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Lumen kaukokartoitus on menetelmä, jolla mitataan lumen ominaisuuksia ilmasta tai avaruudesta käsin ilman fyysistä
kontaktia kohteeseen. Luotettavat arviot lumipeitteen laajuudesta ja lumen ominaisuuksista ovat elintärkeitä useille
menetelmille mukaan lukien ilmastonmuutoksen tutkimus sekä hydrologinen ennustaminen ja sään ennustaminen.
Optiset kaukokartoitusmenetelmät havaitsevat lumipeitteen laajuuden lumen korkean heijastavuuden perusteella.
Lumen ominaisuuksien korkea ajallinen ja alueellinen vaihtelu sekä heterogeeniset maastotyypit ovat yleinen haaste
lumipeitteen laajuuden kaukokartoitukselle. Satelliitin optisen sensorin jalanjälki voi ulottua muutamista kymmenistä
metreistä kilometriin; sensorin mittaama signaali voi samanaikaisesti nousta useista eri kohteista saman
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signaalissa
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voidaan

ratkaista

mitatusta

elektromagneettisesta signaalista. Nämä menetelmät kuitenkin vaativat tietoa pikselissä olevien kohteiden –
mallimuuttujien – spektraalisista ominaisuuksista. Tuotetun lumipeitekartan tarkkuus on suoraan riippuvainen näille
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maastohavaintoja, mutta myös nämä aineistot sisältävät epätarkkuutta ja virhettä.

Tämä väitöskirja analysoi laboratoriossa useista boreaalisista lumityypeistä kerättyjä spektraalisia mittauksia, joiden
tarkoitus on tarjota tarkempia lumen heijastusarvoja hyödynnettäväksi menetelmässä, jota käytetään lumipeitteen
laajuuden kartoituksessa. Boreaalisella metsävyöhykkeellä olevia spektraalisia mallimuuttujia, joita tyypillisesti
käytetään optisissa lumen kartoitusmenetelmissä, kuvataan väitöstyössä usean eri mittakaavan havainnoilla. Lisäksi
mittavaa

lumensyvyyden,

lumen vesiarvon sekä lumen

tiheyden maastomittausaineistoa

hyödynnetään

kaukokartoitushavaintojen tulkinnan tukemiseksi boreaalisella vyöhykkeellä sekä tundralla. Aineiston avulla kuvataan
lumen ominaisuuksien alueellista ja ajallista vaihtelua sekä tutkitaan pistemäisesti kerättyjen maastohavaintojen
epätarkkuutta sekä edustavuutta, kun niitä käytetään kaukokartoitushavaintojen validoinnissa. Väitöstyön yleisenä
tarkoituksena on edistää tietoutta boreaalisen vyöhykkeen spektraalisista mallimuuttujista, jotta optisella
kaukokartoituksella tuotettujen lumipeitehavaintojen tarkkuus paranee ja tukea kaukokartoitushavaintojen parempaa
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poikkeavat optiset kaistat eivät näytä merkittävästi vaikuttavan lumen heijastusarvoon. Tämä tukee historiallisten
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suurta, kuten paljakat tundralla. Soveltamalla samaa mittausprotokollaa boreaalisiin ja tundran maanpeiteluokkiin,
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1. Introduction
1.1 Background
Newly precipitated snow can reflect nearly all, over 90%, incident light back to the
atmosphere or space (Warren, 1982) and therefore, snow is the most reflecting natural
surface on Earth. Over the Northern Hemisphere, up to 44 % of the land mass can be
covered by snow (Robinson and Frei, 2000). In contrast, the albedo (the fraction of
incident light reflected by a surface) for snow-free boreal forest, bare sea ice or ocean
water is approximately 9–11 %, 50–70 % and 6 %, respectively (Bernier et al., 2011;
NSIDC, 2020). Thus, changes in snow cover extent drastically modify the global
energy balance (the surface radiation budget) which describes the overall ratio of the
incoming and outgoing shortwave solar irradiance (Brown and Robinson, 2011;
Groisman et al., 1994).
The air trapped within the snow makes it a good insulator; snow protects the underlying
ground, vegetation and animal species from cold air during winter. Via insulation, snow
also helps to sustain seasonally frozen ground or permafrost. The snow cover can
also be linked to the spring photosynthesis onset, which affects the boreal forest
carbon uptake (Pan et al., 2011; Pulliainen et al., 2017). Moreover, during springtime,
the amount of solar radiation increases and snow starts to melt. This water is vital for
humankind; over one-sixth of the Earth’s population is directly dependent on the fresh
water stored in glaciers and seasonal snow (Barnett et al., 2005).
The extent of the annual snow cover is dynamic and varies from year to year. A
decreasing trend in the Northern Hemisphere snow covered area (SCA) as well as in
the snow mass has been observed (Brown and Robinson, 2011; Derksen and Brown,
2012; Pulliainen et al., 2020) and connected to higher surface air temperatures
(Mudryk et al., 2018; Zhang et al., 2019). Springtime melt occurs earlier and delayed
snow cover onset is more frequent, shortening the snow covered period (HernándezHenríquez et al., 2015; Hori et al., 2017). The Intergovernmental Panel on Climate
Change (IPCC) state that the changes in the seasonal snow cover and sea ice cover
are by far the most important contributors to the present climate through the direct
surface albedo feedback (Forster et al., 2021). The spatial patterns of snow cover
changes are complicated. Although on a large scale the trend is negative, in cold
enough regions the amount of snow can also increase because warmer air has a
higher capacity to hold moisture (Brown and Mote, 2009; Pulliainen et al., 2020;
Thackeray et al., 2019). Large uncertainties are still related to how exactly snow cover
affects atmospheric changes and the anticipated effects in the future (Thackeray et
al., 2019).
Satellite optical remote sensing has developed into a widely used and cost-effective
way to monitor the snow cover in the Northern Hemisphere, which extends over areas
that are often remote, inaccessible and thus insufficiently monitored by ground
observation networks (Dumont and Gascoin, 2016). Optical remote sensing methods
take advantage of the high reflectivity of snow compared to other natural surfaces but
are dependent on a cloudless sky and adequate sunlight. Distinction between snow
and thin clouds can be problematic (Dietz et al., 2012). The advantages of optical
methods include their high spatial, temporal and spectral resolution and comparatively
14

