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ABSTRACT:

This report presents an overview on the main activities and a synthesis of key results
of the ESA DUE GlobSnow-2 project. The key objective of the project was the further
development of methodologies for producing long-term records of snow cover
information at the global scale intended for climate research purposes. The efforts
were focused on developing methodologies for the retrieval of snow extent (SE) and
snow water equivalent (SWE) information based on satellite data.

The work involved acquisition of the long-term satellite data records and development
of suitable algorithms and software for producing snow cover information at the
global scale spanning decades. The satellite data utilized for generation of the SE
product set included ESA-operated ERS-2 ATSR-2 and ENVISAT AATSR records
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MetOp-AVHRR for NRT-products covering Europe. The satellite data applied to the
generation of SWE products include measurements from two sets of sensors: SMMR
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that form a continuous set of passive microwave observations starting from 1979 and
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ABBREVIATIONS

AATSR Advanced Alongrack Scanning Radiometer (instrument of Envisat)
AMSRE Advanced Microwave Scanning Radiomet&OS (instrument of Aqua)
ATBD Algorithm Theoretical Basis Document

ASAR Advanced Synthetic Aperture Radar (instent of Envisat)

ATSR AlongTrack Scanning Radiomet@r(instrument of ER3)

AVHRR Advanced Very High Resolution Radiometer (instrument of N&a#ellites)
DDF Design Definition File

DDS Diagnostic Data Set

DJF Design Justification File

DUE Data User Ement

EASESrid EqualArea Scalable Earth Grid

EC Environment Canada

ECSS European Cooperation for Space Standardization

ECV Essential Climate Variable

ENVISAT Environmental Satellite of ESA

ENVEO Environmental Earth Observation IT GmbH

ERS EuropearRemote Sensing Satellite of ESA

ESA European Space Agency

FCDR Fundamental Climate Data Record

FMI Finnish Meteorological Institute

FSC Fractional Snow Cover

FPS Full Product Set

GAMMA Gamma Remote Sensing AG

MERIS Medium Resolution Imaging Spectrome(erstrument of Envisat)
MODIS Moderate Resolution Imaging &gtro-radiometer (instrument offerra)
NDSI Normalized Difference Snow Index

NORUT Northern Research Institute

NLR Norwegian Linear Reflectance (algorithm)

NR Norwegian Computing Center

NRT Near Ral Time

PS Processing System

RADARSAT  Radar Satellite of Canadian Space Agency

RMS Root Mean Square

RMSE Root Mean Square Error

SCA Snow Cover Area

SCAmod Model for snowcovered area (algorithm)

SCDA Simple Cloud Detection Algorithm (method for cloud saiag)

SCE Snow Cover Extent

SD Snow Depth

SE Snow Extent

Sow Statement of Work

SMMR Scanning Multichannel Microwave Radiometer (instrument of Nirus
SSM/I Special Sensor Microwave/lImager (Instrument of DM&tRllite series)
SWE Snow Water Equivalent

SYKE Finnish Environment Institute

UniBe University of Bern

VIIRS Visible Infrared Imaging Radiometer Suite (instrument of Suomi NPP)
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1 INTRODUCTION

The main objective of th&uropean Space Agency (ESA) Data User Element (DUE) funded
GlobSnow?2 project wasthe further developmentand implementatiorof methodologies for
producing longerm records of snow cover informatioat the global scale intended
primarily for climate reseech purposes. The efforts were focused on developargl
adaptingalgorithmsfor the retrieval of snow extent (SE) and snow water equivalent (SWE)
from satellite data.

GlobSnow?2 was a direct continuation of the GlobSndwproject whichinvolved acquision

of the longterm satellite data recordslevelopmentand adaptationof suitable algorithms
andthe implementation ofsoftware for producing snow cover informati@t a global scale
spanning decadesA significant challenge was presented by the volume of the satellite
datasets that wergequiredfor thesetasks. The satellite data utilized for generation thfe

SE product seduring GlobSnow projectscluded ESA operated ERATSR and ENVISAT
AATSRecordsextendingfrom 1995 t02012 The satellite datatilizedfor the generation of

SWE product included measurements from two sets of sensors: SMMR and(§SM/I
(onboard theNimbus7 and DMSP F8, F11, F13 and F17 satellites) that form a continuous set
of passive microwave observations startind978 and continuing tthe present.

