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Abstract

This thesis focuses on the determination of fractional snow cover (FSC) from optical data
provided by satellite instruments. It describes the method development, starting from a simple
regionally applicable linear interpolation method and ending at a globally applicable, semi-em-
pirical modeling approach. The development work was motivated by the need for an easily
implementable and feasible snow mapping method that could provide reliable information
particularly for forested areas.

The contribution of the work to the optical remote sensing of snow is mainly associated
with accounting for boreal forest canopy effect to the observed reflectance, thus facilitating
accurate fractional snow retrievals also for ground beneath the tree canopies. The first pro-
posed approach was based on a linear interpolation technique, which relies on a priori known
reference reflectances at a) full snow cover and b) snow-free conditions for each calculation
unit-area. An important novelty in the methodology was the utilization of a forest sparseness
index determined from AVHRR reflectance data acquired at full dry snow cover conditions.
This index was employed to describe the similarity between different unit-areas. In practice,
the index was used to determine the reference reflectances for such unit-areas for which the
reflectance level could not be determined otherwise, e.g. due to frequent cloud cover. This
approach was found to be feasible for Finnish drainage basins characterized by fragmented
landscape with moderate canopies.

Using a more physical approach instead of linear interpolation would allow the model
parameterization using physical quantities (reflectances), and would therefore leave space
for further model developments based on measuring and/or modeling of these quantities. The
semi-empirical reflectance model-based method SCAmod originates from radiative transfer
theory and describes the scene-level reflectance as a mixture of three major constituents: opaque
forest canopy, snow and snow-free ground, which are interconnected through transmissivity and
snow fraction. Transmissivity, in turn, can be derived from reflectance observations under con-
ditions that highlight the presence of forest canopy, namely the presence of full snow cover on
the ground. Thus, SCAmod requires a priori information on transmissivity, but given that it can
be determined with the appropriate accuracy, it enables consideration of the obstructing effects
of forests in fractional snow estimation. In continental-scale snow mapping, determination of
the transmissivity map becomes a key issue. The preliminary demonstration of transmissivity
generation using global land cover data was a part of this study.

The first implementations and validations for SCAmod were presented for AVHRR data
at Finnish drainage basin scale. In subsequent work, determination of the feasible reflectance
constituents was addressed, followed by a sensitivity analysis targeting at selection of optimal
spectral bands to be applied with SCAmod. Feasibility of the NDSI-based approach in FSC-re-
trievals over boreal forests is also discussed. Finally, the implementations and validations for
MODIS and AATSR data are presented. The results from relative (using high-resolution Earth
Observation data to represent the truth) and absolute validation (using in situ observations)
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indicate a good performance for both forested and non-forested regions in northern Eurasia.
Accounting for the effect of forest canopy in the FSC-retrievals is the key issue in snow remote
sensing over boreal regions; this study provides a new contribution to this research field and
provides one solution for continental scale snow mapping.

Keywords: Snow, Fractional snow cover, Boreal zone, Forests, Tundra, Optical remote sensing

Menetelma lumen peittaman alan mannertenlaajuiseen kartoitukseen
optisilta satelliittikuvilta

Sari Metsamaki
Aalto-yliopisto, Insindoritieteiden korkeakoulu, Maankayttotieteiden laitos

Metsamaki, S. 2013. A fractional snow cover mapping method for optical remote sensing data,
applicable to continental scale. Monographs of the Boreal Environment Research No. 43. 53 p.

Tiivistelmi

Tama viitoskirja kisittelee optisen alueen satelliittikaukokartoitusaineistojen kayttod lumi-
peitteen kartoitukseen. Tavoitteena on saada luotettavaa tietoa lumen peittivyydestd (FSC,
Fractional Snow Cover) erityisesti boreaalisen metsédvyohykkeen ja tundravyShykkeen alueilla.
Viitoskirjassa kuvataan menetelmékehityksen vaiheet lahtien lineaarisesta interpolaatiosta ja
pédtyen globaalisti sovellettavaan semiempiiristd heijastusmallia hyddyntédvaan menetelméin.
Luotettavan tiedon saaminen lumen peittivyydestd varsinkin metsdisilld alueilla on haastavaa
monille kaukokartoitusmenetelmille. Tyon keskeisend tuloksena on menetelmad, jolla saadaan
tietoa lumipeitteestd jopa tiheiden metsien tapauksessa.

Ensimmaiseksi kehitetylld lineaariseen interpolaatioon perustuvalla menetelméllé tuotettiin
valuma-aluetason tietoa lumipeitteen laajuudesta Suomen ympéristokeskuksen tulvaennus-
teiden kayttoon. Siind jokaiselle laskentayksikolle méadritettiin sille tyypillinen heijastusarvo
100 % lumipeitteen (mérka eli sulava lumi) ettd vastaavasti lumettoman tilanteen aikana; sula-
misaikaan lumen peittidvyys estimoitiin interpoloimalla ndiden kahden dériarvon valilld. Tydssa
kehitettiin menetelmd &ériarvojen médrittimiseen NOAA/AVHRR-instrumentin tuottamilta
kuvilta. Erityistd huomiota kiinnitettiin dédriarvojen médrittdimiseen tarvittavan kaukokartoi-
tushavainnon puuttuessa esimerkiksi pilvisyyden vuoksi. Tahén 16ydettiin ratkaisuksi ottaa
ddriarvo laheiseltd, mahdollisimman samankaltaiselta alueelta. Koska varsinkin lumisessa
tilanteessa boreaalisen metsin vaikutus havaittuun heijastukseen on suuri, on laskentayksikon
metsdisyys merkittdvin kriteeri samankaltaisuutta arvioitaessa. Metsdisyyttd kuvaamaan ke-
hitettiin ns. harvuusindeksi, joka laskettiin jokaiselle laskentayksikolle kdyttéden eri vuosina
havaittuja lumisen ajankohdan heijastusarvoja. Menetelmén todettiin toimivan hyvin Suomen
valuma-alueille, joihin ldhes kaikkiin lukeutuu sekd metsiisié ettd avoimia alueita.

Fysikaalinen heijastusmallinnus on lineaarista interpolaatiota edistyneempi ldhestymistapa
lumipeitteen kaukokartoitukseen, silld mallin tekijdt kuvaavat mitattavissa olevia suureita.
Optisen kaukokartoituksen tapauksessa mitattavat suureet ovat eri luonnonkohteiden hei-
jastusarvoja (reflektansseja). Tyossd kehitetty SCAmod-menetelmd kayttdd semiempiirista
siteilynkuljetusteoriaan perustuvaa heijastusmallia lumen peittdvyyden estimointiin. Malli
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kuvaa kohteesta mitattavan heijastuksen lumen, lumettoman maan sekd metsin heijastusten
kombinaationa. Néiden kolmen eri tekijén vaikutus havaittuun heijastukseen riippuu ensinni
lumisen ja lumettoman maan suhteesta seka toiseksi metsin peittdvyydestd, tarkemmin sanoen
sen transmissiivisyydesti. Jos lumen, lumettoman maan ja metsén heijastukset seké laskentayk-
sikén transmissiivisyys tunnetaan, voidaan havaitusta heijastuksesta laskea lumen peittavyys.
Koska ndiden kolmen heijastustekijin heijastusarvot ovat mitattavia suureita, padstaan kasiksi
myds heijastusarvojen vaihteluun seké tdmén vaihtelun aiheuttamaan epatarkkuuteen lumen
peittivyyden estimoinnissa. Transmissiivisyys puolestaan on laskettavissa SCAmodin heijas-
tusmallista kdyttden tdyden lumipeitteen aikana tehtyja heijastushavaintoja. Globaalissa mit-
takaavassa transmissiivisyyden méérittdminen suoraan heijastushavainnoista on kdytdnnossi
mahdotonta koska pilvettomid, tdyden lumipeitteen havaintoja ei varmuudella ole saatavissa.
Téssd tyossd esitetddnkin menetelméd pohjoisen pallonpuoliskon transmissiivisyyskartan méa-
rittdmiseksi kdyttden maankayttd/kasvillisuuskarttaa.

SCAmod-menetelmi toteutettiin ensin AVHRR-kuville ja Suomen valuma-alueille. Sa-
malla tutkittiin kuinka lumen peittidvyysestimaattien tilastollista tarkkuutta voidaan arvioida.
Seuraavaksi paneuduttiin heijastustekijoiden tarkempaan méérittdmiseen seka selvitettiin eri
aallonpituuskanavien sopivuus menetelméan kayttoon. Tyossd on myos kasitelty NDSI:n (Nor-
malized Difference Snow Index) soveltuvuutta lumen peittdvyyden méérittimiseen boreaali-
sessa metsdssd. SCAmod-menetelmén soveltuvuutta pohjoisen pallonpuoliskon kausittaisen
lumipeitteen kartoittamiseen tutkittiin keskiresoluution MODIS- ja AATSR-kuvia kdyttden.
Lumen peittdvyysestimaatteja validoitiin kdyttden korkean resoluution satelliittikuvia seka
Suomessa tehtyjd maastohavaintoja. TyOssd todetaan menetelmén soveltuvan hyvin bore-
aalivyohykkeen ja tundravyohykkkeen lumikartoitukseen; erityisesti SCAmodilla saadaan
tietoa my0s metsdisiltd alueilta, mika tekee siitd varteenotettavan menetelmén korvaamaan tai
tdydentdméadn muita yleisesti kiytdssd olevia lumikaukokartoitusmenetelmia.

Asiasanat: Lumi, Lumipeite, Boreaalinen vydhyke, Metsit, Tundra, Optinen kaukokartoitus
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1 Introduction

1.1 Background

Snow cover has an important role in Earth Sciences. Through its high albedo, snow strongly
affects the Earth’s radiation budget in both global and regional scales. As a massive reserve of
stored water, snow is an essential part of the hydrological cycle. Reliable information concerning
seasonal, inter-annual and long-term changes in snow extent and characteristics is important for
climate change studies and water management (e.g. Gong et al., 2007; Kitaev et al., 2002; Kite
and Pietroniro, 1996; Choi et al., 2010; Robinson and Frei, 2000; Roesch and Roeckner, 2006;
Schmugge et al., 2002; Viterbo and Betts, 1999). Since seasonal snow accumulation and melting
usually concern extensive areas with varying climatic features, resulting in highly different tim-
ings of these processes, it has been essential to aim at development of such methods that provide
spatially and temporally frequent information on snow cover. Remote sensing provides a feasible
way to accomplish this. Both the extent of the snow cover and the characteristics of the snow pack
can be investigated. With current remote sensing techniques, the typically targeted characteristics
are Snow water equivalent, Snow depth, Snow liquid water content, Snow surface temperature,
Snow grain size and Snow albedo. These can be derived using data provided by sensors operating
in the optical or microwave region with a variety of methods.

The extent of snow cover is typically expressed as two-class information, i.e. assigning each
pixel as snow-covered or as snow-free. This is called binary snow data and is a relatively good
measure of snow extent in many applications. However, discriminating between these two cases is
rather vague, because in nature, seasonal snow depletion appears as patchy snow before the final
clearance, see Fig. 1-1. Depending on the application and scale, we usually need to know whether
a pixel is fully snow covered or if it has a lower snow fraction or is absolutely snow-free. A step
forward from binary information is Fractional Snow Cover (FSC), also known as fraction of Snow
Covered Area (SCA), which features the areal fraction of snow cover within a pixel. FSC gives
a percentage number for snow coverage, which is considered more informative than binary data.
Several methods for retrieving FSC from remote sensing data have been developed; typically,
they suffer from inaccuracies over forest areas. The presence of forest canopy poses a problem for
snow-retrievals, since the canopy obscures the sensor’s view to the snow (or snow-free ground)
beneath it. Several methodologies have been developed to better adjust to the presence of forest
but with varying success (Hall et al., 2007; Klein et al., 1998; Rittger et al., 2012; Salomonson
and Appel, 2004; Vikhamar and Solberg, 2003). Considering that forests constitute a rather high
proportion of seasonally snow-covered regions in the northern hemisphere, this is a serious defect.

This thesis focuses on the determination of FSC from optical data provided by satellite instru-
ments, and describes the method development starting from a simple regionally applicable linear
interpolation method and ending in a globally applicable semi-empirical modeling approach. The
development work was motivated by the need for an easily implementable and feasible snow
monitoring method that could also provide reliable information for forested areas.