simple interpretation of the received signal. Microwave techniques, on the other hand,
can detect snow without dependency on daylight or clouds. The emblematic
characteristic of those methods, however, are a coarse spatial resolution of tens of
kilometers for passive sensors (Dietz et al., 2012), and relatively complicated data
interpretation for both active and passive methods.
The accurate optical mapping of snow cover extent remains challenging in the boreal
forest zone, in which the tree canopy may obscure the visibility of the underlying snow,
and where the land cover is heterogeneous. As a consequence, the reflectance of a
pixel in the image originates simultaneously from several targets, causing a problem
of a ‘mixed pixel’ for signal interpretation (Dozier et al., 2009; Frei et al., 2012; Nolin,
2010; Thackeray et al., 2019). This complication is widespread, as seasonal snow
cover in the Northern Hemisphere largely overlaps with the extent of the boreal forest
zone (Metsämäki et al., 2005). The surface heterogeneity is increased toward the late
snow melting period, when snow cover becomes patchy and optically shallow such
that the ground underneath the snow may contribute to the measured signal (Frei et
al., 2012; Vikhamar and Solberg, 2003). Medium- and coarse-resolution image pixels
are more likely to include several surface types, which increases the possibility of
erroneous snow detection (König et al., 2001). Although the problem decreases for
higher-resolution satellite products, increased spatial resolution has often been
obtained at the expense of a longer revisit time (Rees and Pellikka, 2009).
Spectral unmixing and inverse model-based methods can be used to resolve the
portion of snow cover extent within a mixed pixel from an optical satellite observation,
(Metsämäki et al., 2005; Painter et al., 2009; Vikhamar and Solberg, 2003). These
methods require knowledge of the spectral reflectance properties of the surface types
present within the satellite scene. The spectral signatures of these surface types (i.e.
model parameters) are represented in the retrieval algorithms by spectral
endmembers that describe a spectrum of a ‘pure’ individual surface type. The
inaccuracies in these spectral representations generate uncertainty in the final snow
cover maps (Salminen et al., 2018). Those inaccuracies further introduce large
observational uncertainties (Thackeray et al., 2019) and an additional source of error
in numerical weather prediction and hydrological models (Pirazzini et al., 2018). The
improved confidence in the produced snow cover observations is not important only
for the scientific community but also for decision- and policy-makers (Sterckx et al.,
2020).
To assess the accuracy of and eventually improve the snow cover retrievals obtained
by indirect remote sensing methods, laboratory- and ground-based measurements in
natural conditions are required. Suitable methods for validation include, but are not
limited to, comparison of the satellite or airborne-derived parameters with independent
reference observations that are thought to represent the actual target values (Justice
et al., 2000). The complexity of this work stems from how ground-based datasets
collected at very different spatial scales can be related to satellite observations (pointwise observations versus tens to hundreds of meters-wide satellite/airborne image
grids), and whether the sparse point observations are representative of snow
conditions at the resolution and coverage of the satellite image pixels (Chang et al.,
2005; Sterckx et al., 2020). When in-situ data is used as ground truth information
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during method development and validation, it is often considered to represent the ‘true’
conditions. However, it has been shown that the snow in-situ data interpretation is
highly dependent on the relationship of the chosen measurement protocol (sampled
area, sample spacing, sample size and support) to the process scale of the variable,
i.e. the scale of spatial variability (Blöschl, 1999; Skøien and Blöschl, 2006). It is thus
relevant to assess the success of the chosen sampling scheme in portraying the snow
processes dominating on the scale of the application and to consider how the possible
data (dis)aggregation affects the retrieved snow information.
This thesis focuses on analyzing in-situ spectral reflectance information for different
snow types present in a boreal landscape. This is carried out for the purposes of the
accuracy assessment and refinement of an optical snow mapping method, SCAmod,
used for the mapping of fractional snow cover (within a pixel). Reflectance statistics
for the boreal snow types are determined experimentally and the reflectance behavior
at the satellite sensor bands and index utilized in the snow cover mapping algorithms
is investigated. This aims to provide information on the effect of different band
configurations on snow reflectance. Information on the statistical behavior of spectral
endmembers or reflectance values used in typical snow cover monitoring algorithms
is obtained from laboratory, portable field, mast-borne and airborne observations.
Furthermore, the spatiotemporal variation of bulk snow properties in northern boreal
and tundra environments is analyzed using ground-based data collected at
representative test sites. This provides information on the landscape scale variability
of snow characteristics, which is relevant for the interpretation of satellite observations.
The effect of sample spacing on the retrieved ground-truth data applied for the
validation of airborne and space-borne snow retrievals is studied. This is especially
framed in the context of providing accurate information of the ‘true’ snow bulk
conditions (snow depth and water equivalent) for satellite calibration and validation
purposes over the research area. Calibration refers to the correct conversion of the
measured variable to international system of units (SI) and validation to the accuracy
of the retrieved parameter (Justice et al., 2000).
1.2 Objectives and scope
Several studies have investigated and concluded that successful spectral endmember
extraction and characterization improves the accuracy of the retrieved fractional snow
cover (FSC) estimates over mixed landscapes when spectral unmixing or inverse
model-based methods are applied (e.g. Bioucas-Dias et al., 2012; Masson et al., 2018,
2019; Zhang et al., 2014). Thus, FSC mapping over heterogeneous boreal landscapes
can be improved by better spectral representation of the model parameters and by
enhancing understanding of the interaction between electromagnetic radiation and the
targets. Furthermore, understanding of the spatiotemporal variability of snow
characteristics over these landscapes facilitates the interpretation of satellite
observations when abrupt changes in snow characteristics within a single satellite
pixel exist. The uncertainty and representativeness estimation of the point-wise snow
observations applied to the validation of model and remote sensing snow retrievals
are necessary but remain a challenging problem in snow science (Trujillo and Lehning,
2015). These are the grounds on which this thesis is focused. The rapid advancement
16

of hyperspectral airborne and space-borne technologies creates a fundamental
demand for high-accuracy in-situ observations. Ever-growing datasets with
increasingly better spectral and spatial resolution require the development of new
methodologies to extract information. For proper validation and development work, the
scale effects between the ground truth data and indirect snow parameter retrievals
need to be considered. This makes the datasets and results obtained in this work also
useful for other research in the future.
The main objective of the work is to analyze ground truth data for the purposes of the
validation and development of satellite snow mapping methods. In the first part, the
behavior of the main spectral endmembers of a boreal landscape that affect optical
snow cover mapping from satellites are experimentally characterized and analyzed. In
the second part, extensive datasets of manual snow measurements are described and
used to analyze optimal sampling strategies for measuring the bulk snow properties,
required by microwave snow parameter retrievals over different boreal and tundra land
cover types. Finally, the relevance of different datasets, including the long-lasting
Sodankylä manual snow survey program, to offer means for validation, calibration and
method development of indirect snow observations are discussed. The particular
novelty of the work is related to the coverage and quantity of the presented datasets
that provide observations of the same type of landscape constituents at various scales
and from different perspectives. The four publications forming the core of this thesis
contribute to the objectives as follows:
•

Improve and complement the estimate of snow reflectance variability of
different snow types, to be utilized in snow reflectance parameterization, by
experimentally quantifying them under controlled laboratory conditions. Study
the effect of different satellite sensor band configurations on snow reflectance.
(A-I)

•

Produce in-situ spectral reflectance information for the main elements (snow,
forest ground, forest canopy) of the boreal landscape over various scales that
can be utilized as endmember information in the optical snow cover mapping
methods. (A-II)

•

Describe an extensive dataset of bulk snow properties (snow depth, snow water
equivalent, density) collected as ground truth data for the airborne synthetic
aperture radar (SAR) campaign. Study the spatiotemporal variability of the
snow properties and the effect of the spatial sampling frequency on the
obtained snow information. (A-III)

•

Describe the wide manual snow survey program over the premises of the Arctic
Research Centre of Finnish Meteorological Institute and discuss its strengths
and weaknesses for providing calibration and validation data for snow remote
sensing related research. (A-IV)