The production of the lorerm SE and SWE product sets included i) developraedt
adaptationof suitable algorithms for production of mulyear datasetsii) evaluation ad
validation of the algorithms by utilizinigndependent reference data from across the
Northern Hemisphereijii) development of software capable of processing Hastamounts
of satellite data within the project timeframgiv) carrying out the production of the SE and
SWEtime series;and v) archiving andlisseminatinghe final SE and SWE product skis
the user community

The GlobSnowSE product is the firshorthern hemisphere daily, moderate resolution
recordof fractional snow cover(% snow cover within each grid cehliat has been produced
from ESA ATSR and AATSRneasurements The GlobSnow SE dataset complements
previous records withongertemporal coveragebut a lower spatial resolution (AVHRR 1980
2011, Zhao and FHeandes, 2009 and records with similar resolution but a shortéme
series (MODIS 2002011, Hall et al.,, 2002 and is a unique datasetnhancing our
understanding ohistoricalsnow conditions.

The GlobSnow SWE product is the first sateliiseddaily SWElatasetfor the non-alpine
northern hemisphere that extends over 3@ars.The previous existindaily SWE records
have spanned a shorter time period (Z8R011; Kelly, 2009 had a regional focus (Derksen

et al, 2003)or described the snow conditions on a monthly b&$&782011;, Armstrong and
Brodzik, 200R The GlobSnow SWE record utilizes a novel-dssamilation based approach

for SWE estimation which was shown to be superior to the previous approaches depending
solely on satellitdhaseddata (Takala et al. 201T5lobSnow?2 Deliverable El-21a).

Complementaryto the longterm SE and SWE timgeries, an operational nedeal time
(NRT) snow information servicevas implemented which produces daily northern
hemisphee maps of SE and SWE based on shme methodologiesapplied to historical
satellite measurementswithin the project As a baclup service MetOp-AVHRR was

280cT12014 HNALREPORT VER1.0 REV1
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considered for Europe with an adapted processing chain to generate daily SE Thaps.
efforts ofthe GlobSnow projecare thoroughly documented in the project reports, listed in
Table 1.1.The GlobSnowproduct sef all the documentationand a subset of the
independent validation data are available at the GlobSnow wb site
(http://www.globsnow.info).

The GlobSnov2 project was a direct continuation to GlobSndwprojectwith additional
partners (Remote Sensing Group, University of Bern (UniBe), Federal Office of Meteorology
and Climatabgy (MeteoSwiss) an€entral Institute for Meteorology and Geodynamics
(ZAMQ initiated in November 2008, andas coordinated by the Finnish Meteorological
Institute (FMI).The project partnerswere NR (Norwegian Computing Centre), ENVEO IT
GmbH (ENVEQ) Finnish Environment Institute (SYKE}AMMA Remote Sensing AG
(GAMMA) Environment Canada (EC) and Northern Research Institute (Norut).

The GlobSnow project has succeeded anhancingthe stateof the artin the generation of
longterm data records onsnow cover, based on remoensingmeasurements through

the refinement and improvement of the algorithms implemented in GlobStpwnore

extensive validation of the SE and SWE data records, and -bassdl applications
development with the GlobSnow useommunity.

Table 11: Project reportgprepared during the ESA GlobSnaroject

Deliverable No Title

DELE4 Summary of User Consultation Meetifig

DEL6 Algorithm Theoretical Basis Document (ATBD) for SWE Algorithm

DELS SWE Preliminary Validation Report

DEL9 Algorithm Theoretical Basis Document (ATBD) for SE Algorithm

DEE11 SE Preliminary Validation Report

DEE12 SE and SWE Operational Processor Qualification Review Report

DEE13 Product User Guide (for both SES&/E products)

DEL14 Review of Progress Towards Sustainability

DEE19 Summary of User Consultation Meeti@g

DEE20 White paper on user requirements for satellite derived snow informa

DEE21a Full Validation and Intercomparison Report for Spyvgduct

DEE21b Full Validation and Intercomparison Report for SE product

DEE22 Technical Note on the potential exploitation of Sentinel data for snov
monitoring

DEE23 Technical Note on the potential to produce a Snow Cover ECV, cong
with other satellite based global land ECVs

DELE25 Final Report (this document)
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2 OVERVIEWFPROJECT WORK ANDUWRHS

2.1 Snow Extent

The GlobSnow SE product portfolio includes maps of Fractional Snow Cover (FSCg range 0

100% or Q1) on a 0.01°x0.01° geographical gntlich coversthe Northern Hemisphere
between latitudes 25N¢84°N and longitudes 168V¢192°E. GlobSnow SE products are
based on data provided by ERBTSR (199%2003) and Envisat/AATSR (262212), so

that a continuous dataset spanning 17 years is obtained. Three different versions of the

datasetare available v1.2 as a outcome of Glob$iow-1 (20082011) and versions 2.0 and
2.1 as an outcome of GlobSne&v

Additionally, AVHRR data were used for intemparison studies (European Alps) and as
backup for NRprocessingfor Europe. The considered AVHRR_SPARC dataset consists
daily Xkm grdded binary snow cover maps for the European Alps generated from-a full

resolution AVHRR data archive (Husler et al. 200lg.SPARC AVHRR product is provided in

of

a geographical (latitude/longitude) coordinate system with a resolution of 0.01°x0.01°. The

product covers the European Alps from 40°N to 50°N and 0°W to 17°E. Fezaniparison
with the GlobSnow2 SE v2.1 product data ssinsistingof the years 1999, 2003, 2004, 2006
and 2010 were selected.