This work mainly deals with fractional snow cover estimation in boreal forests and tundra areas
using a semi-empirical radiative transfer-based reflectance model, which expresses the observed
reflectance as a function of FSC. The essence of the model is the apparent forest transmissivity,
related to the visibility of the under-canopy ground when observed above the canopy. Modeling
(or otherwise correcting) the effect of forest canopy in FSC-retrievals is the key issue in snow
remote sensing over boreal regions; this study contributes to the advancements in this research
field and provides a new contribution to continental scale snow mapping.
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Figure 1-1. Fractional snow cover in a boreal forest in northern Finland, from [P4].

1.2 Basics of optical remote sensing of fractional snow cover

An important factor in the Earth’s radiation balance is the surface albedo o, describing the ratio

of reflected radiation I T to incoming solar irradiation I J
[, L@.p. 250
[, Ev(8y, 00, 1002

where L(6,p,A) [Wm?2sr'] is the reflected radiance at wavelength A and E,(6,,¢,,4)

[Wm2sr] is the incident solar irradiance. The albedo depends on the directional distribution of

incoming radiation, except for Lambertian surfaces, which reflect evenly in all directions. The

direction-dependence can be expressed as a bidirectional reflectance distribution function (BRDF)
LO,p, 1)

cos(6,)E,(6,, 9y, A) (1-2)

a=1T/1l= (1-1)

BRDF(6,,0,¢,,0,A4) =

Hence, given a certain illumination direction and power, BRDF determines the radiation power
in a viewing direction, which is what the satellite instrument observes. When this is normalized
with respect to the BRDF from an ideal, lossless and diffuse (Lambertian) surface under the same
illumination and viewing directions, we obtain the bidirectional reflectance factor BRF. This is the
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quantity often used when referring to reflectance in the field of satellite remote sensing (Schaep-
mann-Strub et al., 2006):

BRF(HO’H’ ¢0’¢’ ﬂ’)
— BRDF(9070’ ¢O’ gD, /1) _ BRDF(90795 w()’q), l) _
BRDF;deal (90’6’ q)O’ ¢)9 l) 1/72-

(1-3)

7-BRDF(6,,0,9,,9,1)

The reflectance factor may exceed 1, particularly for strongly forward scattering surfaces such as
snow (Jin and Simpson, 1999; Painter and Dozier, 2004; Peltoniemi et al., 2005).

The spectral bi-hemispherical reflectance BHR is then an integral of BRDF over all illumina-
tion and reflection angles, and is generally referred to as albedo. Under conditions of pure diffuse
isotropic illumination, the resulting BHR is generally called white-sky albedo. If the illumination
comes from a single direction only, the resulting quantity is directional-hemispherical reflectance
DHR, generally called black-sky albedo.

Snow has a very high albedo compared to other natural land covers. The albedo is highest at
visible wavelengths and decreases towards infrared. In all wavelengths, the albedo decreases
with increasing grain size and increases at lower solar elevations (Wiscombe and Warren, 1980;
Warren, 1982). Snow is typically a strongly anisotropic reflector, exhibiting a peak in forward
scattering directions. Several studies related to the modeling and measurement of anisotropy have
been carried out, often related to grain size variations (Dozier, 1981; Jin and Simpson, 1999; Nolin
and Dozier, 2000; Painter and Dozier, 2004; Painter et al., 2009; Peltoniemi et al., 2005; Steffen,
1987; Warren, 1982; Wiscombe and Warren, 1980). From these it has been concluded that the
reflectance anisotropy is stronger at near-infrared wavelength than in visible wavelengths, and that
larger grain size still induces higher anisotropy.

The optical remote sensing of snow strongly relies on the fact that at visible wavelengths,
snow has very high BRF (hereafter referred to as reflectance), whereas the reflectance decreases
distinctively towards shortwave-infrared. For vegetation and soil, the trend is the opposite. The
visible reflectance from snow alters according to snow properties such as grain size and impurity,
but still remains high compared to shortwave-infrared reflectance (Dozier et al., 1981, 1989; Nolin
and Dozier, 2000; Painter and Dozier, 2004; Warren, 1982). The spectral characteristics of snow
are utilized in the calculation of Normalized Difference Snow index (NDSI), which is defined as
a ratio of visible (VIS) and shortwave-infrared (SWIR) reflectance as follows (Riggs et al., 1994;
Hall et al., 1995):

NDSI = (VIS-SWIR)/(VIS+SWIR) (1-4)

Hence, the high reflectance of snow in the visible compared with the short-wave infrared part of
the spectrum yields high NDSI values for snow compared with other natural targets.

The typical reflectance spectra from dry and wet snow, as measured with an ASD-spectrometer
at the test site in Sodankyl4, Finland, are presented in Fig. 1-2.

In the presence of forest canopy partly obstructing the view to the ground, the problem for snow
detection is related to the fact that the observed reflectance is a mixture of reflectances from snow,
snow-free ground and forest canopy. The effect of forest canopy depends on canopy characteristics
such as crown coverage, biomass and canopy structure in general, but also on the illumination and
viewing geometries (e.g. Betts and Ball, 1997; Hall et al., 1998; Liu et al., 2008; Robinson and
Kukla, 1985; Xin et al., 2012). Understanding and modeling of these effects pose a challenge for
fractional snow cover retrievals.



A fractional snow cover mapping method for optical remote sensing data, applicable to continental scale 15

— dry show
1+ r— === wet show |
-

0.8+

ASD reflectance
o
(2]

Figure 1-2. Reflectance spectra from dry

_ and wet snow, as measured with an ASD-

. ) ) ) ) N spectrometer.

400 600 800 1000 1200 1400 1600 1800
Wavelength (nm)

Y
.
.}
1
A
Ay
A
A}

1.3 Advances in optical remote sensing of (fractional) snow cover

Several approaches have been developed for deriving the fraction of snow covered area from opti-
cal remote sensing data. The spectral unmixing methods typically utilize several spectral bands and
a variety of spectral end-members and least-square techniques to solve the FSC from the spectral
mixture model (e.g. Painter et al., 2003). Linear spectral mixture analysis considers the observed
reflectance as a linear combination of reflectances from certain surface constituents (end-members)
(e.g. Solberg et al., 2003). Accordingly, the use of only two end-members — snow-covered ground
and snow-free ground - reduces FSC derivation to a linear interpolation problem (Matikainen et
al., 2002; Metsamaki et al., 2002). This approach has also been used with microwave radar data
(Koskinen et al., 1997). Considering the different land covers in different parts of seasonally
snow-covered regions, the end-members should be adapted to locality in order to obtain accurate
estimates of FSC. This concerns particularly the different types of forests (broadleaf, needle leaf)
and their densities as well as different types of snow-free ground, e.g. rock, grassland, shrubland
and different soils. The spectral unmixing methods often employ soil/snow/canopy models to de-
termine the spectral end-members. For example, introducing the method SnowFrac, Vikhamar et
al. (2004) described how topography and forest canopy effects can be modeled and used as input
to the spectral unmixing method. The MODSCAG method of Painter et al. (2009) used a radiative
transfer model specific for the scene illumination and view geometry to retrieve the snow spectral
end-members with varying grain size. Liu et al. (2008) and Xin et al. (2012) modeled the Viewable
Gap Fraction (VGF) for different forest types and with different view and illumination geometries
and emphasized the importance of these geometries in FSC-retrievals.

The methods utilizing NDSI rely on the ratio of observed reflectances at visible and short-
wave-infrared bands, so that high NDSI is provided by snow-covered surfaces. The snow mapping
method proposed by Hall et al. (1995) designates a pixel as snow-covered if NDSI>0.4. Klein et
al. (1998) proposed an improved method to better account for forests. The modified method uses
snow and canopy reflectance models to expand the acceptance area for NDSI; this is accomplished
by employment of NDVI in addition to NDSI. Tests for visible reflectance were also added. This
approach gives binary information on snow cover, i.e. it tells whether a pixel is snow-covered
or not. It is still one of the baseline methods for MODIS snow mapping products distributed by
the National Snow and Ice Data Center (Hall et al., 2006a, 2006b). To derive information on the
fraction of snow cover on a pixel level, Salomonson and Appel (2004) proposed a method in



16 Metsamaki Monographs of the Boreal Environment Research No. 43

which FSC is related to the magnitude of NDSI. This was accomplished through ordinary linear
regression, using FSC from high-resolution Landsat TM-imagery as ‘truth’.

Since variation of grain size is one of most prominent characteristics related to snow, the effects
of grain size on albedo and bidirectional reflectance factor (BRF) have been widely studied. Meas-
urements of BRF have been conducted in several field campaigns (Dumont et al., 2010; Painter
and Dozier, 2004; Peltoniemi et al., 2005; Steffen, 1987). These are important contributions in the
way towards more accurate FSC-retrievals from remote sensing data.

Overall, the handicap with many of the methodologies has been and still is their poorer perfor-
mance in forested areas (e.g. Frei et al., 2012). This poses a need for better considerations of the
effect of forest in the remote sensing observations.

Contribution of the appended papers

The contribution of the present work to the optical remote sensing of snow is mostly related to the
modeling and accounting for boreal forest canopy effect on the observed reflectance, targeting at
accurate fractional snow retrievals also for ground beneath the tree canopies. The first proposed
approach in [P1] was based on a linear interpolation technique, which relies on a priori known
reference reflectances at a) full snow cover and b) snow-free conditions for each calculation
unit-area. An important novelty in the methodology was the utilization of a forest sparseness index
determined from clear-sky AVHRR reflectance data acquired at full snow cover conditions. This
index was employed to describe the similarity between different unit-areas. In practice, the index
was used to determine the reference reflectances for unit-areas for which the reflectance level could
not be determined otherwise, e.g. due to frequent cloud cover. This approach was found to be fea-
sible for Finnish drainage basins, characterized by fragmented landscape with moderate canopies.
Employing reflectance observations from full snow-covered forests to map forest properties was
earlier proposed e.g. by Nolin (2004) and Hall et al. (1998). However, the idea of using the observed
reflectance to derive apparent forest transmissivity for FSC retrievals was a novelty, introduced
in [P2]. Through transmissivity, the proposed radiative transfer-based reflectance model relates
the observed reflectance to the major reflective constituents: forest canopy, snow and snow-free
ground. FSC is included in the model to describe the areal proportions of the latter two. Hence,
FSC can be solved from observed reflectance, given that the transmissivity and the representative
values for the three reflective constituents are known. The method was named SCAmod, the first
implementations and validations were presented for AVHRR data at the Finnish drainage basin
scale. The principles for statistical accuracy assessment for SCAmod FSC retrievals were also
presented in [P2]. In further studies ([P3] and [P5]), determination of the feasible reflectance
constituents was addressed, followed by a sensitivity analyses, targeting at selection of optimal
spectral bands to be applied with SCAmod. [P5] also discussed the feasibility of the NDSI-based
approach in FSC-retrievals over dense boreal forests. Finally, [P4] presented the implementations
and validations for MODIS and AATSR data. A new approach to enable the continental-scale use
of SCAmod was introduced, related to the hemispherical transmissivity generation with a tolera-
ble effort. The results from relative and absolute validation indicate a good performance for both
forested and non-forested regions in Northern Eurasia.
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2 Materials and methods

2.1 Study area

The studies in this thesis focus on the boreal forest and sub-arctic zone in northern and eastern
Europe. These areas are characterized by seasonal snow and feature boreal and hemi-boreal
landscapes as well as tundra and steppe/agricultural areas. The specific interest lies in Finland
(~338,000 km?), located in 60-70°N, 20-30°E, between Sweden and Russia. Finland provides
an extensive dataset of in sifu snow measurements, which enable method development and val-
idations in a unique manner. Finland is significantly covered by boreal forests, open bogs, lakes
and agricultural area, but in the north, tundra regions are also widespread. Typically the forests
are relatively sparse (METLA, 2009). Dominant tree species are Scots pine and Norway spruce,
but small birches are also common especially in high-altitude fell-regions. No significant altitude
variations occur on average. The seasonal snow cover typically settles in November-December
and persists until April-June; the average annual snow water equivalent reaches 140-200 mm in
the north and 80-140 mm in the south. In southern Finland the snow cover usually persists for four
months, and includes repeated freezing and thawing processes, whereas further north the snow
layer is more homogenous and tends to persist for more than 6 months (Kuusisto, 1984).

