of pixels) into consideration.  As was mentioned in the previous section of this report, all those data are available only for 16 days in July, 2003.

Initial analysis of ancillary data was made at the highest possible nominal resolution of 375 m at nadir without georegistration to demonstrate typical features of VIIRS granules.

Figure 3 shows real color image from MODIS Aqua observations over the Russian Arctic coast without noticeable areas of snow cover, which is not surprising to mid July.  However the image is characterized by relatively low cloud coverage and it is certainly of interest to validate a quality of snow cover retrieval for low sun elevation at 1 a.m. - 4 a.m. local time.
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Fig. 3. Image of Russian Arctic coast on July 12, 2003 (MODIS observations of 18:05) 

To be able to study the algorithm performance at a 375 meter resolution, a subset from the granule for the vicinity of river Lena delta located in the center of figure 3 and presented in the following figure 4 will be analyzed.

This subset could be used for comprehensive investigations of VIIRS ancillary data as it includes different types of surface types, clouds covering the Northern part of the delta
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Fig. 4. The subset of MODIS image for the vicinity of river Lena delta.
and supposedly different quality of cloud cover retrieval.  All of those parameters are included into consideration.

The land / water mask for the subset of VIIRS granule in Fig.5 includes typical linear features parallel to scanning direction (in the left part of the image), reflecting varying aggregation of observation.

A very preliminary analysis of this VIIRS land/water sample clearly shows that the combined configuration of land (dark blue) and desert (violet) look reasonable.  Even though it is not quite clear why and how desert regions are defined above 70° N, that will not influence snow retrieval because the algorithm does not take a surface type into consideration.

The configuration of sea water looks also reasonable.  Red pixels inside ocean regions are not explainable but will be treated as locations with missing information as well as red pixels over land, green, orange and red pixels in the linear features.  
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Fig. 5. Land / Water mask for the vicinity of river Lena delta.

Now only two types of pixels from land/water masks remain to be discussed: inland water (light blue) and coastal (yellow).  Strange looking rectangular shapes of coastline inside land is difficult to accept as well as identification of pixels between land and ocean as inland water type.  However those artifacts are of low importance for the task of snow product validation.  Both inland water and coastline pixels are also excluded from validation because the former are not a part of land domain for snow identification and the latter are traditionally difficult for interpretation and could be analyzed later if necessary.

After analysis of land/water mask at its current state it has been decided to validate snow products only for pixels identified as land and desert.

Detailed subset of cloud mask is presented in figure 6 showing distribution of four cloud detection confidence indicators: confident clear (violet), probably clear (light blue), probably cloudy (green), and confident cloudy (red).  The comparison of red area in figure 6 with the image for the same moment in figure 4 shows that the general configuration of cloudiness is identified correctly, though image could be interpreted as certainly cloudy for all red area.  Probably clear and probably cloudy pixels inside the red area seem to be considered as almost certainly cloudy.  Therefore it has been decided to validate snow cover only for areas identified as confident clear according to the VIIRS clod mask.

It is not the task of the current work to estimate the performance of VIIRS cloud mask, though linear red features uniformly distributed in figure 6 could reflect the influence of failed sensors in the channel 6 of Aqua MODIS.  Anyway, those features could lead only to smaller number of pixels with snow product to be validated, which is not of a great significance at the present stage of snow product validation.
The same linear features are presented in figure 7 illustrating the cloud mask quality by the same colors: violet for poor, light blue for low, green for medium, and red for high quality of VIIRS cloud mask.  It is not easy to find red pixels in the figure.  Therefore
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Fig. 6. Cloud mask for the vicinity of river Lena delta.
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Fig. 7. Cloud mask quality for the vicinity of river Lena delta. 
there is no other choice as to add green pixels with medium quality of the cloud mask to red ones to make a subset of pixels, where validation of snow product will be performed.
V. Analysis of global snow cover distribution generated by Land Product Evaluation and Algorithm Test Element (PEATE)
Proceeding to snow product validation, it will be of interest to start from a preliminary analysis of snow retrieval (figure 7a) for the same subset of observations over river Lena delta.  Greenish areas in the figure correspond to snow retrieval by the VIIRS snow algorithm, violet are non snow pixels, and red color corresponds to the pixels with missing information.