Starting from 2013, GlobSnow SE production has regfing on data providedy Suomi

NPP VIIRS, with hemispheric daily coverage. The methodology for SE production is adjustable
to various optical and neanfrared sensors; therefore transition from (A)ATSR to VIIRS was

straight forward particularly due tpartly similar spectral bands of these sensors.

2.1.1 Product development

TheFractional Snow Cover as providedthg GlobSnow Sproduct is based othe SCAmod
method described inMetsamaéki et al., (2005)originally developed for Northern Europe
boreal forest and sularcticregionsT 2 NJ 4 KS ySSRa 2F { . Y.Jlea
semiempirical reflectance moddlased methodSCAmodoriginates from the radiative
transfer theory and describes the scereflectance as a mixture of three major constituents
¢ opaque forest canopy, snow and sndige ground, which are interconnected through the
apparent forest transmissivitand the snow fractionIn the beginning of GlobSnelv
project, SCAmodvas chosen tde applied tonon-alpine regionswhile the linear spectral
unmixing method\NLR(Solberg and Andees, 1994; Solberg et al., 2006as to be applied
to mountain areas (the borderline as indicated by a mountain mask).

Thus, the very early task in GlobSndwwas to modify the methods to expand the
application area to cover the whole GlobSnow geographical dorkainNLR, the calibration
approachwas revisedin particular for covering a wide range of latitudeghwarying solar
zenith angle For SCAmod, tis requiredi) the establishment of NH forest transmissivity
map, an essentialinput to the FSC retrievalnd ii) the determination of generally applicable
values for the reflectance constituentkleally the transmissivitycan be generated using
refledance data acquired under full snow covemddions (Metsamaki et al., 20)2At a

K& RNE f

hemispheric scale, this approach would be very laborious to accomplish; therefore, a

method for generating the transmissiviipdirectly through a statistical analysis bedsn
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land cover data (ESA Glaiw@r) andregional transmissivity mapwas developed for
GlobSnowpurposes (Metsdmaéki et al.,, 2012). Transmissivity was first determined from
MODIS reflectance acquisitions for several extensive 'training areas' in the Northern
HemisphereFrom the trainingareas, transmissivity statistics (mean and standard deviation)
were detemined forall the relevant land cover classes (as provided by ESA GlobCover data).
These statistics and GlobCover map were then appliegetteratetransmissivity estimates

to the entire GlobSnow geographical domain. B reflectance constituents, stativalues

were derived from representative MODIS reflectance observations as well -gsoand
spectroscopy.

The development of a simple, computationally toast cloud screening method was also
one aim of the project. For this purpose, a cloud maskingrahm SCDAdedicated to
(A)ATSRased snow mapping (Metsamaki et al., 2011) was developed. This method uses a
set of empirically derived thresholding rulémsed on(A)ATSR spectral bands and their
ratios.

During the development work, algorithms andogducts were evaluated using Europe as a
study area.A comparisonof SE prototype products with other Earth observation snow
products, in situ snow observationsind highresolution data was carried out. These
evaluations were used in the verification ofethproduct quality. Finally, applying the
developed methods and parameterizations withite GlobSnowl project, the production
and release of SE v1.2 data record took place in 2011.

At the early stage of GlobSnevproject, method development was stilelated to the
combined use of bottSCAmodnd NLR Efforts for improving their performance included
the determination of poswinter snowfree ground reflectance statistics. Eventually,
however, using two different methodsroduced inconsistencies at thmrders of the alpine
mask whichwere visually evidenin v1.2 SE product3.o address this artefact of applying
two distinct algorithms, it was decided that only one method would be applied
hemispherically The SCAmodnethod was found to provide similarceuracy as\NLRfor
mountains and no+forested plainswhile providing a superior performance for forests, so it
was choserio be applied forthe entire geographical domain of GlobSndw.addition, the
earlier static valudor the snowifree reflectance waseplacedwith a spatially varying field,
based on MODIS reflectance tirseries analysis combined with GlobCover data (Salminen
et al. 2013GlobSnow?2 SE ATBD