Finland belongs to the Baltic Sea drainage area, except that some northernmost basins drain to
the Arctic Ocean or the White Sea. The method development first targeted the provision of high-ac-
curacy fractional snow information for Finnish and cross-boundary watersheds for the needs of
hydrological modeling ([P1] and [P2]). Encouraged by the success of the SCAmod approach for
Finland, the target area was gradually expanded to regional and continental scales. Although Fin-
land represents a wide variety of boreal landscapes, the inclusion of other regions in northern and
eastern Europe would complement the study area since they feature all the relevant land covers and
landscapes as well as different snow types in continental scale (excluding mountains). The very
dense forests in Russia are of particular interest. Consequently, in [P4], the areas from the Ural
mountains in the east to Sweden in the west, and from the Barents Sea in the north to Ukraine in
the south were studied. The study area is presented in Fig. 2-1, also featuring the high-resolution
data scenes used in the validations ([P4]).
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Figure 2-1. Study area of Finland and northern and eastern Europe, also indicating the locations of Landsat/ETM+
scenes employed in the validations, from [P4].
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2.2 Ground reference data

Snow course data

Ground reference data feasible for evaluation of fractional snow cover retrievals is often relatively
difficult to obtain. This is because FSC is typically registered by human observers. Moreover, frac-
tional snow typically varies rather widely in space and time, and therefore single point observations
are not necessarily representative of the local spatial variation. This representation also depends
on the landscape character and other prevailing conditions. The observations should be conducted
over an area corresponding to the pixel size of the applied satellite sensor, and the timing should
match the satellite overpass at least so that no major changes in snow cover occur (e.g. Hall and
Riggs, 2007). The snow course network governed by the Finnish Environment Institute (SYKE)
has a heritage from the beginning of the 20™ century. The network consists of ~160 courses which
are visited on a monthly basis. A snow course is a 2-4 km long transect passing through different
landscapes; the observer registers the snow information typically at 80 locations along the transect.
The observations include snow depth (SD, measured with a stick), snow density (measured with
a snow tube) and fraction (%) of snow-free ground (visually estimated for an area within a 25 m
radius of the observer’s location). Hence, FSC=100%—Fraction of snow-free ground.

Proper in situ observations are particularly difficult to obtain when only trace amounts of snow
are present. In a scale of a pixel, these easily remain unnoticed by human observers if only several
samples are taken at ground level. The route of each snow course maintained by SYKE is indi-
vidually planned so that it should represent a locality of a few square kilometers. The trail goes
through different landscapes in order to catch the differences in snow conditions; the information
of the prevailing landscape is assigned to each measurement location. The landscapes are: pine
forest, spruce forest, mixed forest, broad-leaf forest, forest opening and open bog.

In this study, a snow course FSC mostly refers to the average value of all FSC-observations
along the transect, but FSC and SD are also considered separately for open areas and forests in
order to investigate the typical difference in snow conditions between these two. The analyses show
that snow cover first starts decreasing in forests, but from an FSC of ~0.6 to lower snow fractions,
snow ablation is faster in open areas, so that near the snow clearance there is still snow in forests
when open areas are snow free ([P4]). Thus typically snow persists longer in forests than in open
areas, although the analyses showed that the average snow depth is lower in forests (see also e.g.
Golding and Swanson, 1986). Altogether, snow course measurements from the years 1991-2010
were employed in this study. The map of the Finnish snow courses and the trail of a snow course
plotted over a digital photograph are shown in Fig. 2-2.

Weather station data

The weather station network of the Finnish Meteorological Institute (FMI) in Finland consists
of ~250 stations, where observations on snow depth (point-wise) and snow coverage (within the
range of vision) are made on a daily basis. Snow coverage is described with a particular e-code
following the definitions presented by the World Meteorological Organization (WMO), see Table
2-1. The daily observations of snow coverage (e-codes) as well as the snow depths were used in
this study, whenever available (observations of snow coverage were discontinued at many of the
stations in 2009 due to the automation of observing protocols). Although expected to represent the
average snow conditions in the locality, the snow observations may introduce a bias towards less
snow than is actually present in the surrounding area, corresponding e.g. to a pixel of a satellite
image. This is because each weather station is located in an open area, where snow typically disap-
pears earlier than in forest areas, as discussed above. In order to evaluate how well the point-wise
observation applies to a larger surrounding area, the correspondence between the e-code and the
nearby same day’s snow course FSC — providing a better spatial distribution — was analyzed and
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Figure 2-2. Left: Snow courses and weather stations of Finland. Right: the route of a snow course.

found to be reasonable ([P4]). This correspondence is considered to be an indication of spatial
representativeness of point-wise observations in the scale of pixel-size of the Earth-observation
imagery used in this study.

The spatial representativeness is further supported by the good correlation between snow depth
observations, again from the weather stations and snow courses within a distance of <4 km for
data from years 1991-2008. The correlation coefficient is 0.94, with a root mean squared (RMS)
difference of 10.1 cm (see Fig. 2-3), indicating that for snow depth, point-wise observations also
represent the snow conditions in a larger spatial domain.
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Figure 2-3. Correspondence of snow depth from weather
stations and from snow courses.
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2.3 Earth observation data and field spectroscopy

The applied Earth Observation data are from acquisitions of 1) AVHRR (Advanced Very High Res-
olution Radiometer) onboard NOAA (National Oceanic and Atmospheric Administration) family
of polar environmental satellites, 2) MODIS (Moderate Resolution Imaging Spectroradiometer
onboard NASA EOS-Terra, 3) AATSR (Advanced Along Track Scanning Radiometer) onboard
ESA/Envisat and 4) ETM+ (Enhanced Thematic Mapper +) onboard EOS Landsat-7. All data were
converted to reflectances or brightness temperatures according to in-flight or pre-launch calibration
information using processing software developed at the VIT Technical Research Centre of Finland.

AVHRR is a cross-track scanning radiometer measuring reflected or emitted radiation of the
Earth at five (NOAA-14) or six (NOAA-15 and NOAA-16) spectral bands. These are: Band 1
(0.58-0.68 um), Band 2 (0.725-1.0 pm), Band 3A (1.58-1.64 um), Band 3B (3.55-3.93 pm), Band 4
(10.3-11.3 um) and Band 5 (11.5-12.5 um). The cross-track resolution varies from 1.1 km at nadir
to 4 km at maximum scan angle (£55.4°), whereas the along track resolution is ~1 km. Given the
swath width of 2600 km, NOAA/AVHRR provides a complete spatial coverage already at mid-lat-
itudes. In this study, AVHRR data covering the years 2000-2003 were employed ([P1] and [P2]).
Atmospheric correction using SMAC (Rahman and Dedieu, 1984) with an assumption of standard
atmosphere was conducted to obtain surface-leaving reflectances. The data were geo-registered
into a 1kmx1km geographical grid in the Finnish National Coordinate system.

MODIS is a cross-track scanning instrument, which measures the Earth with 36 spectral bands
from visible to thermal infrared region. The spatial resolution of the MODIS varies with the spec-
tral band. With a scan angle of +55°, MODIS provides a swath width of 2330 km, i.e. complete
daily coverage already at mid-latitudes. In this study, the most relevant MODIS bands are Band
1 (620-670 nm), Band 2 (841-876 nm) with 250 m resolution and Band 3 (459-479 nm), Band 4
(545-565 nm) and Band 6 (1628-1652 nm) with 500 m resolution, although the thermal infrared
bands Band 31 (11 pum), Band 20 (3.7 um) and Band 32 (12 um) with 1 km resolution also play an
important role in cloud detection. However the cloud masking issues are not discussed here. The
MODIS level 1B calibrated radiance data were converted into top-of-atmosphere reflectances and
brightness temperatures and geo-registered into a 0.01°x0.01° WGS-84 geographical grid. Data
from the year 2000-2011 were employed in this study (in [P4] and [P5]).

AATSR is a dual view, multi-channel imaging radiometer operating in seven spectral bands
providing 1 km spatial resolution. Swath width is only 520 km, and therefore the complete spatial
coverage at high latitudes (60°-70°) cannot be reached. The most relevant bands for this study are
Band 1 (0.545-0.565 um) and Band 4 (1.58-1.64 um); thermal bands 5, 6 and 7 centered at 3.7
um, 10.85 um and 12 pum, respectively, were used for cloud masking. Data from the years 2002-
2010, using only the nadir view, were used ([P4]). Processing followed the same procedure as for
MODIS, see above.

ETM-+ sensor is a whisk broom scanner which provides multispectral images at seven spectral
bands (+ one panchromatic band), generally at 30 m spatial resolution. For this study, the most rel-
evant bands are Band 2 (0.52-0.60 um) and Band 5 (1.55-1.75 pm). Thermal bands 6 (10.40-12.50
um) and 7 (2.09-2.35 um) were used for cloud masking. In addition to ETM+, a few acquisitions
by TM onboard Landsat-5 were also employed. All data were from 2000-2011, see [P4]. Processing
was carried out as for MODIS and AATSR, although for the 0.00025°x 0.00025° geographical
grid, close to the nominal resolution of 30 m.

MODIS snow product MOD10 L2, distributed and archived at the National Snow and Ice
Data Centre (NSIDC) in Boulder, Colorado, USA, is widely used by the research community of
Earth studies. The basic methods behind the product are those of Klein et al. (1998) for binary
snow information and Salomonson and Appel (2004) for fractional snow information (Hall et al.,
2006a; Riggs et al., 2006). In this study, the fractional snow in Collection 5 swath-level MOD10 L2
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product (Hall et al., 2006b) was used, providing snow data in a 0.005°%0.005° grid. The data are
geo-registered into a 0.01°x0.01° grid (WGS-84) in order to correspond to the processing grid of
MODIS level 1B data described above.

The field spectroscopy measurements ([P3] and [P5]) were made with an Analytical Spectral
Devices (ASD) Field Spec Pro JR spectrometer (ASD Inc, Boulder, Co, USA). Measurements
were taken at ground level and from a 30-m high mast during the years 2007-2011. In both cases
the instrument field-of-view was set to 25° so that the surface illumination area (measurement
footprint) was ~20 cm in diameter for at-ground measurements and ~185 m? for mast-based meas-
urements. The spectra were measured with 1.5 nm spectral resolution in the range 350-1000 nm
and with 2 nm spectral resolution for 1000-2500 nm. The measured radiances were converted to
Hemispherical-directional reflectance factor (HDRF) under diffuse illumination and to Bidirec-
tional reflectance factor (BRF) under direct illumination (both referred to as reflectance), using a
calibrated white spectralon plate as reference.

2.4 Validation techniques for fractional snow retrievals

The validation is conducted using two approaches: absolute and relative. Absolute validation
refers to comparison of the obtained Fractional snow retrievals with ground truth measurements.
In relative validation, Fractional snow retrievals are compared with corresponding information
provided by other Earth observation sources.

As the calculation unit area varies throughout this study (from drainage basins to ~1 km pixels),
the validation techniques also vary. The basic idea is to compare the FSC-estimate to the reference
data considered representative for the same area. This is easy to comprehend in relative validation
when pixel-to-pixel comparison is possible. The situation is more complex in absolute validation,
since ground truth data are usually point-wise measurements or transect data, and the spatial
representativeness of these data is not necessarily optimal. This issue is discussed in [P4], where
it is concluded that within acceptable accuracy, the averaged snow course FSC is representative
for an area of a few square kilometers surrounding the course. The same conclusion was made
for weather station observations, but the representativeness is poorer for forested landscape, as
weather stations are typically located in open areas. Therefore, it is justified to compare average
snow course FSC against estimate FSC from 1) a 7x7 pixels window centered at the course ([P1],
also separately for open area and forest) or from ii) pixels covering the trail of the course, as in
[P2] and [P4]. When validating against the weather station data, two approaches were used in the
study: iii) the basin-scale average FSC was compared with ground truth from the closest weather
station located within the basin ([P1] and [P2]), and iv) the estimated FSC from one pixel over-
laying the station was compared with the ground truth from the station ([P4]).