The very first conclusion could be made is that the areas of snow in the figure are certainly overestimated as hardly any snow is visible in the MODIS image (figure 4).
It is much more productive to validate satellite product retrieval considering a global distribution of derived parameters than local features of retrieval for individual granules.  One of advantages of global analysis is including varying conditions in consideration.  Such an approach is preferable for validation of snow cover distribution because characteristics of snow usually change relatively smoothly in space.  To better assess the product consistency and accuracy we have processed individual tiles (granules, swaths?) for each day into gridded maps.    

For the purpose of validating snow cover in current project, it has been decided to generate daily maps of snow distribution for the Northern Hemisphere with the resolution of 1/3° along longitude and 1/6° along latitude.  Such a longitudinal resolution is close to the maximum possible that could be presented on a monitor screen without loosing details of calculated snow distribution.
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Fig. 7a. Snow cover retrieval for the vicinity of river Lena delta.
To meet the requirements of the task, a technique, algorithms, and corresponding software were developed for the finest resolution of the snow cover product derived from VIIRS NPP – Snow Cover Map for 5-Min L2 Swath EDR at 375m resolution.

According to VIIRS Land Data Definition, this product has the short name  NPP_VSCM_L2 and is generated by PGE307 from the following ingest source - VIIRS L2 Snow Cover.

For each cell of the domain, all retrieved values of snow cover for 375-m pixels were taken into consideration and the average values were calculated.  
Only snow product for land and desert pixels characterized as confident clear by cloud detection with medium and high cloud mask quality were taken for averaging.

The resulting magnitudes of averaging all 1 (snow) and 0 (non snow) within a cell could be interpreted as snow fraction or probability of meeting snow within a cell for a day under consideration.

Before beginning the analysis of snow maps, it is necessary to mention that the process of calculations was complicated because of large scale errors in cloud mask.  For example, spatial distribution of the total number of land and sea pixels for cells of the domain presented in figure 8 demonstrates the following irregularity.  Large areas within all oceans are characterized by very low numbers of good pixels to validate.
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Fig. 8 Total number of land and water pixels in grid cells

Those areas somehow include pixels classified as land or desert and snow fraction is calculated for significant parts of oceans.  Unfortunately, the percentage of land pixels within those areas is high, corresponds to the percentage over continental regions (Fig. 9) and therefore could not be used to distinguish those ocean areas from real land.
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Fig. 9 Percentage of land pixels in grid cells

However it has been decided not to use any ocean masking based on external information and continue to use only data available from Land Product Evaluation and Algorithm Test Element (PEATE).  The only found parameter that was suitable for identification of erroneously defined land areas in ocean was a number of pixels classified by PEATE as land or desert (Fig. 10).
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Fig. 10 Total number of land pixels in grid cell

A specialized data analysis was performed to determine a threshold for the number of land pixels within a grid cell to reliably exclude the artificial regions of land in oceans.  It is inevitable that using the threshold removed some useful information from real land cells.  But that reduction of land cells was insignificant and didn’t influence general results of snow cover validation.

The probabilities of identifying snow within grid cells for the first and the last days of the 16-day period under consideration are presented in figures 11 and 12.  Black areas in these figures correspond to missing information.  These areas include not only parts of Earth surface without observations at all, but also parts of oceanic regions with wrong land/water masks, because all calculated parameters for these regions are indistinguishable from information on the surface parts not covered by observations. 
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Fig. 11 Probability of snow generated by NPOESS algorithm for July 12, 2003.
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Fig. 12 Probability of snow generated by NPOESS algorithm for July 27, 2003.

The qualitative analysis of the Land PEATE Binary Snow Cover Map product and its comparison with NOAA interactive snow cover maps has shown that at this time the quality of the VIIRS product is poor. VIIRS Snow Maps substantially overestimate the snow extent. Most false snow identifications apparently occur due to inaccurate cloud masking. Figure 1 presents an example of a snow map derived from simulated VIIRS data for July 12, 2003 and the corresponding NOAA interactive snow cover map for the same day. It is seen that numerous false snow identifications in the VIIRS snow map occur almost everywhere including tropical and equatorial areas.  All other Land PEATE snow products for July 2003 were of the same quality. 
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Fig. 1 Snow cover map for July 12, 2003 derived from VIIRS simulate data at land PEATE (a) and produced through interactive analysis of satellite imagery at NOAA (b). Snow is shown in red in (a) and in white in (b)

As it is seen in the VIIRS snow map from Land PEATE (Fig.1a), the algorithm identifies and maps snow cover over oceans.  The reason for doing this is unclear. Most probably the land/water mask used to separate land and water pixels is inaccurate. If this is the reason, the land/water dataset should be fixed. There is no need for snow detection over water. 