An objective ofGlobSnow?2 was to improve the FSC retrievals in dense forest areas, due to
evident FSC underestimationgor instance in Siberia. It was recognized that the NH
transmissivity map was not represtative for the densest forests, so the necessary task for
improving it wasassignedo SYKEOriginating from the applied method for transmissivity
generation,the problem was traced back toertain GlobCover classaghich were very
heterogeneousin terms of forest density and thus the transmissiviyaking advantage of
the fact that very low dedos from wintertime (undercanopy) snesovered densedrests

are observed, thes&lobCover classpecific transmissivities were adjusted according to the
visible whitesky albedo as provided by ESA GlobAlbddta (Metsamaki et al., 28
GlobSnow2 SEATBD. Theresulting new transmissivity mapvas a major achievement in
GlobSnow2 andled to significantlyimproved capability of the SE product to capture snow in
dense forest areas.
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At the end of phasd a first validation effort was undertaken to proibfe above mentioned
developments. DEL1 contains an extensive compilation of validatiaork of the AATSR SE

and AVHRR SE produbissed on different reference data and for several areas/countries
with different land cover, topographyand climate respectively Landsa{TM/ETM+ data,

snow depth measurements as point information and their spatial distribution (snow course
measurements) as well as modelled snow depth data were used as reference data. Overall, a
high agreement between the Gl&wow SE prducts (fractional and extent) and the different
reference data sets has been found. While it is very high over flat areas it slightly decreases
in complex topography (European Alps), especially in theaititdide levels and foSCAmod
AVHRR. However,it assumed that the reference data are not representative for an area of

a knf covered by AATSR and AVHRR in such terfdiare is aslight tendency to
overestimation of snow eventsy SCAmodindicated by a high false alarm reaed a small
number of mised observations @hese specific sites

Finally, it could be shown that there is no obvious bias betwd&HRRscamodnd
AATSRscamdfbr clearsky cases) but differences depending on land cover/land use. These
findings might indicate that a combinatioof AVHRR with AATSR snow extent products
might be feasible to extend the time series of AATSR to fulfil the requirement for a
fundamental climate data record (FCDR).

The GlobSnow2 SE method development also concerned the improvement of SE®A
cloud cetection algorithm, particularly focusing on discrimination between clouds and
patchy snow cover, however not at the expense of false cloud omissions dh&rgnow
season. This work led SCDA2.Whichis based orhe earlier SCDAut introducessevera
extra rules and adjustments for the applied thresholifetsamaki et al., 208, GlobSnow2
SEATBD.

At the end of 2013, ESA released a new version #3 for (A)ATSR level 1b data. These data
were utilized as input to the GlobSnow SE processing line. Employing the alaseeibed
improvements in SCAmod parametrizations, v2.0 SE data record was processed and released
in December 2013. As a new feature, this data record also incladedcertainty layel(see

section 2.1.4.3)It was found later that v2.0 SE products whenever based on AATSR suffer
from inconsistencies in the geolocation, due to the update in level 1b georeferencing not
accounted for by the GlobSnow -Bcessor. This problem was fixed and a n&vl SE
dataset was produced for the AATSR era.

2.1.2 Product description

The Daily Fractional Snow CovéDFSC) product provides fractional snow cover in
percentage (%) per grid cell for all satellite overpasses of a given day. If there are multiple
snow observationsvithin a single dayonly for northern region}, the satellite observations
applied are thos acquired under the highest solar elevation. The FSC is provided only for
observations at sun zenith angle <°73he Weekly Aggregated Fractional Snow Cover
(WFSC) product provides pgixel FSC from the last available cldtek observation within

the past seven days. Thelonthly Aggregated Fractional Snow CoyBtFSC) product is
based on DFSC products for the given calendar month. Fractional Snow Cover is provided as
an average of all available clofrde estimates within the period. Theaily 4classesSnow
Cover(D4FSC) product provides snow cover classified into four categories per grid cell for all
satellite overpasses of a given day. In terms of FSC, the four classes represent:

280cT12014 HNALREPORT VER1.0 REV1
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0
0 % < FSC O 90 %
0

Weekly and monthly products based on DA4FSC are also provided, thgthsame
specifications aghe daily products.The dataset is available atww.globsnow.info/se/
Figire 2.1.1 presents an example of daily, eldy and monthly SE products for April 2006.

Figure 2.1.1. A sample set of GlobSnow v2.1 SE products for April 2006. Top: daily
product for 13 April, Middle: weekly product for 15 April, Bottom: monthly product.