For areas where sufficient ground truth measurements were not available, FSC-retrievals from
Landsat TM/ETM+ were used as reference, with the assumption that this FSC represents the ‘truth’.
Although this is not necessarily the case particularly in boreal forests, this approach is commonly
used e.g. for algorithm development purposes (Salomonson and Appel, 2004; Salomonson and
Appel, 2006). The methodology first classifies high-resolution TM/ETM+ pixels as ‘snow’ or
‘not snow’ using the SNOWMAP-approach of Klein et al. (1998) and then aggregates the binary
data into FSC for the lower resolution pixels. In this study, binary data was provided in 0.00025°
% 0.00025° resolution; then 40x40 pixels were averaged to derive FSC for 0.01° x 0.01° pixels
(referred to as TM FSC hereafter) directly comparable with FSC from SCAmod (referred to as
SCAmod FSC). TM FSC and SCAmod FSC were compared for each pixel where either of them
identifies snow (this was in order to exclude the vast number of snow-free cases detected by both
sensors, which otherwise would have dominated the results).
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Comparison of estimated FSC and the reference FSC can be conducted using the original con-
tinuous values or, alternatively, the values can be categorized into certain classes and then these
classes are compared. With the former approach, the differences between estimated and independ-
ent reference FSC (N cases) are analyzed using root-mean-squared-error (RMSE):

RMSE = \/LZ(FSngtimmed _FSC”C‘ference)z (2-1)

where FSC_,  refers to either measured ground truth data (snow courses) or to any reference
source assumed to represent the truth.

When using categorized data as from weather stations, the FSC estimates are also categorized
accordingly. Then a confusion matrix is used to describe the match between predicted classes
(based on estimated FSC, categorized according to the reference classes) and reference classes.

For example, in the case of four classes the confusion matrix is

True classes

Predicted classes class a class b class ¢ class d
class a n n n n

aa ba ca da
class b n, n, n, n,,
class c n n n n

ac be cc dc
class d N, N n, N,

The total accuracy is defined as the number of correct matches as a proportion of the total number
of cases:

Total accuracy = (n_+n, +n_+n )/ N__ ., (2-2)
where N__is the total number of cases. Accordingly,
Total error = 1-Total accuracy. (2-3)

Commission error for a class describes the proportion of estimates falling into the class which is
incorrectly classified (falsely committed), e.g. for class a: (n, +n_+n,)/(n_+n, +n_+n ). Omission
error for a class describes the proportion of cases actually belonging to a class which is put into
another class (falsely omitted), e.g. for class a: (n+n_+n_)/(n_+n_ +n_-+n ).

If the number of classes is reduced to two, as in the case of binary classification as ‘snow/not
snow’, the success of snow identification can be expressed with binary metrics (e.g. Painter et
al., 2009). These are Recall (the percentage of true snow pixels correctly predicted), Precision
(percentage of correctly identified snow out of all pixels predicted as snow) and Accuracy (the
ratio of correctly predicted (snow and snow-free) pixels to the total number of pixels). These
were employed in [P4] in order to evaluate the success of SCAmod in snow identification. First,
TM-derived FSC was used for labeling pixels as ‘true snow’. For the corresponding pixels, FSC
from SCAmod was used to obtain ‘predicted snow’. In both cases, pixels were labeled as ‘snow’
if FSC>0.15. Finally, binary metrics were computed.
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3 Results and discussion

3.1 Linear interpolation method for fractional snow cover retrieval
The retrieval of fractional snow cover was first approached with the assumption that the observed
reflectance is a linear combination of reflectance of snow-covered terrain (including forest canopy)

and snow-free terrain, weighted by their areal proportions:

— % * — % _ *
pobs - ES‘IIOW p/l,snow + Fground pﬂ.’ground - F;now p/l,sm)w + (1 F;now) p/l,gmund ’ (3'1)

where Pobsn is the observed reflectance from the target area at wavelength A
ow is the areal fraction of snow-covered ground within the pixel
(=FSC, Fractional Snow Cover)
Prsnon is the reflectance of snow-covered ground at wavelength A
ground is the areal fraction of snow-free ground within the pixel
P cround is the reflectance of snow-free ground at wavelength A.

F_,, canbe solved from (3-1):

sSno

ZFSC — pobs_pi,ground ) (3_2)

pl,snow - pl,ground

Hence, having the values for reflectances from 100% snow-covered terrain and from snow-free
terrain, FSC can be determined by interpolating between these two. Since these reflectances are
highly dependent on local landscape characteristics, Eq. (3-1) should be applied using reflectances
determined for the locality. In practice, in order to obtain FSC-estimates with a reasonable accuracy,
P, oo A0 P cround should be determined for each calculation unit area in the targeted region. [P1]
describes the linear interpolation approach applicable to the boreal forest zone with a particular
focus on the local determination of p, | and P cround referred to as reference reflectances. AVHRR
data are used for method development, demonstrations and validation. The 1221 drainage basins
(2" order division with average basin area of 320 km?) of Finland, divided into 11 land cover cat-
egories, serve as calculation unit-areas. Accordingly, the reference reflectances are determined for
each basin, and within a basin, for each land cover class separately. The Fractional snow cover is
hence provided at basin-level for the 11 land cover types including open areas, forests and mixed
areas, and the general FSC for a basin is determined as a weighted average of these. The reference
reflectances are extracted from AVHRR reflectance time series by employing a set of dedicated
rules, based on the investigated behaviour of reflectances and brightness temperatures during the
snow season. A typical evolution of visible (R1) and near-infrared reflectance (R2) for forest and
agricultural area is presented in Fig. 3-1, accompanied by time series of NDVI and the difference
R1-R2. The importance of distinguishing between dry snow and wet snow conditions was em-
phasized, since using dry snow reflectance instead of wet snow would lead to underestimation
of FSC. This is due to the noticeable decrease in reflectance when snow turns from dry to wet,
caused by the increasing snow grain size inducing higher absorption at visible and particularly at
near-infrared wavelengths (Wiscombe and Warren, 1980; Dozier et al., 1981; Nolin and Dozier,
2000; Painter et al., 2003). Since the decrease is clearly stronger at near-infrared wavelength, it
is possible to identify dry snow turning to wet by observing the difference VIS-NIR (i.e. R1-R2).
Whenever a sudden increase in this difference occurs, snow is considered to have turned wet,
provided also that the temperature is close to 0°C. The magnitude of this change is dependent
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on the land cover, predominantly on the presence of forest canopy. This is illustrated in Fig. 3-1
(bottom right), where R1-R2 is presented for forest and non-forest areas over an arbitrary basin.

Seasonally snow-covered areas are characterized by very low NDVI during the snow season, but
NDVI shows a rapid increase immediately after the snow season due to the start-up of photosyn-
thetic activity (e.g. Stow et al., 2004; Stockli and Vidale, 2004). This is caused by an increase of
visible and more pronouncedly of near-infrared reflectance. The employment of such an increased
reflectance in the linear interpolation method would result in FSC overestimation. Therefore, a
threshold for NDVI to identify the snow-free situation was proposed, so that if NDVI >threshold,
the area is considered to be snow-free. From time-series we found that after snow clearance, the
typical levels of NDVI for forest and for non-forest areas exceed 0.5 and 0.4, respectively. The
former agrees well e.g. with the findings by Hall et al. (1995) and Klein et al. (1998), who observed
and modeled NDVI < 0.5 for their study forests with understory snow. Hence, the proposed linear
interpolation method is complemented by the NDVI-criterion with a threshold of 0.5 for forest
and 0.4 for non-forest areas.

Since the methodology described in [P1] was implemented at the Finnish Environment Institute
for operational snow mapping purposes, the study also concerned the determination of reference
reflectances for basins where representative reflectance observations were not available due to the
cloud cover. From the existing time series it was found that different land covers exhibit different
reference values from basin to basin. This was due to the variation of landscape heterogeneity,
forest density etc. Therefore, there was a need to find a measure describing the similarity between
basins; then, the basin lacking the reference values could adopt them from a another basin. As-
suming that forest coverage/density is the most predominant feature describing the similarity, a
Forest Sparseness Index was developed, inspired by the previous studies on mid- and high-lati-
tude maximum albedo by Robinson and Kukla (1985). The approach is based on the fact that the
masking effect of forest canopy causes a decrease in the observed reflectance from snow-covered
terrain, which is proportional to canopy density (see also e.g. Betts and Ball, 1997). Hence, to
determine the forest sparseness index for each basin, AVHRR reflectance observations at full
snow cover conditions were employed. Particularly the dry snow situation was considered most
feasible, since wet snow exhibits a higher variability of reflectances due to the altering grain size
(Dozier et al., 1981; Nolin and Dozier, 2000; Painter et al., 2003), which is not known a priori.
Firstly, dry snow cases were identified from reflectance and brightness temperature time series,
and verified with nearby weather station observations. Then, for each basin, all identified dry snow
cases were averaged to obtain a final value. It was evident that theoretical dry snow reflectances
could be observed only from extensive non-forested areas located mostly in northern Finland,
whereas in the other parts of the country, reflectance was decreased due to forest canopy. Fig. 3-2
(left) presents the dimensionless Forest Sparseness Index for the drainage basins, scaled into a
range 0 (dense forests) to 1 (open area). The reflectances as a function of Forest Sparseness Index
are also presented in Fig. 3-3 for dry snow (left) and for wet snow (right). The figures illustrate
how the decrease in reflectance when snow turns from dry to wet is dependent on the presence
of forest canopy and how the decrease is more distinctive at near-infrared. The theoretical values
for the decrease (5% for visible and ~16% for near infra-red according to Dozier et al. (1981) and
Nolin and Dozier (2000)) are reached only for basins introducing only snow-cover terrain without
forest canopy (i.e. high Forest Sparseness Index). This result suggests that as such, the theoretical
decrease in visible and near-infrared reflectances is not applicable in discriminating between dry
and wet snow, but the decrease must be proportioned to forest coverage/density.

Furthermore, some investigations of the effect of anisotropies in the observed AVHRR-re-
flectances were presented. From these it was concluded that due to the reflectance anisotropies
of snow and forest canopy (e.g. Jin and Simpson, 1999; Cihlar et al., 1994; Warren, 1982), the
linear interpolation could be applied only to reflectance data with viewing geometry close to that
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which was used for determining the reference reflectance. However, these considerations are not
a particular topic of this thesis.

The validation of the developed methodology for FSC retrieval was carried out using fractional
snow observations from a) snow transects (snow courses) and b) weather stations as reference.
Linear interpolation was applied using only VIS or both VIS and NIR (FSC computed as an average
from those). When comparing against snow course data, FSC was categorized into six classes in
the range 0-100%, see Fig. 3-2 for an example. For open areas, ~90% of the cases were correctly
classified, whereas for forests the corresponding percentage was ~75%. These were achieved when
using both VIS and NIR reflectance in the estimation. Using only VIS gave a slightly poorer result,
particularly at low snow fractions. This was considered to be due to a deeper penetration depth of
visible light into the snowpack, which easily leads to underestimation of FSC when the underlying

ground contributes to the observed reflectance (e.g. Warren, 1982). Therefore employing NIR
compensates this effect.
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Figure 3-1. Time series of AVHRR visible (R)) and near-infrared (R,) reflectances as well as NDVI for an arbitrary
basin, separately for open areas (agricultural) and forests (from [P1]).
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Figure 3-2. Left: Forest Sparseness Indices for 1221 Finnish drainage basins, from [P1]. Middle and Right: Examples
of Fractional snow cover retrievals for 1221 drainage basins in Finland.
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Figure 3-3. AVHRR visible (R)) and near-infrared (R,) reflectances from open area pixels from drainage basins
representing different Forest Sparseness Indices with dry snow cover (Left) and with wet snow cover (Right), from
[P1]. Solid lines represent cubic fit curves, and are used for visualization.

3.2 The SCAmod reflectance-model based approach for fractional
snow cover retrieval

3.2.1 Principles

Encouraged by the evident feasibility of Forest sparseness index in describing the forest coverage
and its impact on the observed reflectance from snow-covered ground, work towards an improved
modeling and consideration of forest canopy effect was started. The goal was to advance towards
a physically based approach employing the radiative transfer theory. This would allow the model
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parameterization using physical quantities, and would therefore leave space for further model
developments based on measuring and/or modeling of these quantities, i.e. reflectances.