The thesis summarizes the basics of the snowpack evolution and its optical properties
in Sect. 2. This includes a discussion of the spatial dimension of the snow
heterogeneity. This is followed by an overview of optical snow cover mapping methods
and determination of the reflectance quantities measured in the collected datasets in
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Sect. 3. The main datasets of the thesis and the research areas are described in Sect.
4. Sect. 5 discusses the main results and their significance for optical snow mapping
and the calibration and validation purpose of indirect snow cover retrievals. Short
conclusions and suggestions for future research are given in Sect. 6.
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2. Snow and its properties
2.1 Internal structure of snow
Snowpack is not homogeneous, and the snow’s geophysical properties directly affect
its interaction with electromagnetic radiation (Warren, 2019). Snow is composed of
crystals of ice – ‘snow grains’ – connected by bonds and air pores trapped in between
(Dozier et al., 1987). In wet and melting snow, liquid water is also present. Stratigraphy
refers to the internal layering of snow. The geophysical properties that define
snowpack characteristics are usually separated into macro- and microphysical
parameters. The macro-physical parameters, such as snow depth, density, snow
water equivalent (SWE) or hardness describe the bulk properties of the whole
snowpack or an individual snow layer (Pirazzini et al., 2018). Microphysical properties
refer to more detailed characteristics of the snow structure such as snow grain size or
shape.
Precipitating snow particles can take several different forms, strongly depending on
the temperature and humidity in the cloud at the time of the ice crystals’ formation and
their growth on the way to the ground (Libbrecht, 2012). Snow cover accumulates from
multiple snowfall events and is affected by the weather conditions both at the time of
the deposition and between the snowfall events. The precipitated snow crystals (Fig.
1(a)) may become broken and/or densified or transported by wind processes or
become sublimated. Snow is thermodynamically a very active material as it is always
very close to its melting temperature (Colbeck, 1982); snow particles start to transform
in size and shape by metamorphism immediately after deposition.
Snow metamorphism can be divided into three general groups: temperature-gradient,
equi-temperature and wet snow metamorphism. While the snow surface is highly
affected by ambient air temperatures, the basal part of the snowpack remains at or
close to 0 °C due to the insulating effect of snow. This leads to vertical vapor transport
from warmer (bottom) surfaces to colder (surface). More precisely, the vapor diffusion
takes place in the air pores between the ice particles. The thermal gradient inside the
ice grains is much lower than within the pore spaces. This is because the thermal
conductivity of air is low compared to ice (Sommerfeld and LaChapelle, 1970). The
water sublimates from the warmer tops of the snow grains and deposits to the bottom
of the grains above, leading to a downward growth of crystals (Yosida, 1955). Over
time, this process leads to weak-bonded, large-sized, stepped and pyramid-like depth
hoar crystals, often developing in the bottom of the taiga and especially in tundra
snowpacks (Fig. 1(e)). If the starting material for this process is less-deformed snow,
there are more grains on which the vapor can freeze (Sommerfeld and LaChapelle,
1970); the result will be smaller-sized faceted crystals (Fig. 1(d)). During cold clearsky nights, when the snow surface is cooled and the overlying air becomes
supersaturated, the water vapor can also condensate on surface snow crystals,
forming surface hoar.
While temperature-gradient metamorphism dominates at gradients approximately >
10 °C/m (Armstrong, 1980), equi-temperature metamorphism takes place when the
gradient is low. This is the case, for example, in polar regions and for very deep
snowpacks. The variation in curvature leads to a variation of water vapor pressure
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between different parts of a snow crystal, and water vapor is transported by diffusion
from convex (e.g. tip of the dendrites) to concave parts of the crystals (Colbeck, 1980).
This slow process leads to rounding and growth of the individual snow grains (Fig.
1(b)) and is often the first process taking place for fresh, precipitated snow.
If the snowpack reaches the melting point at 0° C, the air pores are filled with liquid
water that transfers heat more efficiently and accelerates the transformation of snow
particles into large-sized rounded grains. The dependence of the melting point on the
radius of curvature at the ice-water interface leads the concave parts to refreeze while
the convex parts are melting (Pomeroy and Brun, 2001). Wet snow metamorphism
can be divided into two groups, depending on whether the snow is unsaturated or
highly saturated with liquid water. In the latter case, liquid water occupies funicular
paths along the pores, which occurs when the liquid water content reaches
approximately 7 % (Colbeck, 1982). Slush is formed when the liquid water content
exceeds 15 %. Such highly saturated snow types have little bonding between the snow
grains, and well-rounded single ice crystals are present (Colbeck, 1982). These
spherical grains are not stable in unsaturated wet snow with a liquid water content of
2–5 % in which grain clusters with liquid veins between them are encountered
(Colbeck, 1979). Melt water from the snow surface can percolate into the deeper parts
of the snowpack or may also originate from rain. A decrease of the temperature back
below the melting point will result in the formation of multi-crystalline clusters frozen
together or uniform melt-freeze crusts (Fig. 1(c)). Ice layers may even form because
of high solar radiation in the snow surface or when infiltrated liquid water deeper in the
snowpack freezes.
While the mechanisms behind these metamorphic processes are clearly different, in
nature the situation is often less discrete, and snow grains typically go through different
processes during their lifetime. Furthermore, any process may also revert (Colbeck,
1982). In addition, other environmental factors, of which at least vegetation,
topography and wind redistribution should be mentioned, further affect the individual
circumstances for snowpack development. The variability of ambient air temperature
and the magnitude and number of precipitation events from winter-to-winter already
generate very different snowpack stratigraphies (layering): frequent occurrence of
melting temperatures during the winter creates a stratigraphy with tens of layers,
whereas cold winters result in a more ‘idealized’ snowpack structure with only a few
layers. As such, when interpreting the microstructure of snow, it is useful to have some
knowledge of the history of the snowpack during the previous weeks and months.
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Figure 1. Toothpicks mark the main snowpack layers based on hardness, grain size and
density differences. (a) Dendritic precipitation particles (PP) , (b) rounded grains (RG)
(c) pieces of melt-freeze crust (MF), (d) faceted grains (FC) and (e) depth hoar crystals
(DH) following (Fierz et al., 2009) photographed during snow pit measurements of taiga
snowpack.
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2.2 Optical properties of snow
The spectral region of 350–2500 nm composes part of the reflective portion of the
electromagnetic spectrum. The interaction of electromagnetic radiation with snow is
controlled by the mechanisms of scattering (refractive index) and absorption
(absorption coefficient) of pure ice (Warren, 1982). The interaction of electromagnetic
radiation happens over spatial distance that is comparable to the wavelength (Warren,
2019). In the visible (VIS) wavelengths (400–750 nm), the absorption of ice is very
weak, and snow is very bright. The absorption length of radiation in VIS wavelengths
in ice is around 10 m; the radiation would need to travel a distance of approximately
10 m for its intensity to be reduced by a factor of e because of the absorption only
(Rees, 2006). Thus, it is unlikely that a photon will become absorbed at these
wavelengths. However, even trace amounts of light-absorbing impurities or other
absorbing material decrease the reflectance (Warren, 2019).
In near-infrared (NIR) and shortwave-infrared (SWIR) (750–2500 nm), ice becomes
more absorptive with high wavelength-wise variability and reflectance reaches nearzero values at the end of the spectrum (Nolin and Liang, 2000). Over these
wavelengths, the primary factor affecting reflectance is the snow grain size (Fig. 2)
(Wiscombe and Warren, 1980), but snow grain shape also has a role (Picard et al.,
2009; Wiscombe and Warren, 1980; Xie et al., 2006). The scattering phase function,
which describes the angular distribution of scattered light per wavelength (Zhang,
2019), is strongly related to the ice crystal shape. This is why especially directional
reflectance quantities may be sensitive to the effects of snow grain shape (Jin et al.,
2008; Xie et al., 2006). Since a photon has a chance to scatter at the air-ice and iceair interface and a chance to become absorbed while it is traveling through ice, snow
reflectance decreases at all wavelengths when the size of the snow grains within the
snow microstructure increases (Warren, 1982). The existence of liquid water increases
the effective snow grain size and decreases the reflectance because the refractive
indices of liquid water and ice are very similar. However, although the real parts of the
refractive indices are highly similar, the imaginary part (i.e. absorption) differs by
several orders of magnitude and is slightly shifted in wavelength. This allows detection
of liquid water at the snow surface from optical satellite instruments (Green et al.,
2006). Liquid water also supports the formation of grain clusters and accelerates the
metamorphic grain growth (Wiscombe and Warren, 1980), which further decrease the
reflectance.
The significance of snow density comes from its impact on the light penetration depth
(optical depth) in snow (Zhou et al., 2003). Light penetrates more deeply when the
snow grain size is large and/or the density is low compared to small-grained and/or
high-density snow. Geometric features of the snow surface such as surface roughness
are also important. Especially if the patterns are regular, the direction of the sun in
relation to the surface features has a high impact on the observed reflectance (Warren
et al., 1998). When the snow becomes thin and partially transparent at optical
wavelengths, the underlying surface can lower the reflectance by absorbing some of
the photons (Wiscombe and Warren, 1980). In field circumstances, the importance of
the cloud cover and composition of the atmospheric aerosols is high due to their impact
on the spectral distribution of the incoming irradiation (Warren, 1982). Although snow
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scatters more isotropically compared to some other natural surfaces, it scatters more
in a forward direction (Jin et al., 2008; Steffen, 1987; Warren, 1982). This anisotropy
increases with snow age, sun zenith angle and wavelength and can be observed using
multi-view-angle measurements (Aoki et al., 2000; Painter and Dozier, 2004).
The significance of snow’s grain size on its optical properties underlines the need to
quantify it. In fact, the definition of snow ‘grain size’ is not unambiguous. What is sought
is a quantification of the snow microstructure that explains the observation on specific
wavelengths of electromagnetic radiation. This quantification is different for optical and
microwave remote sensing methods, for example. In optical remote sensing, an
optically equivalent grain diameter is often used, which is a theoretical parameter that
represents a set of spheres having equal volume-to-surface ratio and optical
properties to the original irregular snow grains (Warren, 1982). This is different from
physical snow grain size, which usually refers to the maximum diameter of individual
grains separated from the three-dimensional snow structure. For simplicity, the term
‘snow grain size’ is used here, as it is also widely used in the literature. For the
collected measurements we distinguish between physical snow grain size and other
related parameters. The different techniques for physical snow grain size
quantification span from visual estimations, either in the field or later from
macrophotographs against a mm grid (A-I, A-II) to automatic derivation from crystal
images (e.g. Pirazzini et al., 2015). Other techniques apply the ice absorption features
centered between 1000–1300 nm to invert parameters that are related to snow grain
size, such as snow specific surface area (SSA), from the measured reflectance (e.g.
Arnaud et al., 2011; Gallet et al., 2009) (IceCube measurements A-I, A-II). SSA
describes the surface area to volume ratio of the snow structure. While the manual
techniques tend to be subjective, the several indirect methods have also shown
significant disagreement with each other (Calonne et al., 2020).
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Figure 2. Spectral reflectance of snow between 400 –2500 nm as a function of grain size
calculated using a discrete-ordinate radiative transfer model. Reflectance steeply
decreases with increasing grain size between 7 00–1300 nm. Figure reprinted from Nolin
and Dozier (1993), ©1993 with permission from Elsevier.