The product time seriess updated in near real timand can be freely downloaded via web
or FTP atvww.globsnow.info/se/

Each product type includes a set of layers. For all SE products the first layer contains
thematic information m the snow extent. For visualizatipa common colour legendas
defined,as shown Figure.2.2. Theadditionallayers depend on the product type.

199% Fractional l:l Water
Snow
Cover
6% Sibpe efeln Not mappet in
— frame
Too low solar
- angle for snow
0% Layer-1 retrieval
values when Missing of invalid
} 90-100% FSC is not satellite data
retrieved
} 50-90%
25% l:l Cloud
10-50% - Snow retrieval
algorithrm
} o-10% breakdown
4-classes Snow Cover (45C) No snow retrieval
0% \ algorithm

Derived from FSC product 0 applicable

Figure 2.1.2: Colour legend for thematic layer of the SE products
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The products are delivered MetCDHormat. Quick-look images are provided for quick and
easy browsing in Portable Network Graphics (PNG) format. The products are stored at the
Finnish Meteorological Institute and made freely available througthbeeb and FTP
interfaces.

For the compariso study University of Bern processed AVHRR data as a binprp@&IEt
(AVHRR_SPAR@nd as fractional Sroduct AVHRR_SCAmoapplying theGlobSnow
retrieval algorithm The NR-Dackup system produces daily fractional snow cover (AVHRR)
for Europe basean the data of MetOplL morning overpass. The classification and color
legend is idental as described for AATSR data, and example product is presented in Figure
2.13.

Snowcover: METOP-1 2014/01/22 09:53 UTC

Figure 2.1.3: Example of daily snow cover based on AVHRR data for January 2014.
Left: NRT-backup fractional snow cover. Right: Binary snow cover product for the
European Alps.

Starting from 2013, GlobSnolNRTSE production has been relying on data providd
Suomi NPF/IIRS, with hemispheric daily coveraggamples of daily, weekiynd monthly SE
products from Suomi NPP VIIRS are shown in Figure 2.1.4.
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Figure 2.1.4. Example of daily weekly and monthly SE-products based on Suomi NPP
VIIRS for April 2014. Top: daily product April 15, Middle: weekly product April 15,
Bottom: monthly product.

2.1.3 Processing system

The GlobSnow processing system reads ESA provided Level 1B data and transfers them to
the GlobSnow SE latitudengitude grid based on the geolocation grid tie points provided
within the data using Hiinear resampling. Abirbits within the product geographical domain
available within a day are processed and combined into orthorectified one day mosaics. The
local solar illumination geometry and a digital elevation model (DEM) are applied to
compute a terrain illumination maa which is applied for radiometric topography
correction. After cloud screening, the FSC retrieval metB@dmods applied to the terrain

and illumination corrected reflectances for the pixels interpreted as cloee. Statistical
uncertainty for all @ud-free pixels is also determined. Finally, some thematic masks (e.g.
permanent snow and ice/glacier, water, missing/invalid data) are used for final product
generation. These procedures are described in more detail in Glob318TBD.

The processingoftware, running on a Linux @&sed Bright Beowulf cluster has been
written in ANSI C and is operated at the FMI Sodankyla satellite data center, which also
houses the data for the user commun{gt www.globsnow.infQ.

2.1.4 Algorithm

2.1.4.1 SCAmod method

The semempirical reflectance moddlased methodSCAmodriginates fromthe radiative
transfer theay and describes the scemeflectance as a mixture of three major constituents
¢ opaque forest canopy, snquand snowfree ground, which are interconnected througe
apparent forest transmissivitgnd the snow fraction. Transmissivity, in turn, can be derived
from the SCAmodeflectance model employingeflectance observations under conditions
that highlight thepresence of forest canopy namely in the presence of full snow cover on
the ground.Assuminghe transmissivity can be determined with an appropriate accuracy,
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SCAmoenables the consideratioof the masking effect of forest canopy fractional snow
cower estimation(Metsamaki et al., 2005, 201&lobSnow2 SE ATBD

In GlobSnowSCAmo@mploys topof-atmosphere reflectance acquisitions of ATBRATSR

Band 1 (548565nm) as input. The feasible values for the three reflectance constituents are

based on MODIS band 4 (550nm) reflectance observations and field spectroscopy.
Transmissivitysi derived from SCAmod reflectance model using reflectance acquisitions from

fully snowcovered terrain, which allows the unknown FSC to be neglected and reduces the
eguation to a linear interpolation problem.