After reaching the upper canopy layer, the incoming radiation penetrates through the forest
canopy, reaches the ground layer, reflects from it, and again penetrates through the canopy on its
way back to the sensor. While passing twice through the canopy, part of the radiation is attenuated
by the canopy, i.e. only a residual part is transmitted. This effect is described by two-way transmis-
sivity. Transmissivity is expressed in the range 0-1, so that 1 refers to total transmission with no
attenuation and 0 refers to total extinction when nothing is transmitted. The former is characterized
by a non-forested target offering full view to the ground from above, whereas the latter is related
to canopy so dense that the view to the ground is totally blocked. Assuming that the reflected
light from a target scene is the sum of three major reflective constituents: snow, snow-free ground
and tree canopy above the snow surface layer, we can formulate a reflectance model as follows:

Volume scattering Surface scattering
r—% A
pﬂ,,obs(FSC) = (1 - ti) * pﬂ,,forest + ti * [FSC * pﬂ,,snow + (1 - FSC) * p/l,ground] s (3-3)

wherep, P ) round andp s forest AT€ the reflectances of snow, snow-free ground and (opaque) forest
canopy, respectively, at wavelength 1. p, , represents the observed reflectance from the calculation
unit area. ti represents the apparent effective two-way transmissivity for the unit area.

The model was first proposed in [P2]. According to the model, the reflectance from the ground
layer (surface scattering part of the formula) is a linear combination of snow and snow-free ground
reflectances weighted by their areal proportions, with only a part of the light transmitted through
the canopy. Two-way transmissivity describes the transmission of both incoming and outgoing
radiation, without consideration of direction. The volume scattering part describes the reflectance of
the forest canopy as a function of transmissivity. The multiplier (1— ti) is based on the zero-order
solution of the radiative transfer model (see Appendix I) with the assumption of single scattering
from randomly distributed scatterers (needles, branches) inside the canopy. The idea was originally
derived from the forest modeling approach by Pulliainen et al. (1994) and also coincides with
studies e.g. by Schlerf and Atzberger (2006).

[P2] describes the model principles and presents its use for fractional snow cover estimation at
the level of a Finnish drainage basin. Given that the transmissivity for a calculation unit area is
known, FSC is determined from Eq. 3-3:

1 1
? * pﬂ.,vbs + (1 - ?) * pl,ﬁ)rest - pﬂ.,gmund
FSC=- A . (3-4)

pi,snaw - pi,gmund

Hence, the model accounts for the effect of forest canopy in the observed reflectance, provided
that a priori information on canopy transmissivity is available. This is the challenge of using the
model — but the solution is provided by the model itself. Namely, according to Eq. (3-3), if the
ground layer is 100% snow covered (i.e. FSC=1), the observed reflectance originates only from
the forest canopy and snow. Consequently, transmissivity can be solved from the observed reflec-
tance as follows:
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¢ 2 — pl,obs(FSC = 1) - pﬁ.,foresl

A

(3-5)
pﬂ.,snow - p/l,forest

given that the reflectances of forest canopy and snow are known. In [P2] and [P4] the proposed
solution is to use pre-determined, generally applicable reflectances which are feasible for the
target area. These can be derived from at-ground measured reflectance spectra or from Earth
Observation data acquired from representative targets (e.g. for snow reflectance, non-forested
areas totally covered with snow). Since dry snow has a higher reflectance than wet snow and thus
exhibits a stronger contrast to the low-reflective forest canopy, it is advantageous to employ dry
snow reflectance in transmissivity determination. Moreover, dry snow has a small grain size and
therefore exhibits smaller reflectance variation than wet snow (e.g. Jin and Simpson, 1999; Dozier
et al., 1981; Peltoniemi et al., 2005). Accordingly, the obtained transmissivities should be more
insensitive to the applied viewing geometries. Thus in Eq. 3-5p, andp ,  refer to dry snow.
The whole approach was named SCAmod, which naming is used hereafter.

A,0bs

3.2.2 Implementation to AVHRR

SCAmod was first implemented to use NOAA/AVHRR reflectance observations at visible Band 1
580-680nm ([P2]). The Finnish drainage basins (5845 3™ order sub-basins with a 60 km? area on
average) were used as calculation unit areas. The visible band was preferred over near-infrared,
as in the visible region the effect of snow grain size — which a priori cannot be known — on the
reflectance is smaller (e.g. Dozier et al., 1981; Warren 1982; Wiscombe and Warren, 1980). Snow
impurities also affect the reflectance, but this concerns the visible region up to 1.0 pm (Warren,
1982) and therefore does not favour either of bands 1 and 2 of the AVHRR: the effect is slightly
stronger for Band 1 but rather low when compared to the effect of grain size for Band 2.

The feasible values for the reflectance contributors were determined from AVHRR reflectances
acquired under appropriate prevailing conditions (at full dry snow cover and full wet snow cover for
P, ooy and immediately after snow clearance for p forest and p groun )- After sampling the AVHRR-data,
the representative value for each contributor was determined as an average of the samples. Variance
of reflectances was also computed for each contributor (S°  ,S*,  and SzgmLm ,for wet snow, forest
canopy and snow-free ground, respectively). These standard deviations were employed by statis-
tical accuracy assessment of SCAmod, described later in this section. The basin transmissivities
were generated from 15 AVHRR-scenes so that all clear-sky observations (dry snow prevailing)
for each basin were used to obtain average basin reflectance, which was then used in Eq. 3-5. Due
to the reflectance anisotropy of snow and forest canopy, several AVHRR -acquisitions representing
a variety of different viewing and illumination geometries (nadir view, backscatter and forward
scatter) were employed in determining each basin transmissivity. The average basin scale variance
was also computed for statistical accuracy assessments. The resulting transmissivity map for 5845
basins is shown in Fig. 3-4.

Snow clearance shows up as a strongly decreased value for NDSI, which is therefore a useful
measure when detecting the presence of snow (Hall et al., 1995, Klein et al., 1998). Nevertheless,
in [P2], NDVI was still proposed to be used in detecting the snow clearance, encouraged by the
good experience from NDVI-thresholding (see the previous section) and also by results from other
studies, e.g. by Stow et al. (2004). However, the threshold was now determined as proportional
to the transmissivity. This was based on the fact that denser forests introduce higher NDVI than
non-forested areas (Klein et al., 1998; Stockli and Vidale, 2004). A linear fit between NDVI ob-
served at snow clearance (according to reflectance time series and ground truth data from weather
stations) and the transmissivity was found, see Fig. 7 in [P2]. Later, the original fit line was de-
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creased to make the threshold more effective in catching the snow-free cases. The NDVI-rule is
as follows: IF NDVI>a-t*+b, then FSC=0.

Figure 3-4.Two-way transmissivity map for 5845
Dense Finnish drainage basins (from [P2]). Transmissivity
forests range is 0.19 (basins dominated by dense forests) to
Water | (open areas).

The combined use of Eq. 3-4 and the NDVI-thresholding for AVHRR-data yielded basin-scale
FSC-estimates ([P2]), which were then compared against the ground truth data. When comparing
against the weather station data, approach iif) as described in Section 2.4 was used. The estimates
were categorized into 12 classes in the range 0-1 and compared against the four categories re-
ported at weather stations ([P2], Table 4). The resulting 1310 comparison pairs showed the best
agreement for full snow cover (FSC=1) and snow-free conditions (FSC=0), as the percentage
of correct predictions was 94% in both cases. Between these extremes, the FSC showed lower
matching percentages ranging from 27% to 64%, depending on the category. With fractional snow,
however, the results indicated that the performance of SCAmod could be better than it appears to
be: for example for 0.1<FSC<0.2, weather stations showed a snow-free situation for 64% of the
cases whereas only 27% were reported to have snow coverage between 0 and 0.5, which is the
‘correct’ category. It was concluded that these small traces of snow can really exist in the basin
area particularly in forests (see [P4] for a more detailed analysis on spatial representativeness of
weather station data), but are not observed at the weather station. The validation with the same data
set is here repeated using only four categories corresponding to those used with weather station
data; this allows the use of the confusion matrix as described in Section 2.4 and the result is then
comparable with later results presented in [P4]. The new result with four categories is presented
in Table 3-1. Again the results indicate that full snow cover is best identified, with an omission
error of only 8.2 %. For snow-free cases, the omission error is 48.4 %, as most cases are predicted
to the category representing partial snow (<50% coverage), although this might be quite correct
as described above. The two fractional snow categories have omission errors of <40%. The total
error rate is 24.7%, i.e. total accuracy is 75.3%.

When validating against snow course observations, approach ii) as described in Section 2.4
was used; thus each FSC estimate is computed as an average from pixels overlaying the course
and then compared to the average FSC observed at the course. One day’s time difference between
AVHRR-acquisition and snow-course observation was accepted to ensure an adequate number of
pairs (i.c. at least one pair in each interval of 0.2), 215 altogether. An RMSE of 0.15 in the FSC
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range 0-1 was obtained, which is in line with the results from statistical accuracy analyses, also
presented in [P2]. In addition, the accuracy was considered to be appropriate for the needs of hy-
drological modeling for Finnish watersheds; the use of FSC-retrievals to improve the hydrological
forecasts was demonstrated for an arbitrary basin. The result indicated that FSC from SCAmod
has potential to improve the discharge forecasts.

Table 3-1. FSC from SCAmod applied to AVHRR, compared to ground truth data from the weather stations.

In situ data from weather stations

SCAmod FSC=0 Snow- 0<FSC<0.5 0.5<FsC<I FSC=1 Full Number of | Commission

free ground Partial snow Partial snow snow cover estimates error

(e-code 3) (e-code 4 or 5) (e-code 6) (e-code 7

or9)
FSC=0 188 8 4 200 6.0 %
0<FsC<0.5 176 43 15 236 81.8%
0.5<FsC<I 0 19 95 57 171 44.4 %
FsC=1 0 0 42 661 703 6.0 %
N of in situ 364 70 156 720 1310
cases
Omission error 48.4 % 386 % 39.1 % 82% error rate
24.7 %

3.2.3 Implementation to MODIS and AATSR

Soon after the first implementations and operating with the AVHRR-data covering Finland, the
application area of SCAmod was extended to cover the Baltic Sea drainage basin. It was also
decided to provide sub-pixel FSC instead of basin-scale FSC, in order to capture the spatial distri-
bution of snow within basins. These improvements were implemented for MODIS-data, providing
a better spatial resolution and more suitable bands for cloud screening than the AVHRR. Band
4 was considered to be the most feasible for implementations, as discussed later in Section 3.3.

The issues related to switching from AVHRR to MODIS were 1) determination of feasible values
for top-of-atmosphere observed p, . p Aground and P jorest > 2) generation of a new transmissivity
map employing MODIS Band 4 instead of AVHRR Band 1, as by its definition, transmissivity is
wavelength-dependent and 3) employment of NDSI instead of NDVI in verifying the snow-free
situation.

The values for three reflectance constituents were first derived from MODIS-data representing
the suitable prevailing conditions, following the procedure described above for AVHRR but now
for pixels instead of drainage basins. Later, at-ground spectral measurements provided more data
for determining the values ([P4]).

The first MODIS-derived transmissivity map was generated using several MODIS-acquisitions
from several years and underwent a series of updates later, with the aim of obtaining a complete
dataset representing a wide variety of viewing and illumination angles for the needs of proper
accuracy assessment. The most recent transmissivity map with a resolution of 0.01° x 0.01° for
Finland and its surroundings (a subset of the Baltic Sea drainage area map) is presented in Fig.
3-5. For each pixel of this map, the number of employed observations was six on average; the
number ranges from 4 to 18. Statistical features related to the pixel-wise variability of the employed
MODIS-reflectances and the corresponding illumination/viewing geometries are given in [P4]. For
example, standard deviation of view zenith angles (ranging from 50° backscatter to 50° forward
scatter) for each pixel was determined; on average, the pixel-wise standard deviation was 27°.
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In order to evaluate the effect of varying view and illumination geometries, standard deviation
of Band 4 reflectance for each pixel was determined and converted to the coefficient of variation
(standard deviation / average x 100%). It was found that the coefficient of variation decreases with
increasing pixel-wise average reflectance, indicating that dark targets (forests) are more sensitive
to the varying viewing geometry than open areas providing a higher reflectance. This finding is
well in line with results e.g. by Xin et al. (2012) and corresponds to the spectral measurements in
[P5]. The mean value for coefficient of variation was 5.7 %.

The NDSI-rule is based on the fact that low values are observed under snow-free conditions,
as discussed earlier. Therefore it is in principle possible to determine a threshold to identify the
snow-free situation: FSC=0 if NDSI > NDSI__ . The value 0.4 (or 0.1 for forested areas) as
proposed by Klein et al. (1998) is however not feasible for SCAmod purposes, as the intention is
to identify even small snow fractions accurately, without too conservative thresholding. Therefore
it was first proposed in [P4] to use as low a value as -0.1 in thresholding.