2.3 Observation scale and spatial statistics
Snow properties show high variability in both time and space. Individual snow pit
measurements may give biased information on the general snow properties within the
area of interest. Spatially distributed measurements are needed to represent the
spatial variability and allow the validation of remotely sensed information that spans
different land cover types. With distributed measurements, the spatial patterns of snow
may be sought and further described to allow the generalization of detailed point-wise
measurements to wider areas. Understanding these patterns will allow planning of
optimal sampling protocols which characterize the true snow conditions with minimal
bias and uncertainty, and without significant over-sampling (Skøien and Blöschl,
2006).
The information gained through field measurements is always different from the true
conditions, and these are thus referred to as the apparent conditions (Skøien and
Blöschl, 2006). This is because no natural phenomenon can be sampled in full detail
and because any measurement involves some error. The description of snow spatial
variability is further complicated by the fact that different processes can dominate at
different scales, but the same process can also carry an impact over several scales
(Clark et al., 2011). The patterns of spatial variability represented in in-situ
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measurements are controlled by microscale processes, while a coarse footprint of a
satellite reflects larger-scale changes, e.g. in weather (Chang et al., 2005).
Furthermore, the dominating processes are strongly environment-dependent, e.g.
vegetation structure in boreal forest versus topography combined with wind processes
in open tundra (Neumann et al., 2006). In boreal landscapes where land cover
changes from forest to non-vegetated wetlands and lake ice, abrupt changes in snow
characteristics within a satellite image pixel are encountered. The sampling strategy
will affect the knowledge that can be derived from the collected data and it is uncertain
whether point-wise observations are representative of larger areas (Chang et al.,
2005). The aggregation (upscaling) of field data to compare it with coarse-resolution
satellite data may change the apparent snow information. Understanding is needed of
whether the aggregated ground truth data succeeds in describing the main snow
processes acting on the scale of the application.
Blöschl and Sivapalan (1995) have introduced three concepts that affect the
measurement data; the extent, which refers to the geographical coverage of the point
measurements, support, which is the geometrical diameter of a single measurement
(e.g. the diameter of a SWE sampling tube) and spacing, which refers to the spatial
distance between individual point-wise measurements (Fig. 3(b)). Together they form
the measurement scale. The average scale over which a parameter varies in a
landscape is called a process scale (Fig. 3(a)).
The mean, variance and spatial autocorrelation are the most important statistical
variables to describe the spatial variation of a parameter (Skøien and Blöschl, 2006).
A semi-variogram describes the squared average semi-variance between two points
at a definite distance. Natural phenomena are often spatially correlated based on the
first law of geography (Tobler, 1970): points close to each other are likely to be more
similar in their characteristics than points further apart. Spatial autocorrelation
describes the maximum distance over which a parameter is correlated (the process
scale) (Blöschl and Sivapalan, 1995). Knowledge of the process scale can be utilized
to plan an ideal sampling protocol (López-Moreno et al., 2011). If the sampling interval
is larger than the process scale, the data carries no information about variability that
takes place over finer distances (Oliver and Webster, 2014), whereas too small spatial
coverage in relation to the scale of the process may appear as a trend in the data
(Blöschl and Sivapalan, 1995).
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Figure 3. (a) Process scale describes the average distance over which a parameter
varies (in space or time) (Figure based on Fig. 2 in Blöschl, 1999) . (b) Support, spacing
and extent form the measurement scale (Figure based on Fig. 4 in Blöschl and Sivapalan,
1995).
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3. Multispectral optical remote sensing of snow
3.1 Snow cover mapping methods and spectral endmembers
Optical satellite sensors detect electromagnetic radiation over discrete wavelength
bands. The recorded observation needs to be radiometrically calibrated to represent
a physical quantity of radiance or reflectance and to be geo-referenced to a coordinate
system. The value of the surface radiance or reflectance can be estimated by applying
an atmospheric correction to the top-of-atmosphere (TOA) values observed by a
satellite. To retrieve snow cover extent from radiometric measurements, a
mathematical method needs to be applied to relate the satellite observations to the
geophysical parameter.
Optical instruments are used to produce both 1) binary estimates of the presence of
snow cover and 2) estimates of fractional snow cover within a satellite observation
pixel (Nolin, 2010). The first satellite snow cover products were binary and were based
on the threshold value for a normalized difference snow index (NDSI) (Hall et al., 1995,
2002; Rittger et al., 2013). The NDSI is the ratio between visible (e.g. MODIS band 4)
and near-infrared (e.g. MODIS band 6) satellite bands and takes advantage of the high
reflectivity of snow in visible light and high absorption in near-infrared, which allows it
to be distinguished from high-reflecting clouds (Romanov et al., 2000). Coupling of the
normalized difference vegetation index (NDVI) with the NDSI has been found to
prevent SCA underestimation over forested areas where the underlying snow cover is
masked by the tree canopy (Hall et al., 2002). Overestimation for similar landscapes
could be reduced by an additional test for visible albedo (Klein et al., 1998). The binary
methods are most suitable in clear-sky conditions when over half of the pixel is snow
covered, but their performance is highly dependent on the land cover and snow
conditions (Hall and Riggs, 2007).
Fractional snow cover mapping methods, such as linear unmixing or inversion of direct
satellite scene reflectance models, have been shown to be more accurate in detecting
snow in complex landscapes and under partial snow coverage (Aalstad et al., 2020;
Dietz et al., 2012; Rittger et al., 2013; Salomonson and Appel, 2004; Selkowitz et al.,
2014). To describe the snow distribution at an adequate level for the needs of regional
climate and hydrological models, it needs to be mapped at subpixel level (Nolin et al.,
1993). Medium-resolution sensors (250-1000 m) offer an adequate temporal
resolution for effective snow cover monitoring, while higher spatial resolution satellite
products (10-30 m) suffer less from mixed pixels (Aalstad et al., 2020).
Linear unmixing methods (Nolin et al., 1993; Painter et al., 2003, 2009; Vikhamar and
Solberg, 2002, 2003) assume that the satellite observation is a linear combination of
the reflective properties of the discrete surface types present within the satellite image
pixel and that the coefficient for each surface type is proportional to its spatial coverage
(Ray and Murray, 1996). The spectral properties of the different land surface types,
i.e. the model endmembers/parameters can then be determined based on modelling
(Painter et al., 2003, 2009), laboratory (Niemi et al., 2012) or field measurements
(Salminen et al., 2009; Vikhamar and Solberg, 2002, 2003), information retrieved from
the satellite (Rosenthal and Dozier, 1996; Vikhamar and Solberg, 2003) or airborne
(Nolin et al., 1993) data. A spectral endmember describes the typical reflective
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properties of a distinct ‘pure’ surface type (e.g. snow, vegetation, rock). The linear
inversion of the satellite observation to FSC works well over flat terrain if the surface
does not have a specific structure. Nonlinear methods are needed for complex
surfaces, such as those with a tree canopy, to account for multiple scattering between
different materials within the scene, unless canopy-level spectral endmembers can be
used (Painter et al., 2003). Correct estimation of FSC using spectral unmixing methods
is difficult, as the procedure may include estimation of the number of endmembers,
their representative spectral signatures and their abundances within the satellite scene
(Bioucas-Dias et al., 2012). The optimal value for any of these can vary with time and
one pixel to another. On the other hand, in methods where constant signatures for
model endmembers are used, the retrieved FSC have inaccuracies over areas where
the chosen values are not representative (Salminen et al., 2013).
Any method that applies spectral endmembers for the model parameterization is
sensitive to inaccurate characterization of the spectral variability of these model
parameters (Zare and Ho, 2014). An unknown inaccuracy in the applied endmember
mean reflectance value will cause systematic errors (i.e. bias from the true value) to
occur in the derived FSC estimates that are based on finding an inverse solution for
the direct models of the satellite-observed scene reflectance (Salminen et al., 2018).
Random statistical errors in FSC estimates stem from the spatial and temporal
variability of the endmember reflectance that can be described by their standard
deviation (Metsämäki et al., 2015). Some methods (Painter et al., 2009) have taken
the large spectral variability of snow into account by finding the best fit from a snow
grain-size-dependent spectral library generated by a radiative transfer model.
3.2 The SCAmod method
This thesis is particularly relevant for the inverse model-based method, SCAmod
(semi-empirical reflectance model) (Metsämäki et al., 2005, 2012, 2015), which inverts
a radiative transfer-based forward model to derive FSC (Fig. 4). The method describes
the satellite image pixel reflectance as a combination of snow-free ground, (wet) snow,
and a canopy-level endmember of boreal forest.
The SCAmod method is used in the European Space Agency’s (ESA) GlobSnow
fractional snow cover product (www.globsnow.info). The mean and variance of the
pre-fixed model parameters representing the forest canopy reflectance (Niemi et al.,
2012; Salminen et al., 2013) and melting (wet) snow reflectance (Niemi et al., 2012;
Salminen et al., 2009) are entirely or partially based on field or laboratory spectrometry
measurements collected in Sodankylä, Northern Finland. For snow, the
measurements have been collected over various illumination and snow conditions.
Thus, the observed variability of reflectance can arise both from changes in snow
properties and/or changes in illumination and measurement conditions. This
uncertainty may propagate into the final FSC estimate, increasing the uncertainty of
the snow cover retrieval. Salminen et al. (2018) demonstrated that when the true FSC,
estimated using the SCAmod method, is close to 100 %, the statistical uncertainty is
dominated by the variability in the melting snow reflectance for both sparse and dense
boreal forests. For low true FSC, the snow-free ground reflectance and forest canopy
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reflectance variability for sparse and dense boreal forests, respectively, are more
important.

Figure 4. The SCAmod method describes the satellite -observed TOA scene reflectance
with a semi-empirical forward model that comprises three spectral endmembers: wet
snow, snow-free ground and forest canopy . A fractional snow covered area within the
scene is resolved using model inversion. Inaccuracy in the values applied for spectral
endmembers will cause systematic errors in the forward model that will further propagate
into uncertainty of the final FSC estimate . The random variability in endmember
reflectance introduces statistical error s in the retrieved FSC.