Sincethe SCAmodeflectance model method relies on a single band and is therefore
sensitive to the representativeness of tis€CAmogharameterization as well as atmospheric
effects on the observed reflectances, additional rules for detecting sinesv ground
conditions wee established in GlobSne#x These include the employment of Normalized
Difference Snow Index (NDSI) and surface brightness temperature in determination of
GKNBaK2t Ra F2NJ I aFaEaSnay 3 | LIAESE | a wayzs

SCAmodnay result in FSC>1 (100%) if the obsemedlectance is higher than the maximum
allowed by the model with the applied parameters. This may be due to the non
representative transmissivity or, more likely, to a prevailing snow reflectance higher than
that applied in the model. Likewis8CAmodanay result in FSC<O if the observed reflectance
is lower than the minimum allowed by the model. Consequeritgtional snow cover is
constrained to upper and lower limits of 100% and 0% respectively.

2.1.4.2 SCAmod pameterization

SCAmoduses predetermined vaes for the three reflectance constituents and for the
transmissivity. The success of FSC retrievals therefore depends on the representativeness of
these model parameters. It should be noted that the parameters have been determined
mostly using Terra/MODquisitions. This is because the narrow swath width of the ATSR
2/AATSR drastically reduces the amount of suitable observations while MODIS provides daily
global coverage. The AT3RATSR spectral bands used in GlobSnow SE product generation
correspondwell to MODIS, so this is considered a reasonable approach. In Glot2Sow
particular focus was on the development and adjustmehtwo parameters: the apparent

forest transmissivity and the sneftee ground reflectance. As a result, spatially varying
(temporallystatic) fields for these@ariableswere obtained.

Transmissivity was first determined from MODIS reflectance acquisitionssdweeral
extensive 'training areas' in the Northern Hemisphere. For each area, transmissivity statistics
(mean and stanard deviation) were determined fazachGlobCover class; these were then
combined to obtain classtratified values.The transmissivity for each 0.0ptxel can be
expressed as a linear combination of clagse average transmissivity and the occurrence of
the corresponding classes in that pixel (4x4 GlobCover 0.0025° pixels in one GlobSnhow
pixel). The feasibility of this approach was verifieg evaluaing the FSC retrievals against
Landsat TM/ETM+based FSC and against Finnishsitu FSC measurementshese
evaluations are presented in detail in Metsamaki et al., (2012).

The GlobCovebased approach would benefit from external data accounting forftrest
density. To still improve the tramissivity map, visible whiteky albedo as provided by ESA
GlobAlbedgMdiller et al., 2012) was selected for the discrimination of dense forest and very
dense forests in certain GlobCover classes representimige range of forest densities. The
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analysis between the albedo from selected wintertim&la&/ compositedduring complete
snow covershowed that there is a high linear correlation between the albedo and MODIS
derived transmissivity particularly around vemgw values. Using this linear relationship,
transmissivity values for the densest forest were adjusted to be lower than in the original
transmissivity mapGlobSnow2 SEATBD. The resultingwo-way transmissivity mafor the
Northern Hemisphere is preserden Figire 2.1.5,

Water
Open area

Dense forest
Non-classified

Figure 2.1.5. Map of the apparent two-way forest transmissivity map (tz) for North
America (Left) and for Eurasia (Right).

The further development of the algorithm also included the advanced consideration of
snowfree ground reflectanceThe reflectance ofsnowfree ground was improved to
considervalues specific to different land cover types, instead of using a single consian

for all terrain types. This was accomplished by detectingwfree ground reflectancefor
different land cover classes from MODIS TOA reflectance data time dariag thespring

time period. The analysis was carried out for test regions inoRarand North America.
Additionally, for the regions of bare (nemegetated) ground an analysis of MODO09
reflectance products was carried out in order to extract values for surface reflectance at
snow free conditions. As an outcome, a catalogue of snow fn@und reflectance mean
values and standard deviations were obtained for different GlobCover land cover categories,
and they are utilized in the version 2.1. SE product processiiupnow2 SE ATBDOr
details). The methodology and work for the European tastas is described iBalminen et

al. (2013).Thefinal snowfree ground reflectance map is presentedrigure 21.6.

Figure 2.1.6. Snow-free ground reflectance maps applied in the GlobSnow v2.0 and
v2.1 SE production: North America (Left) and Eurasia (Right).

2.1.4.3 FSC uncertainty

An additional significant improvement during the second phase of the project was the
consideration of statistical uncertaintyor FSC estimates and thprovision of these
estimates as a separate layertbe SE product. The uncertaintgpresentsan estimate of
the (unbiased)error standard deviation of each FSC value of the product. This standard
deviation is obtained through an error propagation anaythat considers the statistical
accuracy of each reflectance or forest transmissivity contributor in the SCAmod algorithm
(see Metsamaki et al. (2005) ar@dlobSnow2 SEATBDfor details). For example, the
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estimated standard deviation of snow free groureflectance of each land cover class is
taken into account when the uncertainty characteristics are determined for the pixel under
investigation and for a given tim&hus, the uncertainty is provided for each individual FSC
estimate and varies in spacedatime, dependig on the level of FSC. Figuré.Z presents

an example of the uncertaintipr the monthly product, April 2006.