Open
areas

Dense Figure 3-5.Two-way transmissivity map
forests (t%, range 0-1) in 0.01° x 0.01° resolution
Water (from [P4]).

Applying SCAmod to AATSR data after experiences with MODIS was rather straightforward,
as AATSR Band 1 measures reflectance at the same wavelengths as MODIS Band 4. Therefore,
Pisoow P s ground and p, Jorest determined for MODIS are also considered to be feasible when using
AATSR data. Moreover, derivation of the transmissivity map from AATSR observations would
be complicated due to the limited geographical coverage (a few days’ gaps in AATSR acquisitions
would drastically reduce the number of suitable observations). Hence, the transmissivity from
MODIS was employed when applying SCAmod to AATSR.

Validation of FSC-retrievals against Finnish weather station data were conducted using 1745
data pairs. In comparisons, the estimated FSC for one pixel overlaying the station is compared
with the concurrent (same day) snow coverage information given by the e-code, i.e. approach iv)
as described in Section 2.4. The same comparison was also made for MOD10_ L2 FSC, catego-
rized accordingly. The general performances of SCAmod applied to AATSR (SCAmod, , . ..) and
to MODIS (SCAmod,, ) were rather similar: the overall accuracy was 65.1 % for SCAmod, , .
and 65.9 % for SCAmod, ..

Full snow cover is well identified by SCAmod, but MOD10_L2 shows underestimation: ~60 %
of full snow cover cases are omitted. MOD10_L2 also shows frequent underestimations for partial
snow cover: e.g. for true 0<FSC<0.5, 65% is falsely interpreted as snow-free. The corresponding
percentages with SCAmod were 33% (MODIS) and 40% (AATSR). The underestimation problem
with MOD10 L2 is probably due to the presence of forest within the snow course, as this is known
to lead to poorer performance, particularly to underestimations (Hall and Riggs, 2007; Salomon-
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son and Appel, 2004; Rittger et al., 2012). Snow-free ground was well recognized by all three
products with an omission error ranging from 1.3% to 19.3%. The overall accuracy was 65.1%
for SCAmod, , ., and 65.9% for SCAmod, ., whereas the overall accuracy for MOD10_L2 was
46.4%. Therefore it was concluded that SCAmod provides a better performance than MOD10 1.2
FSC, whether using MODIS or AATSR.

Validation against snow course data reveals similar results as with AVHRR. The obtained
RMSE (range 0-1) for 44 cases were 0.12 and 0.14 with MODIS and AATSR, respectively, whereas
MODI10 L2 showed an RMSE of 0.20, mostly due to underestimations. Exclusion of cases with
true FSC=1 provides better information on accuracy particularly for fractional snow: the RMSEs
in this case were 0.15 (MODIS), 0.14 (AATSR) and 0.21 (MOD10_L2).

As SCAmod was specifically developed to perform well in boreal forests, it was interesting to
evaluate whether the accuracy of FSC estimation depends on the canopy transmissivity, related
to canopy obscurance. Testing this was accomplished using MODIS-acquisitions from full snow
cover conditions; any deviation from FSC=1 was treated as an underestimation. The data set in-
cludes FSC-estimates for 7x7 pixel windows (~ 7x7 km?) centered at weather stations reporting full
snow cover (again with the assumption that the weather station observation is valid for this larger
area). RMSE was computed for FSC ,  =I. The result for SCAmod and MOD10_L2 fractional
product is presented in Fig. 3-6. It is obvious that SCAmod underestimations are not distinctively
correlated with transmissivity, whereas MOD10 L2 shows stronger and more frequent underesti-
mations towards low transmissivity, i.e. towards dense forests. The results for MOD10 L2 agree
well e.g. with those of Hall et al. (2007), Rittger et al. (2012) and Salomonson and Appel (2004).

MOD10-L2 Fractional SCAmOdAATSR
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Figure 3-6. Underestimations of true 100 % snow cover with Left: MODI10_L2 fractional product and Right:
SCAmod, .- The bold curve represents a cubic fit to visualize the dependence of underestimations on the
transmissivity, from [P4].
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3.2.4 Statistical accuracy

The performance of SCAmod is strongly dependent on the local representativeness of the reflec-

tance contributors. The reflectance from snow, forest canopy and snow-free areas vary by nature,
but in this study, generally feasible average values are used as described above. Assuming that
the average values are representative for the target geographical area, it is however possible to
estimate the error in FSC retrieval, based on the variability (standard deviation) of the applied
reflectances. The statistical accuracy of SCAmod FSC can be derived from Eq. (3-4) using the
law of error propagation (e.g. Taylor, 1982), which gives the variance for FSC ( S;sc ) as follows:

S5 (P10, (FSC), 1) = (3-6)

2 5 2 2
67[7 Sozbs + (aF) S2 [ aF J Ss'znow + ai S}oresl + aiF S;round’
apﬂ.,obs (FSC) at apsnow aﬁ)rest apgmund

where F is the function giving FSC (Eq. 3-4). S , 1s the variance of observed reflectance and S

is the variance of transmissivity. S~ z S;om , and S? grouna ar€ the variances for wet snow, forest
canopy and snow-free ground reﬂectance respectively, here determined empirically from Earth
Observation data as described above. In [P2], the derivation of final formulae for S s 18 described

in more detail; the result is given in the following:

S;SC (p/‘l,,obs(FSC)’Z) =

2

1
- 2

L Sz 2(pfurest - pl,obs(FSC)) /(psnuw - pground) Sz +
p _ p ., obs t3 ;

snow groun

1 1 ? (3-7)

?pl,obs(FSC) + (1 - ?)p/brest - pground )

- snow +
(psnow - pground)2 '
1Y 1 1 ?
1- ? S2 t2 p/LObS (FSC) + (1 - ?)p/brest = Psnow

psnow - pground fm’g” (psnow - pground)2 ground

Accordingly, having a reflectance observation p, , from a unit-area with a certain FSC and
transmissivity t, the variance of the estimated FSC can be determined. A more usual measure is
standard deviation (standard error in a non-biased case), std, . = 52 . The standard deviation
is also used to determine the confidence limits for an FSC-estimate; e. g 95% confidence limits are
determined as FSC+2-std, ., given that the number of cases is large and that the error is normally
distributed. Since the statistical accuracy varies according to the transmissivity and the FSC-level,
Eq. 3-7 is useful in simulation of the accuracy of SCAmod FSC in general and helps in evaluation
of the influence of the model parameterization on the final outcome. Standard deviation of FSC as
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a function of standard deviation of wet snow reflectance (4/S7,,, ) is presented in Fig. 3-7. In this
particular simulation, p, drssnons > Prsnow > P jorest and P, erouna 3T€ determined as discussed in [P3], [P4]
and [P5], and correspond to MODIS top-of-atmosphere reflectances. In order to simulate the effect
of 2, only,S;  andS: , weresetto zero. It can be seen that the standard deviation of FSC
increases strongly (i.e. the accuracy weakens) towards higher values of S2 . The accuracy is
weakest for high FSC, simply because in that case the wet snow reflectance dominates the observed
scene reflectance. The efforts towards finding representative values for S? ,S7, . andS; ., as

Sorest
well as for,p, , " p P, ot and p and their implications for SCAmod performance are
described in Section 3.3.

A.ground’®

std for FSC

Figure 3-7. The modeled standard deviation
(standard error) of FSC as a function of wet
snow reflectance fluctuations.

3.3 Field spectroscopy measurements for SCAmod development

As discussed in Section 3.2, the variability of the reflectances affects the statistical accuracy of
the developed methodology. However, the essence of the SCAmod performance is the validity/
representativeness of the applied values for reflectances of snow, forest canopy and snow-free
ground. If these parameters are non-representative, the FSC estimation shows poor results when
compared to real snow conditions at ground level. Therefore, efforts have been made to find the
proper values for these reflectances and at the same time, to catch their variances and particularly
to identify the main reason for the variation. Investigation of spectra from the three reflectance
contributors also provides suggestions on optimal wavelength bands for SCAmod: the wave-
length region introducing the smallest variation is preferred as it leads to low standard deviation
of the estimated FSC. It should be noted, however, that there are also other sources of error when
employing Earth Observation data. A major factor is the atmosphere that reflects and absorbs the
radiation, these mechanisms depending on the gaseous concentrations and aerosol contaminations
as well as on the wavelength. Therefore, choosing an optimal wavelength band cannot be based
only on spectral properties of the target but must also take into account more general knowledge
of the atmospheric effect in different wavelengths. However, these considerations are not within
the scope of this thesis.

In order to extend the understanding of the behaviour of spectra from snow and snow-free
ground, spectra from tower-based and ground-based ASD field spectroscopy measurements were
studied ([P3]). This dataset was further complemented with tower-based spectral measurements
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from snow-covered forest stand and forest opening ([P5]). In this thesis, the results and conclusions
from spectral measurements are utilized particularly in a) selection of the most suitable wavelength
band to be employed by SCAmod, b) determining the most appropriate values for snow and snow-
free ground reflectances for SCAmod and ¢) improving understanding of the behaviour of NDSI
in a snow-covered forest.

[P3] discusses the differences in snow spectra caused by grain size, snow depth and wet/dry sta-
tus predominantly from the point of view of SCAmod, mostly using ground-based measurements.
Spectra from snow-free ground were also investigated but without consideration of vegetation type
or soil properties (several understory vegetation species were observed but they were analysed as a
whole). All measurements were taken under both direct and diffuse illumination in order to identify
the possible significant differences between these two cases. A few selected wavelength bands
corresponding to those of AVHRR and MODIS were of particular interest. These were extracted
from the original spectra by averaging within the corresponding spectral range.

The reflectance spectra (average and standard deviation) from wet snow and from snow-free
ground are presented in Fig. 3-8. Wet snow spectra are presented for shallow (<20 cm) and deep
(>20 cm) snowpack. The spectral band-specific mean reflectances and their standard deviations
were also listed in [P3]. It was found that standard deviations of reflectance under direct and dif-
fuse illumination do not significantly differ in this dataset. Therefore it was concluded that these
variances are predominantly due to the target characteristics, because a) the variance cannot be
due to the sun zenith angle under diffuse illumination and b) the variance cannot be due to the
viewing geometry only because nadir view is used.
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Figure 3-8. Left: Mean reflectancetstandard deviation for snow-free ground. Right: Mean reflectancetstandard
deviation for wet snow in cases where snow depth is either above or below 20 cm. Results include both direct and
diffuse illumination. The wavelength area around 1400 nm is affected by a bad signal-to-noise ratio of the applied
ASD-spectrometer (from [P3]).

The selection of optimal channel for SCAmod can be based on the observed mean and standard
deviation of wet snow, forest canopy and snow-free ground reflectance, using the law of error
propagation to derive the total error, as discussed in Section 3.2. In [P3], these investigations were
initiated, focusing only to the contribution of wet snow and snow-free ground, i.e. simulations
were made under the assumption of a non-forested area with a transmissivity of 1.

In addition to the standard deviation, coefficient of variation (standard deviation / mean) is a
useful measure as it relates the standard deviation to the reflectance level. The standard devia-
tions and coefficients of variation as a function of wavelength [350-1000 nm] for wet snow and
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snow-free ground are presented in Fig. 3-9. For wet snow, standard deviation decreases slightly
in the visible region, but the coefficient of variation increases rapidly around near-infrared. This is
because at near-infrared, wet snow reflectance exhibits a strong decrease, and at the same time is
more sensitive to the grain size variations (e.g. Jin and Simpson, 1999; Nolin and Dozier, 2000).
For snow-free ground, standard deviation exhibits an increase at near-infrared, but at the same time
the reflectance increases, causing a distinctive decrease in coefficient of variation. Considerations
of these changes and their effects on optimal wavelength band selection were presented in [P3]
but some further conclusions are presented here. It is true that the low coefficient of variation for a
certain band would suggest a smaller total error, but only if the contrast between snow and snow-
free ground reflectance remains high. Namely, according to SCAmod-formulae, and consequently
Eq. (3-7), this contrast (the difference between wet snow reflectance and snow-free ground reflec-
tance) strongly regulates the total error. This is demonstrated here, employing the observed means
and standard deviations of wet snow and snow-free ground for spectral bands corresponding to
MODIS Band 3 (blue, 459-479 nm), Band 4 (green, 545-565 nm), Band 1 (red, 620-670 nm) and
Band 2 (near-infrared, 841-876 nm). Forest canopy contribution is neglected in the analysis, i.e. a
non-forest case is considered. The resulting standard errors are presented in Fig. 3-10. The error
is highest at near-infrared, since although exhibiting the low coefficient of standard deviation, the
contrast between snow and snow-free ground reflectances is significantly smaller than at visible
bands (see Fig. 3-8 for reflectance spectra).