3.3 Surface reflectance quantities
The bidirectional reflectance distribution function (BRDF) is the basic quantity that
describes the directional reflective properties of a surface over a hemisphere
(Nicodemus et al., 1977). A completely isotropic Lambertian flat surface would reflect
radiance equally in all directions (Schaepman-Strub et al., 2006). However, natural
surfaces like snow have anisotropic reflective properties, i.e. the reflected radiance is
dependent on the view-illumination geometry (Martonchik, 1994).
The BRDF of snow is dependent on the wavelength, the direction and composition of
the incident light and snow properties such as microstructure and surface roughness
(Warren, 1982). Thus, snow’s BRDF changes constantly and is difficult to measure.
Satellites measure the reflected radiance from one direction only and require either an
assumption of the surface BRDF or multi-view observations to be used for the
estimation of the surface albedo.
The reflectance quantities measured in A-I and A-II can be derived from the BRDF.
The nomenclature describing the reflective properties of a surface are based on the
geometry of the incoming illumination and view angle (Nicodemus et al., 1977). The
spectral observations of this thesis correspond to an estimate of a polar-orbiting
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satellite surface reflectance factor (𝑅) with an atmospheric correction, since the
incoming illumination is dominantly coming from only one narrow direction and the
view angle is close to nadir (Fig. 5):
𝑅= 𝜋

𝐿𝑜𝑏𝑠
𝐸0 cos (𝛳𝑖 )

(1)

In equation (1) 𝐿𝑜𝑏𝑠 denotes the instrument-measured target radiance and 𝐸0 cos (𝛳𝑖 )
the downwelling radiance that is projected on the surface with magnitude cos (𝛳𝑖 ), 𝛳𝑖
denoting the sun zenith angle. The scaling factor 𝜋 is related to the Lambertian
surface. In all cases, the incoming light has been estimated by a calibration against a
white Spectralon panel (Labsphere Inc., USA). Thus, the reflectance values may show
values above one, since the reflectance of snow in a distinct direction may exceed that
of the reference panel.
In field and satellite observations collected in clear-sky conditions, surface reflectance
is often used to approximate the bidirectional reflectance factor (BRF) (Martonchik et
al., 2000). The BRF is the ratio of the reflected radiant flux per unit area of the target
to the reflected radiant flux of a perfectly Lambertian surface of the same area in the
same view geometry and same single illumination direction (Nicodemus et al., 1977).
Although the satellite and the sun occupy a certain spherical angle, they are assumed
to be directional because the field of view (FOV) of a sensor is small and because of
the large distance of the sun. In addition, some individual portable field measurements
(A-II) have been conducted under cloudy diffuse conditions, in which case similarly
defined the measurements would approximate the hemispherical-directional
reflectance factor (HDRF).
More strictly, both the BRF and HDRF are only conceptual quantities. The
corresponding measurable quantities are biconical and hemispherical-conical
reflectance factors for clear-sky/lamp illumination and diffuse illumination, respectively
(Schaepman-Strub et al., 2006). Even this is a simplification, because in clear-sky
conditions some proportion of diffuse illumination is always present.
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Figure 5. A schematic of the concept of ground - or satellite-based measurement of
reflected radiance. 𝐸0 denotes the incoming sun irradiance that is projected with a
magnitude of 𝐸0 cos(𝜃𝑖 ) on the Earth’s surface. The incidence angle of the incoming
irradiance and the instrument view angle are denoted by 𝜃𝑖 and 𝜃𝑠 , respectively. An
instrument measures the reflected radiance ( 𝐿𝑜𝑏𝑠 ) within its view angle (radiant flux per
unit solid angle Ω𝑠𝑜𝑙𝑖𝑑 𝑎𝑛𝑔𝑙𝑒 ). According to equation (1), the ratio of the measured target
radiance to the incoming radiation , quantified with a Spectralon panel, provides the
surface reflectance factor (Figure adapted from Salminen, 2017).
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4. Study site, datasets and methods
4.1 Overview
Table 2 gives an overview of the utilized datasets and their applications. The study
material is composed of spectral reflectance measurements of snow-covered boreal
landscape and manual measurements of snow macro- and microstructural properties
over boreal and oroarctic landscapes. The reflectance data were measured over
different scales. For laboratory, field and fixed mast installation measurements (A-I, AII) the reflectance data were measured using an Analytical Spectral Devices (ASD)
Field Spec Pro JR Spectroradiometer (350–2500 nm). The airborne imaging
spectrometer observations were collected using an AisaDUAL imaging spectrometer
(SPECIM) (400–2500 nm) in field campaigns during the springs of 2010–2011 over
the Sodankylä and Saariselkä study sites (A-II).
All spectral measurements were accompanied by observations of the snow macroand microstructural properties (snow pits) and other ancillary information
(surroundings, illumination conditions) to allow interpretation of the reflectance. A more
detailed description of these ancillary measurements is given in A-I and A-II. In
addition, an extensive dataset of snow depth, SWE and snow density was collected
during an airborne SnowSAR-2 field campaign during the winter of 2011–2012 over
the Sodankylä and Saariselkä study sites (A-III). The manual measurement program
comprising a wide set of snow measurements in Sodankylä area over several different
representative measurement sites is described in A-IV.
While the publications comprise an extensive collection of different types of
measurements, the focus in the summary is kept on the spectral datasets (A-I, A-II)
and the dataset of bulk snow properties (A-III). Sodankylä snow transect data between
2006–2015 is picked from publication A-IV and analyzed separately to give another
perspective on the results obtained from the timely restricted SnowSAR-2 field
campaign data (A-III).
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Snow depth
Snow depth
SWE (and density)

Snow depth

SnowSAR-2 bulk
snow observations

Sodankylä snow
transect (manual)

Snow probe

Snow probe
Magnaprobe
SWE coring tube

80 equally (50 m) spaced GPS
locations along a 4 km line

100 m (3 observations)
2–10 m
500 m

3 dates in 2010–2011, 10m x
10m pixel resolution along flight
paths

AISAdual imaging
spectrometer

Airborne

Band reflectance
(555, 645, 858.5,
1640 nm)

2010–2018,
5632 spectra (forest)
885 spectra (forest opening)

Temporal/Spatial resolution
2012, 30 spectra (twigs)
2013–2015, 158 spectra (snow)

Mast-borne

Measurement method
ASD Field Spec Pro JR

2010–2011, 87 spectra (snow,
snow-free ground)

Parameter
Spectral
reflectance
(350–2500 nm)

Portable field

Dataset
Laboratory

Table 2. Overview of the used datasets.

Sodankylä &
Saariselkä

Sodankylä

• Calibration validation
purposes (A-IV)
• Independent reference for
regional (=landscape scale)
snow characteristics (A-IV)

Sodankylä &
Saariselkä

Study site
Sodankylä

• Analyze the spatiotemporal
variability of bulk snow
properties in boreal and tundra
landscapes (A-III)
• Study the effect of spatial
sample frequency & sample
size on areal mean values of
snow depth (A-III)

Application & publication
• Improve estimate of mean
snow reflectance and its
variability for endmember
parameterization in SCAmod
(A-I)
• Produce data at various
spatiotemporal scales to
characterize spectral
endmembers present in boreal
landscape (components of
forest canopy, snow, snow-free
ground) (A-II)