-150 -100

East

Figure 2.1.7. Uncertainty layer for v2.1 SE Monthly product, April 2006. Statistical error

(non-biased standard error) for each FSC estimate is provided in FSC %-units. A yellow

color indicates cloudy areas, cyan indicates non-classified areas of permanent snow

and ice (segbocliamssFi@gGl dcogi,e according to the GIlobC

2.1.5 Product evaluation and intercomparison

For the evaluation and intercomparison of the daily GlobS@0%E v2.1 products (DFSC)
reference data with different spatial extent and pixel size were selected, imgjudi
hemispheric and continental snow products from MODIS data provided by NSIDC
(MOD10_L2) and CryoLand (Feuropean FSC), respectively, regional binary and fractional
snow maps from AVHRR, Landsat 5 TM / 7 ETM+ and Kethpsda and local snow
information from insitu measurements. The years 2003, 2004 and 2010 were selected as
main periods for intercomparisomeperding on the availability of reference data additional
years or the full period from 19952011 were used for intercomparison and evaluation
activities.

Intercomparisons were performed whenever valid pixel information was available in both,
the DFSC product and the selected reference snow product. Invalid pixel information such as
cloud cover, water bodies or mtata values were excluded. Fassessing the product
performance in different environment&@dditionally to the total area covered by the DFSC
and the selected reference prodgtdifferent surface classes including forestethn-
forested, plain, mountain plain forested, plainnon-forested, mountain forested and
mountain nonforested areas were discriminated.

Binary and fractional snow cover products from other sources were resampled (if needed) to
the pixel size of the DFSC, and then intercompared pixel by pixel with thedb#ti(Cts,
analyzing the matching of the products by statistical measures, and, for snow products with
hemispheric and continental extents, the generation of difference maps. For
intercomparison with the AVHRR snow maps and withitin snow observations thDFSC
products were converted into binary snow maps using the two thresholds 15 % and 50 %.
For generating binary snow information from-situ snow depth measurements the
thresholdsof 1 cm and 15 cm were applied. Snow maps from high resolution satedite

were generated by different approaches, including the snow mapping algorithms from
Salomonson and Appel (2006), Klein et al. (1998), Dozier and Painter (2004) and ENVEO
(Nagler et al., 2012). The snow map generation from very high resolution ogéitellite

data was based on a Mahalanobis distance classific@ititaialanobis 1936; Richards, 1999)

or kmeans clusteringMacQueen, 196 7pllowed by manual mapping.
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The intercomparisons of the selected snow products with the DFSC show mean annual
RMSDin the order of 10 %, with mean Bias betweeéh5 and 3.5, and mean standard
deviations in the order of 25 %. Intercomparisons of DFSC with snow products from
individual scenes result in RMSD ranging between 1 % and 30 %, but deviations for particular
surface classes are partly even larger, up to 38 % for mountain forested areas. In general,
major differences were found for forested areas in plain and mountainous terrain, while the
detection of fractional snow in plain neorested areas by different snowgducts matches

well in most cases.

An example of a mean difference map for the northern hemisphere generated from daily
difference maps of the DFSC and the MOD10_L2 products for the winter season 2003/04 is
shown inFigure 21..8.

Figure 2.1.8. a) Number of pixels with differences in FSC for the period 1st October
20031 31st May 2004. b) Mean absolute deviation of the daily snow difference maps
for the total area generated from GlobSnow-2 SE v2.1 and MOD10_L2 products for the
selected period.

2.1.6 Additional research activities within SE development

In addition to the research directly realized in the SE development and production, several
research activities were conducted in GlobSrdwroject. These efforts complement the
understandng of the optical and infrared remote sensing of snow cover and are considered
valuable in the further method developments.

2.1.6.1 Exploiting multifrequency data for SE retrieval

A multispectral unmixing approach for detecting fractional snow cover was dpedland
implemented by ENVEO using MERIS and AATSR data as preparation for-%entinel
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SLSTR/OLCI. The method benefits from the different frequencidmamnd of the MERIS
(OLCI) and AATSR (SLSTR) sensors, and the improved spatial resolution of thOIMERIS (
instrument. The approach has been successfully tested in selected regions with different
environments on the northern hemisphere.