According to Fig. 3-10, blue Band 3 shows the lowest error, but in practice its use is hampered
by the particularly strong atmospheric scattering at the blue region. Since green Band 4 also ex-
hibits a low standard error, it was concluded that Band 4 is more feasible for FSC-retrieval with
SCAmod. This decision was supported by the fact that NDSI also uses Band 4 reflectance. Hence,
Band 4 reflectance was employed for SCAmod fractional snow cover retrievals in [P4] and [P5].

Wet snow Snow free ground
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Figure 3-9. Standard deviation (range 0-1 in reflectance units) and the coefficient of variation of reflectance from
ASD-measurements. Left: wet snow, Right: snow-free ground, from [P3].



A fractional snow cover mapping method for optical remote sensing data, applicable to continental scale 37

===band1
0.2k —band2 ||

5

o

o
T

I
o

Standard error

Figure 3-10. The modeled standard error
(standard deviation) for FSC (range 0-1) applied
to four MODIS bands, with contributions of
wet snow and snow-free ground reflectance

0 . . . . fluctuations.
0 0.2 0.4 0.6 0.8 1

Fractional snow cover

[P5] aimed at a better understanding of the contribution of forest canopy to the observed scene
reflectance from a snow-covered forest. This was accomplished using tower-based spectral obser-
vation from a forest stand and from a forest opening with shadows casted by surrounding trees.
The sensitivities of the reflectances and their related indices (NDVI and NDSI) were investigated
by conducting the spectral measurements under both direct and diffuse illumination. The basic
idea with this approach is that if e.g. NDSIs under direct and diffuse illumination are congruent,
then this index is not very sensitive to either illumination or viewing conditions. In such a case, the
possible variance in the index must be due to the actual target characteristics such as snow grain
size. It was found that for forest opening the NDSI is relatively invariant to the illumination and
viewing geometry, whereas for forest stand NDSI changes with illumination and view zenith angle.
This is illustrated in Fig. 3-11, where the temporal evolution of NDSI within one snow season, is
presented for forest opening (Left) and for forest stand (Right) separately for direct and diffuse
illumination. This result agrees with that of Xin et al. (2012), who reported a strong dependence
between NDSI and view and sun geometries. It is generally known that NDSI-based methods
find less snow for forests than for open areas (e.g. Rittger et al., 2012; Hall and Riggs, 2007);
one aim of the study was to investigate the success of the method for the test site representing a
medium-dense boreal forest.

The MODIS snow mapping method (SNOWMAP) was originally based on threshold values
for NDSI as well as Band 2 and Band 4 reflectances. A pixel was classified as ‘snow’ if all three
parameters fell within a specified acceptance region defined by the fixed thresholds. Later, an
extension to the NDSI acceptance area, based on the NDVI, was added (Klein et al., 1998). This
was made in order to improve the method performance in forests. The acceptance region projected
to NDSI-NDVI plane is shown in Fig. 3-12 together with the corresponding samples from tower-
based spectral measurements ([P5]). It can clearly be seen that observations from snow-covered
ground are partly outside the acceptance region and would be classified as snow-free. Even with
full snow cover of >40cm in depth, a major part of the observations falls outside the region. Even
some negative values were observed from full snow-covered forest.

Concerning this thesis, the obtained information on the behavior of NDSI in the snow-covered
forest is important. It emphasizes the strength of SCAmod compared to NDSI-based retrieval
methods. An example of the performance of NDSI-based methods for a fully snow-covered scene
over a dense forest area is presented in Fig. 3-13. Very low NDSI-values result in false snow com-
missions in binary product (by Klein et al., 1998) as well as in too low FSC in fractional snow
product (by Salomonson and Appel, 2004).
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Figure 3-11. The behaviour of NDSI for Left: snow-covered forest opening and Right: snow-covered forest, from
[P5]. The solid red and blue lines are linear fit curves (before and after the first appearance of snow-free patches
indicated by the vertical dashed line), and are used for visualization.
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Figure 3-12. The MODIS SNOWMAP method: acceptance region projected to NDSI-NDVI-plane as defined by
Klein et al. (1998), and the corresponding samples from tower-based spectral measurements, from [P5].
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Figure 3-13.The performance of MODIS snow mapping methods over a fully snow-covered scene on 28 March
2003. a) A subset of Landsat/ETM+ scene on |5 March 2003, characterized by very dense forests, b) NDSI in
MODIS 500 m-resolution, ¢) MODI0_L2 binary snow, white=snow, black=no snow, d) MODI10_L2 fractional
snow, from [P5].

3.4 Extension of the reflectance model-based approach SCAmod to
continental scale

As discussed in Section 3.2.3, SCAmod was shown to provide information on fractional snow
cover for Finland with a reasonable accuracy even for forest areas, with RMSE<0.15 in the FSC
range 0-1. Expansion of the target area to cover the Baltic Sea drainage basin was associated
with using MODIS Band 4 and moving to the sub-pixel level, as discussed earlier. The feasibility
of SCAmod outside the Baltic Sea area was first demonstrated for Northern Manitoba, Canada
(Anttila et al., 2006). The attempts to apply SCAmod at even larger scale were initiated within
the European Space Agency (ESA) DUE-project GlobSnow (2008-2012), aiming at producing a
15-year Snow extent dataset using ERS-2/ATSR-2 and Envisat/AATSR-data (Luojus et al., 2010).
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The transmissivity map can be established using reflectance data acquired under full snow cover
conditions, as described in Section 3.2. However, the derivation of pixel-wise forest transmissivity
was a laborious task when implementing SCAmod in the Baltic Sea drainage area, as numerous
MODIS-acquisitions were needed to properly cover the entire area. In continental/hemispheric
scale, this approach would be far too laborious to accomplish; therefore, a new method for gener-
ating the transmissivity also using global land cover data was developed and implemented for the
northern hemisphere for the requirements of the GlobSnow-project. The approach was described
and demonstrated in [P4] without going into detail. However, in order to evaluate the feasibility of
the new method, both types of transmissivity were employed by SCAmod, followed by absolute
and relative validations.

Transmissivity was first determined from MODIS-acquisitions (as described in Section 3.2)
for five extensive ‘teaching areas’ in the northern hemisphere, together compounding an area of
~7 million km?. For each area, transmissivity distributions (mean and standard deviation) were
determined for present GlobCover-classes and then combined after normalizing with respect
to the size of the teaching area. An example of distributions for two classes is presented in Fig.
3-14. It was found that in general, GlobCover classes are rather well separated with respect to
their typical average transmissivity, although some classes exhibited a wide standard deviation
and their distributions were overlapping. Nevertheless, it was considered reasonable to determine
the continental transmissivity maps using GlobCover data and these averages. The feasibility of
this approach was later verified simply by comparing the original MODIS-derived transmissivity
(hereafter referred to as trans, ) and the new GlobCover-derived transmissivity (&rans..), as
discussed later in this section. The transmissivity for each 0.01° x 0.01° pixel of the whole target
area is expressed as a linear combination of class-wise average transmissivity and the class-wise
occurrence of GlobCover pixels (4x4) falling into that pixel, as follows:

Nclasxes (iaj) .
. . . _ C,i, ]
ransmissivity, ; = —=—*mean(trans,, ;s (c)), (3-8)
c=1 tot,i, j
where ij  are grid cell coordinates (cell size 0.01° x 0.01°)
n . is number of GlobCover pixels of class ¢ within a grid cell 7,/
i is the total number of GlobCover (0.0025° x 0.0025°) pixels within the grid cell
ij (<16)
mean(transMOD[S(c)) is the mean transmissivity for clas's ¢ .
N, (ij) is the number of GlobCover classes within the grid cell i,/.
classes
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Figure 3-14. Distribution of two-way transmissivities for two samples of GlobCover classes.
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The resulting GlobCover-derived two-way transmissivity map for Eurasia was introduced in
[P4], here presented in Fig. 3-15. For the study area of northern and eastern Europe (Fig. 2-2),
where trans, - is also available for the teaching areas, FSC was provided using SCAmod with
both transmissivities. This was in order to validate SCAmod performance in general and to
evaluate the effect of the GlobCover-based approach on the FSC-retrievals. Since proper ground
measurements of FSC were not available outside Finland, a relative validation, i.e. comparison
against FSC from 23 Landsat TM-scenes over the study site, was conducted. Only MODIS-data
with SCAmod was tested; AATSR was not employed due to a limited number of spatially and
temporally coincident TM and AATSR acquisitions. Absolute validation, i.e. comparison against
snow course observations, was also repeated both for MODIS and AATSR. [P4] presents the
validation results in detail.

Water
Open area

Dense forest
Non-classified

Figure 3-15. Two-way transmissivity (t?, range 0-1) for Eurasia, derived from MODIS-based transmissivities and
GlobCover-data.

Relative validation showed in principle a good correlation between SCAmod-derived FSC and
TM-derived FSC, see Fig. 3-16 for three sample scenes. An average RMSE of 0.12 (range 0-1) was
obtained when employing MODIS-derived transmissivity. The result is affected by the fact that
TM-derived FSC often overestimates the moderate to high snow fractions while underestimating
or omitting the very low snow fractions. In addition, the threshold where underestimation turns
into overestimation varies according to the presence of forest (e.g. Rittger et al., 2012). In practice
this can be seen as a reduced area of fractional snow by TM particularly in arecas where the size
and distribution of snow-free patches vary at a spatial scale finer than that of the TM-pixel. At very
low snow fractions, this results in a low value for precision (pixel correctly identified as snow / all
pixels identified as snow), as SCAmod identifies the low snow fractions as ‘snow’ whereas TM
FSC does not. At higher snow fractions, still <1 (100%), the overestimations by TM do not show
up in binary metrics but are seen as a higher RMSE and as an s-shape curve of the comparison
scatter-plot, see Fig. 3-16 (bottom).

When employing trans ., the relative validation shows very minor changes in the FSC-re-
trievals: on average, RMSE from 23 TM-scenes decreased from 0.12 to 0.14. The results for the
three arbitrary scenes are again presented in Fig. 3-17, showing the increase of RMSE for only
one of the scenes. Accordingly, the binary metrics from relative validation also show only minor
deterioration <1%, see Table 3-2.
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Figure 3-16. FSC from TM compared to FSC from
SCAmod applied to MODIS, using MODIS-derived
transmissivity. A sample set of three out of 23 scenes
over the study area of northern and eastern Europe.

Table 3-2.The effect of applying GlobCover-derived transmissivity instead of MODIS-derived transmissivity in SCAmod
on the obtained FSC. Binary metrics for 23 TM-scenes on average are presented (from Appendix | in [P4]).

Recall % Accuracy % Precision % | RMSE (range 0-1)
Average from all scenes (trans ) 95.64 96.05 94.48 0.12
Average from all scenes (trans ) 95.07 96.17 95.37 0.14

The results from absolute validation against in situ snow course observations also indicate that
the employment of trans . decreases the FSC estimation accuracy, although only slightly. For
example with MODIS, RMSE is increased from 0.11 to 0.14, see Fig. 3-18 presenting the absolute
validation with trans,,, - (upper pane) and with trans ,.(lower pane).

As a result of the absolute and relative validations, it was concluded that the GlobCover-based
approach for transmissivity generation is a feasible method. The fact that the employed TM-refer-
ence data may exhibit biased FSC (Rittger et al., 2012) is evidently a defect, affecting the absolute
error assessment. However, the results from relative validation are well in line with the results from
absolute validation, which means that relative validation does give an indication of the general
performance of SCAmod.
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Figure 3-18. Validation against Finnish snow course observations for SCAmod applied to MODIS and AATSR when
MODIS-derived tranmissivity is employed (upper pane), and the corresponding results when GlobCover-derived
transmissivity is used (lower pane).