4.2 Research area
The field and laboratory experiments were conducted at the Arctic Space Centre of
the Finnish Meteorological Institute (FMI-ARC) and in its surroundings in Sodankylä
(67.37° N, 26.63° E), Northern Finland (Fig. 6(a) and (c)). In addition, the airborne
imaging spectrometer (A-II) campaign and the airborne SAR (A-III) campaign with
ancillary in-situ data collection were expanded over the Saariselkä study site (28.2° E,
68.3° N, highest elevation at 718 m a.s.l.), located around 120 km north of Sodankylä
(Fig. 6(a) and (b)). Some individual field spectroscopy measurements were collected
in Nuuksio, Southern Finland, for patchy melting snow cover (A-II).
The Sodankylä area is characterized by sparse forests with a median tree canopy
coverage of 30 % (Törmä et al., 2011), coniferous forests on mineral soil, open peat
bogs and conifer trees on peatland (CORINE Land Cover 2018 classification by the
Copernicus programme). The under-canopy vegetation is typically composed of
Cladonia rangiferina (reindeer lichen), different type of mosses and low shrubs like
Calluna vulgaris (heather) and Vaccinium vitis-idaea (lingonberry). The area is
generally flat (elevation varying between 180 and 240 m a.s.l.) and only some isolated
hills break the landscape. Some rivers and lakes are also present. Weather is typically
calm with only moderate wind speeds, with average wind speeds between 2006–2015
of 2.2 m/s (Leppänen et al., 2016). Snow cover usually persists from October until May
(Pirinen et al., 2012). Air temperatures during winter can vary from above zero to -40
°C and solar elevation is always low, ranging from nearly 0° during mid-winter to 46°
in midsummer. The snow in the area represents taiga snow (Sturm et al., 1995) and
the study site is representative of a typical boreal forest biome. Saariselkä, in contrast,
is an oroarctic fell region with more topographical variety. Treeless tundra is present
above the timberline at an altitude of 400 m a.s.l. and wind processes play an important
role in the redistribution of snow. Low and high shrub tundra are located between the
forested and treeless elevation zones (Lemmetyinen et al., 2021).
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Figure 6. (a) Location of the Sodankylä and Saariselkä study sites in Northern Finland.
Both areas belong to the boreal forest/taiga zone, but in Saariselkä tundra is present
above the tree line. (b) air photograph from the Saariselkä region (credit: Tânia Casal,
European Space Agency) and from (c) the Sodankylä region (credit: Aleksi Rimali,
Finnish Meteorological Institute ).
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4.3 Datasets and methods
4.3.1 Snow reflectance laboratory experiments
Spectral laboratory measurements of snow samples (Fig. 7) were conducted during
the springs of 2013–2015 (A-I). The 35 cm x 35 cm x 23 cm snow samples were
collected using a black-painted aluminum sampler from an open area close to the dark
laboratory at FMI-ARC. The samples were then immediately measured in the
laboratory using a calibrated Tungsten halogen lamp (350–2500 nm) with light zenith
angle (𝜃) of 55° as a light source. The measurement head was set to nadir (0°) with
either 8° or 25° FOV. Several spectra (10–30) from the same snow sample with one
second intervals were collected. For reflectance, a calibrated reference panel
(Spectralon, Sect. 3.3) was measured. The details and limitations of the measurement
setup are extensively discussed in A-I.
Ten different snow types were sampled. Several samples from the same snow type
were collected and measured to increase the reliability of the measurements and to
observe the natural variability of the snow reflectance. Detailed snow pit
measurements were made of each snow type. These measurements included visual
detection of layering, density (every 5 cm) and temperature (every 10 cm) profiles,
layer-wise macrophotography and visual estimation of the typical snow grain type
(Fierz et al., 2009) and typical physical maximum grain size (𝐷𝑚𝑎𝑥 , 0.25 mm
resolution). In addition, Snow Fork (Sihvola and Tiuri, 1986) measurements for density
and liquid water content (%) were collected every 10 cm. When available, IceCube
(Gallet et al., 2009) was used to retrieve SSA from the hemispherical reflectance
observations at 1310 nm. SSA describes the surface area to volume ratio of the snow
sample and can be related to the optically equivalent diameter (𝐷0 ) of the snow grains
(Kokhanovsky and Zege, 2004). For the littered snow samples, photographs were
taken to quantify the organic inclusions on the snow surface.
Based on their geophysical properties, the sampled snow types were categorized as
dry snow, dry snow with moist surface, wet melting snow and wet melting snow with
typical forest litter inclusions. An acronym for each snow type (n=10) was given based
on the snow dryness, surface microstructure and sampling year (Table 5 in Sect.
5.1.1). For each snow type, the average spectral reflectance and standard deviation
was determined based on several samples measured from the same snow type (i.e.
std. dev. represents deviation between snow samples). Furthermore, the reflectance
data was resampled to correspond to various optical satellite sensor bands used in
optical snow cover mapping. Weighted averages based on the spectral response
functions (SRF) of each band were calculated. The different bands utilized, with
slightly different configurations of band width and spectral location, are listed in A-I.
This simple resampling representing snow types grouped as dry, moist, wet or wet
and littered snow allowed the investigation of the contribution of these band
differences to snow reflectance. Snow type-wise (n=10) resampling of laboratory
spectra to correspond MODIS sensor bands, widely used in snow cover mapping, and
corresponding calculation of the NDSI, further allowed the band reflectance behavior
of individual snow types measured in the experiments to be characterized.
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Figure 7. Examples of the (a) dry snow type (b) wet and pure snow type and (c) wet snow
type with organic litter inclusions. Modified from publication A-I.

4.3.2 Reflectance measurements over different scales
The spectral reflectance of other constituents of a boreal landscape (forest ground
with lichen and moss, dry, wet and shadowed snow, pine and spruce twigs and forest
canopy) were characterized by laboratory and portable field measurements, fixed mast
installation measurements and airborne imaging spectrometer campaigns. The main
technical details of each platform are presented in Table 3. Scots pine (Pinus
sylvestris) and Norway spruce (Picea abies) twigs were measured in the laboratory in
2012 (A-II) (Fig.8(a)). Similarly to the snow sample laboratory measurements, the goal
was to characterize the mean and standard deviation of reflectance for the spectral
endmembers (here representing constituents of the tree canopy) utilized in remote
sensing models, such as SCAmod. The laboratory setup was comparable to the snow
experiments, except the spruce/pine twig samples were turned under the
measurement head to detect the change of reflectance due to the twig structure.
Portable field reflectance measurements representing dry snow, melting snow and
shadowed dry and melting snow over different land cover types (pine forest, open
mire, grassland, lake ice) were collected during the springs of 2010–2011 (A-II) (Fig.
8(b)). In addition, snow-free ground during the melting period was separately sampled
in Nuuksio, Southern Finland (marked in Fig. 6). The measurement setup was similar
to the laboratory with a nadir view angle, but the measurements were collected in
ambient sky conditions. In most cases these represented clear-sky conditions, but
some individual spectra were also collected in overcast cloudy conditions.
Spectral reflectance measurements representing a larger spatial scale were collected
in the 2010–2018 spring periods from a 33 m high fixed mast installation measuring
two areas: sparse pine forest and forest opening (A-II) (Fig.8(c)). The measurement
head was tilted 11° off nadir to avoid direct measurements from the mast installation
(introduces differences compared to the laboratory and field observations). The
collection of time series with a higher number of observations from the same site offers
valuable information because the target and illumination characteristics change with
the day and season (presence of snow in the tree canopy, partial snow cover, the
properties and color of the plants, sun zenith angle and direction, snow properties,
wavelength distribution of light). In addition, mast-scale is approximately comparable
to the resolution of a satellite image pixel and thus allows testing of forward models
(Niemi et al., 2012).
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Canopy-level spectral endmember characterization over different land cover types and
wider areas can be collected using airborne campaigns, although they are typically
restricted in time. Two airborne imaging spectrometer campaigns, one over the
Sodankylä (18 and 21 March 2010 and 5 May 2011) and another over the Saariselkä
(5 May 2011) study sites were organized (Fig. 8(d)). The first measurement day (18
March) represented several days’ old snow cover with a snow-free tree canopy while
the second day (21 March) represented newly fallen snow with snow covered tree
canopy. The campaign in May 2011 captured the spring melting period with partial
snow coverage. The melting at this time was ahead in Sodankylä compared to
Saariselkä. For publication A-II, the hyperspectral data from the airborne campaigns
were extracted for four MODIS bands (555, 645, 858.5 and 1640 nm) applying a full
width half maximum (FWHM) criterion. The data was filtered to correspond to a pixel
size of 10 m x 10 m.
Reference measurements were collected for reflectance measurements with all
platforms. For snow, these included traditional snow pit measurements. For field
observations, weather conditions, description of measurement surroundings, snow
patchiness and location characteristics were logged. The portable field observations
overlapped in time with the airborne campaigns and shared common reference data.
Mast-borne observations were complemented by the measurements provided by the
Sodankylä manual snow survey program (A-IV) and the wide set of automatic
measurements distributed over the FMI-ARC area. The surface spectral reflectance
record comprising the main elements of the boreal landscape is exemplified by
individual spectral examples. The possible data applications for multi-scale spectral
record and the accompanied challenges are then discussed.
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Table 3. Technical details of laboratory, field, mast -based and airborne platforms.
Adapted from publication A-II.
ASD Field Spec Pro JR
Laboratory
(SYKE #6424)

Detector

Portable Field
(SYKE #6424)

AisaEAGLE
sensor

AisaHAWK
sensor

silicon photo diode array detector (350–1050 nm),
indium gallium arsenide photo-diode detectors
(900–1850 and 1700–2500 nm)

CCD 12
bits

MCT 14
bits

350–2500
nm

400–970
nm

970–2500
nm

3 nm (350-1000 nm)
10–12 nm (1000-2500 nm)

5 nm

6 nm

Wavelength
region (nm)
Spectral
resolution
Spectral bands
Measurement
head

AisaDUAL
Mast-borne
(FMI #6484)

max ~367
Fiber optic Foreoptic

359

Fiber optic

Fiber optic

Foreoptic

Field of view
(FOV)

25°

8°

25°

25°

17°

View zenith
angle

0°

0°

0°

11°

0°

109° (forest)
View azimuth
angle

Fiber optic
head distance
to target/ Flight
altitude
Footprint/
Spatial
resolution
Swath

0°

0°

267° (forest

0°

0°

opening)

25 cm

Ø 11 cm

Ø 3.5 cm

n/a

45 cm

30 m (ground)

800 m

Ø 20 cm

Ø 13.7 m

80 cm x 80 cm

n/a

n/a

240 m
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Figure 8. (a) Laboratory setup for spruce and pine twig measurements and for (b)
portable field measurements. (c) The mast top structure for continuous measurements
with ASD spectroradiometer and the corresponding forest (upper panel) and forest
opening (lower panel) measurement areas. (d) Airborne AISA imaging spectroscopy data
were acquired using a helicopter as a platform (left). A photo taken during AISA flight on
21 March 2010 (right). Modified from publication A-II.
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4.3.3 Distributed measurements of bulk snow properties
A large dataset of manual snow depth and SWE measurements was collected in the
Sodankylä and Saariselkä research areas to provide ground-truth information for
airborne ESA SnowSAR-2 acquisitions (Fig. 9). The airborne campaign made up part
of the feasibility study for a proposed satellite mission to measure snow water
equivalents. Over 20,000 snow depth and around 600 SWE measurements were
collected between December 2011 and March 2012 on 19 different days. The SWE
describes the equivalent amount of water stored in the snowpack and is thus a product
of snow depth and snow density.
Snow depth measurements were collected with a snow probe, measuring either 3
times approximately every 100 m (over 10 m radius) or more frequently, every 2–10
m, using an automatic snow measurement probe, Magnaprobe (Snow-Hydro,
Fairbanks, Alaska, USA) (Table 2). SWE was measured using a Finnish-style SWE
coring tube (Melander and Korhonen, 1923) approximately every 500 m along the
snow transects. For every SWE point, the snow density (𝑃𝑏 ) could be resolved by
applying the volume of the SWE sampler (𝑆𝑊𝐸) and the measured snow height for
the snow mass (ℎ𝑏 ):
𝑝𝑏= 𝑆𝑊𝐸
ℎ𝑏