2.1.6.2 Bareground reflectance in mountain regions

The main objective of this studyasto determine topof-atmosphere reflectace values,
representative of mountain land cover types, whinightbe used for barground
reflectance parameterisation in a snow retrieval algoritiirhe study applied terrmODIS
reflectance data

The bareground reflectance values we seek are those present under fractional snow cover
conditions. Thisvasdone by retrieving barground reflectane values as soon as the snow
hadmelted. To determinghe time when the snow just had completely melted a per

pixel basis, we have used an algorithm developed by NR to analyse and interpret time series
of reflectance observations.

We here determind average reflectance for a selection of regions where the irgégion
reflectance might differ due to défent regional vegetation, geology and climate. The
reflectancewasfurther stratified into the dominating langtover classes for each region to
cope for withirregion variability. Four regions were chosen for the study: Scandinavian
Mountains, Caucasus Matains, Tibetan Plateau and Rocky Mountains. The first two turned
out to have quite similar barground reflectance statistics, despite quite different climates
and geology; while the two latter have quite different bape@und statistics from each other
and from the first two regiondrigure2.1.9 shows aea-weighted mean reflectance values

for the regions.
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Scandinavia Caucasus Tibet Rockies

0,090
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Figure 2.1.9 Area-weighted mean reflectance values for the four mountain regions
studied.

One should keep in mind the uncertainty associated with tésults, both temporally and
spatially. Moisture is known to reduce surface reflectance, in particular in the case of soail
moisture. This is probably the largest source of temporal stewrh variability. Furthermore,
there is some reflectance uncertajntassociated with the timing of snefree ground
determined and the vegetation development. Some species start greening already before all
the snow is gone locally. There might also be small patches of snow left that were
undetectable. In mountain regionsast shadows play a significant role affecting the
apparent TOA reflectance. The castadow pattern will change with the increasing solar
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elevation during the snowmelt period. This means that there might be some deviation
between the bareground reflectage found postsnow season and the apparent reflectance
during the snowmelt period when the ground is covered with patches of snow (FSC < 100%).

2.1.6.3 Estimation of product uncertainty for mountain regions

The main effects creating uncertainty specific for moaints arereduction of measured
reflectance due to cast shadows and residuals of the radiom&ipgographic correction.
The cast shadows may beasubpixel level due to sma#icale terrain variations, or include
several pixels.

To determine whether thre was a bias for mountains associated with the methodology
used to estimate uncertainty in the plains, we have studied two cases of mouefgiions in
Norwaywhere we had access to SR®images, representing high enough spatial resolution
to determinethe actual snow cover (which turned out to be 100% in both ca3é&s).results
showed that the bias of the products is very small even for regions with very low shaded
relief values. Based on our very preliminary study, the need for bias correction mée not
needed.

Thisindicatesthat the approach for uncertainty estimationsed for plains mighivork for
mountains as well. However, we do not know how it will work with stronger terrain relief
(e.g. the Alps) or for patchy snow conditions.nake a soundonclusion possible, vetyigh
resolutiondata to determine the true FSC would be needed for cases of patchy snow cover
and stronger terrain relief.

If further investigation of theof uncertainty in mountaingeads to the conclusion that the
FSC retriead results are unbiased with respect to the terrain effanod independent of the
true fractional snow coverthe same uncertainty model as for plains can be applied
everywhere This is certainly the most attractive solution as the uncertainty estimates fo
the Snow Extent product euld be seamless and consistent between plains and mountains.

2.1.7 The snow extent team

The algorithms, processing chains and products have [mdetty developed byeENVEO, FMI,
GAMMA, NR, SYKE addiBe In GlobSnow2, SYKE coordited the SE developmerand
conducted theresearchwork related to SCAmodnethod and transmissivity generation.
Snowfree ground reflectance majps a result of the joint effort by SYKE and FMI. SYKE also
developed the cloud masking algorithrBCDA2,0 in cooperation with FMI which
implemented severalest codes and took care of the data intermediate dptacessingAs

part of the full intercomparison and evaluation of the SE v2.1 product data set, led by
ENVEO, ENVEO assessed the performance of the SE products by intercomparing them with
other snow products from other Earth Observation ddtmiBeconducted researchelated

to AVHRRased snow mappindAdVHRR_SPARGI AVHRR_SCAmoaind developed a NRT
processing chain for daily snow cover maps of Europe considering their own AVHRR
receiving facilities. Furthermore, UniBe led the preliminary validation work-{DEkrd
contributed to the final SE product validaticBYKE, NR, MetesSs and AMGcontributed

to SE product evaluation/validation, led bN¥EO NR and HVEGQGalso conducted research
work related to the (multispectral¥now mapping in mountain areagMI caned out the
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