3.5 Future prospects

Future work will focus on improvements to SCAmod. This work has already started with an at-
tempt to still better account for dense forest areas. Although the general performance of SCAmod
employing GlobCover-derived transmissivity (zrans_.) was shown to be good, some underesti-
mations typically occur for very dense forests. This can be seen e.g. in Fig. 3-19 presenting the
GlobSnow monthly average FSC-map from March 2003: some evident underestimations are
exhibited for Russian boreal forests while the surrounding areas have 100% snow cover. Clearly,
these underestimations follow the spatial patterns of dense forests. It was found that the proposed
approach for continental transmissivity generation cannot fully catch the densest forest, i.e. too
high transmissivities are often obtained compared to original MODIS-derived values. Comparison
between distributions of trans, - and trans . for one of the teaching areas, Russia (west from the
Ural mountains, area 2.3 million km?), is presented in Fig. 3-21 (left) . This area represents very
dense conifer forest canopies in some parts. It can be seen from the transmissivity distribution
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that the lowest transmissivities are missed in trans .. High transmissivities are also not properly
caught. This evidently has implications for fractional snow cover estimates. For dense forests this
is seen as underestimations of FSC, and for open areas as overestimations. Although these issues
will be investigated more in future work, some studies have already been made and the resulting
suggestions for improvements are discussed in the following.

Figure 3-19. A monthly-aggregated map of Fractional snow cover, March 2003. GlobSnow Snow Extent vl.2, www.
globsnow.info. White color indicates full snow cover, lower snow fractions are presented in different shades of
grey while green color indicates snow-free ground.

The analysis of the spatial patterns of discrepancies between trans,..and trans, - revealed that
most problems occur with four particular boreal forest classes. In continental-scale GlobCover-da-
ta, these classes appear to represent both very dense and moderately dense forests, implying that a
wide distribution of transmissivities is assigned to each of these classes in the teaching areas. As
a result, the obtained average transmissivity does not properly represent either of the forest types.
Therefore it was concluded that the GlobCover-based approach would benefit from external data
accounting for the forest density.

Compared to other land covers, albedo from boreal forest is low throughout the year, but the
contrast in winter is even greater. Although there is an increase in albedo over snow-covered (snow
on or below the canopy) boreal forests, these albedos clearly differ from those from non-forested
areas (Betts and Ball, 1997; Barlage et al., 2005; Moody et al., 2007). Hence it was decided to test
the feasibility of wintertime global albedo-data in discriminating between moderate and dense for-
ests. According to Manninen and Stenberg (2009), red-band white-sky albedo from snow-covered
(snow below the canopy) boreal forest is dominated by the bidirectional transmissivity to and from
the forest floor, whereas NIR-albedo is predominantly affected by canopy scattering (direct or after
interaction with the forest floor). Therefore in this study, visible albedo was considered to have the
best correlation with transmissivity and therefore should be a good candidate in identification of
the most dense forests. For Eurasia, the ESA GlobAlbedo (Muller et al., 2012) white-sky visible
albedo from two 8-day composites was used in identifying the densest forests. This time-frame
was selected to best avoid measurement of the albedo from snow-covered canopy, as this would
hamper the results (snow-on-canopy raises the albedo particularly in mid-winter but more rarely
in March, e.g. Kuusinen et al., 2012). White-sky albedo was chosen, as it is independent of the
angular effects. The albedo map in 0.05°x0.05° grid was resampled into 0.01°x0.01° grid in order
to make it compatible with the GlobSnow processing grid.

A high linear correlation between the albedo — with snow cover on terrain prevailing — and
MODIS-derived transmissivity was found, particularly around very low transmissivity and albe-
do. Hence it was concluded that the specified four GlobCover forest classes can be divided into
two categories, moderate and dense, according to their albedo. The threshold for judging between
these two was set to 0.15, based on results by Betts and Ball (1997) as well as on empirical tests
with trans,, -and GlobAlbedo data. The corrections to the continental transmissivity map were
carried out for pixels dominated by one of the four classes or mixtures of them, and at the same
time showing albedo less than the threshold, i.e. representing dense forest. The linear fitting
parameters gained from the analysis described above were applied to decrease the original trans-
missivity relative to the albedo. It should be noted that this technique is valid only in the presence
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of full snow cover, correspondingly to transmissivity calculations as presented in Metsdmaéki et
al., (2005, 2012). Therefore, snow information from the global GlobSnow Snow Water Equivalent
(SWE) product (Takala et al., 2011) from March 2005 was used to identify the snow-covered areas
before launching the procedure.

Some other changes are obvious when comparing the obtained new transmissivity with the
earlier version (see Figs. 3-20 and 3-15). These are mainly because of the employment of new
teaching areas (one in eastern Eurasia covering vast areas of needle-leaved deciduous forests and
another in North America covering boreal forests, tundra and grassland) which provided updates
to the original transmissivity statistics. These matters are not discussed here, as the intention is
only to demonstrate the use of albedo in transmissivity calculations.

The new more representative two-way transmissivity map (hereafter referred to as trans ., ) for
Eurasia is presented in Fig. 3-20. A comparison between distributions of trans, . and trans., ,
again for Russia, is presented in Fig. 3-21 (right). The low transmissivities i.e. dense forests are
now significantly better caught. Employing the new transmissivity map, SCAmod is expected to
provide a clearly better performance for dense forests. The preliminary results for a dense forest
area over the Finnish-Russian border are presented in Table 3-3, where FSC retrievals from TM
and SCAmod with all three transmissivities are assessed in terms of RMSE, average FSC and
Recall. The scene area is discerned to be fully snow-covered according to weather station observa-
tions, GlobSnow SWE and general climatology. Hence, any deviation from FSC=1 is considered

Water
Open area

Dense forest
Non-classified

Figure 3-20. Two-way transmissivity (t?, range 0-1) for Eurasia, using GlobCover-data and GlobAlbedo-data as an
additional data source to teaching area-based MODIS-derived transmissivity.
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Figure 3-21. The MODIS-derived transmissivities and the GlobCover-derived transmissivities for western Russia
when Left: GlobCover-data is employed, Right: GlobCover-data and GlobAlbedo data are employed.
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an underestimation. This is well described by RMSE, using FSC=1 as FSC_,  (see Eq. 2-1).
The average scene FSC approaching 1 is also a measure of good performance. Recall is provided
using a priori known FSC=1 as ‘snow’, considering any deviation from that as *not snow’. This
assessment is an addition to the analysis presented in Table 7 of [P4], to demonstrate the potential
of using albedo in transmissivity determination. The resulting FSC-maps for visual interpretations
are presented in Appendix II.

From the above results, it is clear that the albedo-based approach is feasible for corrections of
transmissivity values derived from GlobCover data. It should be noted, however, that the need
of correction depends on how well the applied land-cover data discriminates the different forests
in the first place (in terms of transmissivity or crown coverage at least). While relying on Glob-
Cover-data or equivalent, the work for transmissivity improvement will continue, as well as the
development work related to SCAmod itself. There are on-going investigations of the relationship
between transmissivity and crown cover/tree height; the impact of snow-on-canopy on the observed
reflectance and its implication for FSC-retrievals using SCAmod is also currently being studied.
It is assumed that SCAmod itself is feasible in describing the reflectance from snow-covered
forest (and also from non-forested areas). However, the work towards verifying the model with
reflectance observations at different scales — at ground, at tower, airborne, satellite-borne — will
continue. These efforts include also investigations on SCAmod performance in mountain regions;
in ESA DUE-project GlobSnow-2 (2012-2014), northern hemisphere FSC maps are provided for
mountain and non-mountain areas (after topographic correction of top-of-atmosphere reflectanc-
es). These FSC retrievals are currently under validation. The preliminary results indicate a good
performance of SCAmod for both terrain types.

Table 3-3.The effect of different transmissivities on SCAmod FSC over fully snow covered dense boreal forest area.

- Recall (%) RMSE [0-1] Average FSC [0-1] transmissivity | Number
ETM+ | SCAmod ETM+ | SCAmod ETM+ | SCAmod t of pixels

#24186/017 | 543 | 60.66¢t, . | 032 0281, | 079 0.86 6,0 | 019 tuon 11190
I5 March 2003 7150t 027 t . 0.88 t 0.14 t

8280 ¢, 021 t.,, 093t |0t
#25 174/016 | 24.10 | 87.56¢, . |0.26 012t | 084 0.97 t0pe | 0.09 ton 22639
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4 Conclusions

In this work, the basic principles and development work of a method for mapping of fractional snow
cover (FSC) using optical remote sensing data were described. From the very beginning, the aim
was to develop a feasible method for snow mapping, particularly in boreal forest areas where the
majority of other existing methods usually fail due to the masking effects of forest canopies. The
development work started with linear interpolation techniques in which the forest canopy effect
was considered in locally determined reference values representing full snow cover and snow-free
conditions. Although good results were obtained for Finland, there was a need to develop a more
physically-based method that could then be used in further investigations and improvements e.g.
using field spectroscopy. The basic idea of accounting for canopy obscurance by employing the
canopy transmissivity via a radiative transfer-based reflectance model was shown to be very fea-
sible in fractional snow mapping. The relatively simple formulation of the model enables its use
in continental-scale snow mapping, as it does not consider detailed forest characteristics but only
the apparent (from a satellite sensor point of view) effect of canopy obscurance on the observed
reflectance. This means that the methodology, named SCAmod, is easily adaptable to extensive
regions and also to new satellite sensors as long as these are operating at optical wavelengths.

Through validation against in situ measurements, the developed methodology was demonstrated
to provide Fractional snow cover with a good accuracy even for boreal forest areas. The gained
root-mean-squared-error (RMSE) was less than 0.15 in the FSC range 0-1 i.e. less than 15%.
Since in situ measurements on fractional snow cover were available only from Finnish snow
transects, validation work for areas outside Finland was based on comparisons against reference
FSC derived from high-resolution Earth-observation data. Although this kind of approach has its
drawbacks since the reference data does not necessarily represent the ‘truth’ and can be biased, a
good agreement between high-resolution Landsat/TM-based FSC and SCAmod-based FSC was
obtained. In fact, the experiment with reflectance data acquired at a priori known full snow cover
conditions proved that the SCAmod method performs better than the reference data at least in
dense forest areas, so that the obtained discrepancies may favour SCAmod over the reference data
source. From the analyses with data acquired at full snow cover conditions, it was also evident
that SCAmod performance does not significantly deteriorate according to forest density, which is
a benefit when particularly undercanopy snow is targeted, e.g. for hydrological applications. These
demonstrations suggest that the developed method has high potential for large scale fractional snow
mapping particularly in the boreal forest zone, but also outside forested areas.
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Appendix I.

According to the radiation transfer theory, inside absorptive and scattering media, radiance atten-
uates in distance s as follows:

dL tdL L
—:—K6L<:>_[—=I—Keds'<:>1n(L)—1n(L0):—Ke-s<:>1n — |=—K,-s
ds Lo L,
L
o —=e" s L=L-e"
LO

where L and L are the incoming and attenuated radiances, respectively. x, is the extinction co-
efficient of the media: k,= x + x,where k_ and «_are the absorption and scattering coefficients,
respectively.

The reflected radiance into the backscattering direction (assuming that the illumination and
viewing directions are the same) is

Ly (5) = [ Loe™ p,(s") - e ds'= [ Lye ™' p,(s")
0 0

L .(s T ey N
= bazk( ):Rback:Ie = pv(S )dS,
0 0

where R, is the reflectance and p_ (s') is the (bidirectional) scattering/reflection coefficient. If
p, (s) is constant within the media (forest canopy), we get

0 e ;

e e

—J.Ke(s')ds'
By definition, transmissivity t =¢ ° = ¢ ", given that K, is constant. Hence, we get

Ry = 2/2 [l_tz] =Rforest|:1_t2]'

The latter is true, since if s —oo, then b Kv — R, with every value of k..

e

Accordingly, R, —R, . where R, _ is the reflectance of opaque forest canopy.

forest”
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Appendix Il.

SCAmod,
transmissivity from MODIS-data

FSC

SCAmod, SCAmod,

TM-derived FSC and SCAmod-derived FSC (SCAmod applied to MODIS-data) for a fully snow-covered area also
including very dense forest (dark area visble in the top image). TopLeft: TM FSC, showing underestimations over
forests, TopRight: SCAmod FSC with MODIS-derived transmissivity, BottomLeft: SCAmod FSC with GlobCover-
derived transmissivity and BottomRight: SCAmod FSC using transmissivity derived from GlobCover+GlobAlbedo.
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