(2)

SWE for more frequent snow depth measurement locations could then be determined
by applying day-wise land cover group averaged snow density values. To study the
spatiotemporal differences of these snow properties over different taiga and tundra
land covers, the measurement locations were grouped to represent nine different land
covers based on the CORINE Land Cover 2012 classification (Coordinate Information
on the Environment, http://land.copernicus.eu/pan-european/corine-land-cover). The
generalized land cover groups and the corresponding original Corine2012 classes as
well as their spatial coverages within the study areas are presented in Table 4.
The spatiotemporal variation of snow depth, SWE and snow density was characterized
over the course of the field campaign over both the Sodankylä and Saariselkä study
sites. The spatiotemporal variation was studied by compiling the land cover-wise
boxplots for the three bulk snow properties and determining the coefficient of variation
for the snow depth. To offer a measure of snow depth variability over distance over
different land cover types, 500 m long sub-transects with frequent Magnaprobe
samples were chosen and spatial correlation lengths investigated. The uncertainty
introduced from the use of land cover-wise averaged snow density for the estimates
of SWE at each snow depth measurement location was studied. This was done by
comparing the average value to each individual density observation within the land
cover (maximum and minimum difference (%) determined).
The snow depth observations, constituting the most extensive part of the campaign
dataset, allowed further investigation of the effect of sample spacing and, as such,
sample size, on mean snow depth values that are typically used to validate satellite
and airborne gridded data. Four different methods for this were used. First, the
statistical similarity of mean snow depths obtained by frequent (maximum frequency
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available from Magnaprobe measurements) and sparse (snow probe measurements
every 100 m) measurement protocols were tested for three land cover groups: dense
forests on mineral soil, open bogs and lakes and rivers, which offered enough of both
measurement types. Second, how the mean snow depth values are affected if the
measurement spacing is gradually increased, was tested. This was simulated by
choosing transects of 50, 100 and 200 m, which represent potential data aggregation
levels for SnowSAR-2 data, from the center of each 500 m transect applied for the
autocorrelation analysis. The transect mean as a function of increasingly dense
measurement spacing was calculated. The original transect mean representing all
measurements was considered as ‘true’ value and comparison with recalculated
means provided root mean square deviation (RMSD) against increasing sample size.
By applying an exponential fit of the RMSD against sample size, the required number
of samples to reach an RMSD of less than 5 and 1 % could be estimated.
Third, the accuracy of the main snow sampling protocol using 3 snow probe
measurements approximately every 100 m was estimated, consequently choosing the
three adjacent measurements within the three transect lengths above and again
comparing those with the ‘true’ transect mean. An average of the calculated RMSD’s
for each transect was considered to represent an estimate for the sampling protocol
uncertainty.
Finally, three different schemes of sample spacing and sample size (frequent
Magnaprobe, 100 m, 500 m) for 7 km x 10 km areas over the Sodankylä and
Saariselkä study sites were generated. Weighted means of snow depth and SWE
based on land cover proportions (Table 4) were calculated for each case of
measurement spacing to study how the different sampling schemes affected the areal
averages.

Figure 9. All snow depth and SWE measurements over the Sodankylä (left) and
Saariselkä (right) study sites collected during winter of 2011 –2012 along the airborne
SnowSAR-2 campaign flight lines. The generalized Corine2012 land cover groups (Table
4) are presented with color bars. Modified from publication A-III.
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Table 4. Generalized land cover groups (n=9) and original Corine2012 classes with
spatial coverages (%) over the Sodankylä and Saariselkä study areas. Modified from
publication A-III.
Land cover group

CLC2012 classes

%coverage
on the
7x10 km
area
Sodankylä

Saariselkä

Dense forests (mineral soil type)

22,24,26,27,29

33

31

Dense forests (organic/peat soil type)

23,25,28

10

1

Sparse forests (mineral soil type)

33,35,36

8

5

Sparse forests (organic/peat soil type)

34

6

0

Fields and meadows

16,17,18,19,20,21,30,31,32

5

50

Barren

37,38,39

0

11

Open Bogs

40,41,42,44,45

26

1

Lakes and rivers

46,47,(48)

11

0

Other (roads and urban areas)

1-15,43

1

0
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4.3.4 Sodankylä snow monitoring program
The FMI-ARC site in Sodankylä has a long history of weather and snow observations.
Snow depth and SWE observations date back to 1909 and were originally started to
support weather forecasting. Since 2006, the measurements have expanded to cover
more parameters related to snow macro- and microstructural properties, applying both
conventional and state-of-the-art automatic methods. The measurements distributed
to cover the typical land cover types in the boreal landscape have had a special focus
on producing ground truth information for satellite data validation and retrieval method
development studies (Kontu et al., 2014; Lemmetyinen et al., 2016) but have also been
used for running physical snow models (e.g. Essery et al., 2016).
The manual program comprises measurements over boreal forest, open bog and lake
ice. Detailed snow pit observations, similar to those briefly presented in Sect. 4.3.1,
have been collected on a weekly basis over the bog and sparse forest which represent
the most typical land cover types over the area. On a monthly basis, measurements
of ice depth and accompanied snow properties on a nearby lake (Orajärvi) have been
collected. The spatial variability over the landscape has been historically quantified
using numerous different short and long snow depth and SWE transects, either with
fixed snow depth stakes or snow probe and SWE measurements at pre-defined GPS
locations on longer transects. The long snow transects have been established either
for the prediction of hydropower production, like the 4 km long Sodankylä transect, or
research campaign purposes, like the Tanhua transect. In the intensive observation
area, bog site and sounding station (measurement sites presented in publication AIV), manual measurements are surrounded by a wide set of instrumentation providing
automatic observations of weather, soil and snow parameters (detailed list provided in
publication A-IV). In this thesis, the Sodankylä snow transect dataset for 2006–2015
is depicted for analysis and the success of the Sodankylä manual snow measurement
program to provide means for satellite calibration validation purposes is discussed.
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5. Results and discussion
5.1 Spectral behavior of boreal landscape elements
5.1.1 Spectral reflectance of different snow types
The variation of snow reflectance with wavelength plays a key role in the remote
sensing of snow. The spectral variability enables the derivation of snow properties,
such as grain size and impurity content, from satellite data (Nolin and Dozier, 2000).
Precise quantification of the reflectance variability can further facilitate the reliability of
the retrieved snow cover maps.
The variability of snow reflectance was earlier estimated by modeling (Green et al.,
2002; Kokhanovsky and Zege, 2004; Xie et al., 2006) and field measurements (Aoki
et al., 2000; Painter and Dozier, 2004). Earlier studies in laboratory or similar
conditions have either used artificial snow (Nakamura et al., 2001) or destructive
practices to control the snow property under research (Kaasalainen et al., 2006; Lv
and Sun, 2014), or have focused on different snow types (Dumont et al., 2010, 2021)
compared to this study. Some laboratory studies have specifically focused on the
effect of black carbon on snow optical properties (Hadley and Kirchstetter, 2012).
The snow laboratory experiments analyzed in A-I and discussed in A-II were planned
to mimic the view-illumination geometry of a typical polar-orbiting satellite. The
objective was to better characterize the spectral reflectance variability of different
boreal snow types by measuring a set of snow samples under illumination-controlled
conditions. The experiment aimed to produce more accurate snow reflectance
statistics for the purposes of the SCAmod snow mapping method. Measurements with
a higher light zenith angle would have been relevant to cover the high-latitude spring
period, but the limitations set by the indoor facilities and the size of the snow samples
did not allow higher illumination angles.
Table 5 presents the sampling dates and the snow type acronyms that refer to snow
wetness, surface microstructure or light conditions during the sample collection and
the year of the sampling. In addition, the main macro- and microstructural
characteristics for each snow type are presented. The spectral reflectance behavior of
dry and wet snow types could be clearly distinguished based on the experiments (Fig.
10(b)). The reflectance was higher for dry snow types throughout the spectrum, being
the highest for newly precipitated snow consisting of grains with a small optical
diameter. Snow types with a moist surface and the snow type with a surface crust
could not be clearly grouped (Fig. 10(a)). The dry snow type with moist surface snow
was distinguished by the drop in NIR reflectance due to the increase in snow grain
size connected to the higher liquid water content in snow. Similar behavior could be
seen for dry snow with a close-to-surface melt-freeze crust, except that the reflectance
was lower throughout the VIS-NIR range compared to other dry snow types. The
organic forest litter inclusions lowered the reflectivity in the visible part of the spectrum
and enlarged the observed standard deviation, clearly separating the wet snow
covered by litter from other snow types. Knowledge of a spectral endmember
representing snow containing organic litter is a valuable addition for inverse or spectral
unmixing based snow mapping methods (Rittger et al., 2013).
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The decrease of reflectance was directly related to the amount of liquid water content
in snow (Table 5); Wet-pure-14 with the lowest measured liquid water content showed
higher reflectance compared to other wet snow types with higher liquid water content.
The decline in reflectance is caused by the increase in effective snow grain size due
to the very similar refractive indices of ice and liquid water. However, typically the
addition of liquid water is accompanied by larger snow grain size and formation of
snow grain clusters that further decline the snow reflectance. Since ice is weakly
absorptive in the visible part but more absorptive in NIR, these effects are more
pronounced in the near-infrared part of the spectrum (Warren, 1982).
Table 5. Sampling days (yyyymmdd) and the acronyms for the snow types meas ured in
the laboratory experiments. The acronym refers to the snow wetness (dry, wet, moist),
surface microstructure/ conditions during the sample collection and year of the sampling.
The ambient air temperature, liquid water content (% , sample depth average) and density
(sample depth average) are presented. The typical visual physical maximum grain
diameter (𝐷𝑚𝑎𝑥 ) weighted by the snow layer depths and the optically equivalent grai n