A necessary addition to the VIIRS snow product is the cloud mask. It should be incorporated in the snow map as an additional pixel category in a way similar to the MODIS level 2 product.  The lack of information on the cloud cover in the product leads to a confusion between pixels labeled as “snow free” due to the lack of snow cover and due to inability to identify snow because of clouds. The cloud mask overlaid the snow cover product would also help to better understand the reasons for snow misclassification.

VI. Tools to acquire in situ observations of snow cover

In situ observations of snow cover at ground-based meteorological stations will be the primary source of information for future validation of VIIRS snow cover maps. To access the accuracy of VIIRS snow retrievals we will rely primarily on operational daily reports of the depth of snow on the ground will from first-order (WMO) meteorological stations and from US Cooperative Network Stations.  The number of daily reports of snow depth varies with season and depends on the areal extent of the snow cover.  In the peak of the Northern Hemisphere winter season, NOAA/NESDIS typically receives about 2000 valid daily snow depth reports.  

Within the VIIRS snow product validation system, observation data from WMO first order stations and from US Cooperative Network stations will be obtained in a different way. Observation data from first order stations are received by NESDIS through Global Telecommunication System (GTS) in the form of FM-12 reports. They are decoded and are converted into McIDAS text file format. We have developed a tool that accesses NESDIS McIDAS server, selects stations which provide valid reports on the snow depth and saves the observed snow depth in a daily file. 

Observations of snow depth at US Cooperative stations are routinely collected by NOAA National Weather Service (NWS). Daily files containing snow depth data are available through ftp from ftp.ncep.noaa.gov. An algorithm has been developed that accesses this server on a daily basis, selects the most recent data file and downloads the data. After the two data files (first-order and Coop stations) are downloaded, they are combined to generate a single datafile containing observations from all stations. A separate algorithm has been developed to add to this file data from Canadian climate stations (if available).  

Fig.2 gives an idea of the number and spatial distribution of stations operationally reporting snow depth in North America and in Eurasia. The number of available snow depth data may vary since some reports both from US Cooperative stations and first order stations for the current day may be missing or may come later than the cutoff time. A much higher density of snow depth reports in the continental US is due to availability of data from US Cooperative network stations. 
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Fig. 2 Location of stations which reported snow depth on the ground on Jan 9, 2010. Stations which reported no snow on the ground and at least some snow on the ground are shown in yellow and red, respectively. The background is the snow cover map generated within NOAA Automated Multisensor Snow Mapping System (Autosnow). 

A special tool has been developed to match snow cover data in gridded satellite-derived snow maps to surface observation data and calculate the statistics of correspondence of the two datasets. However at this time this tool is not yet needed due to very poor quality of the VIIRS product. 

VII. Conclusions

The work to develop tools for routine validation of the future VIIRS snow cover product has been carried out in accordance with the approved schedule. We have started evaluating the snow cover product derived from VIIRS proxy data. Algorithms and tools to acquire in situ snow depth data for the snow product validation are available and are routinely used to get snow depth reports from first-order and US Cooperative network stations. Preliminary qualitative evaluation of VIIRS binary snow cover maps has revealed their poor quality. Therefore direct comparison of VIIRS snow product with surface observations of snow cover has been postponed till at least some problems in VIIRS snow map generation (e.g., accurate cloud identification, application of proper land/water mask) are fixed.    

After this report had been prepared, the message addressing our major concerns regarding VIIRS snow product came from Land Product Evaluation and Algorithm Test Element (PEATE).  It was advised that PEATE plans to run a new test for 8 days of the winter period starting February 2 of 2003.  This new test will be run with updated land/water mask.  The updated land/water mask will be also applied to the period under consideration in the current report.  Evidently the updated mask will not improve VIIRS snow algorithm performance over land areas, but new data on snow product for the winter season will provide an opportunity of detailed snow cover validation using surface observations.
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