Ave. Dmax (mm)
23 cm

231
148
232
232
192
271
220
373
367
387

0.57
0.57
0.63
0.63
0.66
0.73
0.75
1.00
1.05
1.33
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0.20
0.37
0.32
0.38
2.33**
1.34
2.45**

0.40
1.00
0.50
0.50
0.55
0.50
0.75
1.00
1.00
1.00

0.17
0.33
0.26
0.35
2.21**
1.44
2.39**

ASD Number of spectra
per snow sample

Snow scale
density (kg m-3)

0.71
0.76
0.84
0.91
7.57
2.97
5.31

No. of snow samples

Snow fork wetness (%)

-3.9
-12.7
-6.2
-1.3
-9.9
3.2
-6.2
2.9
3.4
2.3

Ave. D0 (mm)
10 cm

Air (°C)

Dry-small irregular -15
Dry-dendrites -15
Dry-in sun -13
Dry-melt-freeze crust -14
Dry-partly decomposed -14
Moist surface-rimed -14
Dry-in shadow -13
Wet-litter inclusions -13
Wet-pure -14
Wet-pure -13

Ave. Dmax (mm)
10 cm

Snow type acronym

20150323
20150202
20130321
20140227
20140220
20140327
20130321
20130418
20140416
20130418

Ave. Do (mm)
23 cm

Sampling date

diameter (𝐷0 ) defined from SSA measurements when available , are separately
determined for the whole snow sample depth (23 cm) and for the 10 cm surface snow. In
the last two columns , the number of snow samples collected from each snow type and
the number of ASD spectra measured per individual snow sample are presented. **
denotes SSA-retrievals from wet snow. Snow types are ordered based on their average
𝐷𝑚𝑎𝑥 (23 cm). Modified from publication A-I.

15
15
15
15
12
12
9
25
15
25

10
10
30
20
20
20
30
30
20
30

Figure 10. (a) Average spectral reflectance for each snow type measured (Table 5) in
the laboratory experiments. Snow type acronyms refer to the snow wetness, surface
microstructure/light conditions during sampling and year of sample collection. The
measurements with 25° FOV are indicated with an asterisk (*). (b) the average, minimum
and maximum spectral reflectance measured for dry and wet snow type groups. Modified
from publication A-I.

5.1.2 Snow band-specific reflectance and NDSI
Two main conclusions from the band-wise snow reflectance values of various opical
band configurations could be drawn. First, despite the slightly different wavelength
locations and band widths between different satellite sensors, nearly identical snow
reflectance values were found for bands located in the visible part of the spectrum.
This is because the response of these wavelengths utilized for different sensor bands
are quite similar from one wavelength to another (Rees, 2006). Secondly, the
differences in reflectance between sensors and between different snow types (dry,
wet, moist, littered) increased for bands located in the NIR and SWIR regions as these
wavelengths are more sensitive to the variation in snow properties (Wiscombe and
Warren, 1980). However, it should be noted that the largest differences were produced
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by the widest bands, such as band 4 of Landsat 5 TM (bandwidth 140 nm) and band
2 of NOAA AVHRR/3 (bandwidth 275 nm). Over such wide sensor bands, wavelengths
with relatively different reflectance responses are integrated together and this
introduces a change in band reflectance compared to sensor bands representing more
narrow electromagnetic ranges. Some of the observed differences may also arise from
the different SRFs (i.e. how individual wavelengths are weighted for each sensor band)
and not only from the width and spectral location of the band (Trishchenko et al., 2002).
The small changes in snow reflectance between nearby bands supports the
combination of datasets originating from different satellite sensors for the production
of historical snow cover records. The results also suggest that, for other than visible
bands, when the overall variability in snow properties increases during the melting
season caused by the addition of liquid water and the accompanied grain size growth
and impurities, the band reflectance may be more sensitive to the details of the
individual band configuration, especially if spectrally wide bands are also considered.
This speaks in favor of narrow and as similar as possible bands for multi-sensor
research (Teillet et al., 2007) while for snow cover time series analysis wider bands
have also been found to be efficient (Rai and Mukherjee, 2021). These results are
analogous to previous work. Teillet et al. (2007), who studied the effects of spectral
band differences between various satellite sensors for radiometric cross-calibration,
concluded in the case of snow that the effect of uncorrected band difference effects
increases from the VIS to longer wavelengths in the solar-reflecting domain and are
especially poor in the case of NOAA-16 AVHRR. However, they noted that the relative
differences tend to be high, due to the low snow reflectance at longer wavelengths.
Accordingly, Teillet and Ren (2008) noted the spectral band difference effect on
vegetation indices to be especially significant in the case of AVHRR compared to other
sensors investigated. the band characteristic effects on satellite reflectance are
complicated by an interplay between different sensor SRFs, illumination conditions
(atmospheric spectral variability and illumination direction) and target spectral
variability, and thus tend to be scene-dependent (Teillet et al., 2007; Teillet and Ren,
2008). These results from the laboratory experiments with comparatively small
differences between various sensor band configurations highlight the effect of these
factors, above all atmospheric effects, which are not present in laboratory conditions.
On average, dry and wet snow types can be separated by their mean reflectance (Fig.
10(b)). However, resampling of the laboratory measurements to correspond to MODIS
bands (Fig. 11) revealed that due to the natural variability in the snow reflectance
values (defined as standard deviation based on different snow samples of the same
snow type), wet snow is able to show higher reflectance values compared to dry snow,
depending on the macro- and microphysical characteristics of the snowpack. The
organic inclusions in the snow surface introduce very high deviation in the observed
reflectance due to the sporadic nature of the organic material. In these experiments,
the impact of liquid water and organic material were partially mixed, since the wet and
littered snow also represented the highest liquid water content among the sampled
snow types (Table 5). The wet snow type with the lowest liquid water content (Wetpure-14) showed an NDSI value comparable to those of dry snow types (Fig. 11),
whereas otherwise the NDSI increased with the snow moisture content. Earlier studies
noted the NDSI to increase with snow aging and higher moisture content (e.g. Niemi
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et al., 2012) and to be especially variable at local scales depending on topography,
illumination and land cover heterogeneity (Härer et al., 2018; Zhang et al., 2021).

Figure 11. Snow laboratory measurements of each individual snow type resampled to
correspond with MODIS bands 3, 4, 2 and 6 and the corresponding NDSI. Whiskers show
the +/- standard deviation defined from the measurements of several samples of the
same snow type. Modified from publication A-I.
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5.1.3 Snow reflectance parameterization in SCAmod
The current (wet) snow reflectance parameterization in the SCAmod method is based
on field spectroscopy measurements collected in Sodankylä. Both the field
spectroscopy and the laboratory measurements were resampled to correspond to
MODIS bands 3, 4 and 6 (A-I). Comparison of the snow reflectance values obtained
in the field and in the laboratory revealed that the values used for wet snow
parameterization may need refinement. While the dry snow band reflectance values
on MODIS band 4 were 0.98 and 0.97 for the field and laboratory experiments, the
corresponding values for wet snow were 0.94 and 0.88, respectively. The standard
deviation defined in the laboratory experiments (0.05) was half of the corresponding
value observed in the field for the two visible MODIS bands 3 and 4. The SCAmod
method uses inverted atmospheric correction to convert the at-ground reflectance
values into TOA values. The model parameter variance in the SCAmod method is
described as standard deviation of the spectral endmembers. To produce an estimate
of the statistical accuracy for the FSC retrievals, the law of error propagation has been
applied (see Metsämäki et al., 2005; Salminen et al., 2018). This method requires the
variance for each model variable to be determined. Since the field observations are
prone to spectral variability produced by changes in the illumination, atmospheric or
environmental conditions, ignoring these will propagate the uncertainty throughout the
entire data processing chain (Zare and Ho, 2014). Thus, the refinement of the mean
snow reflectance value based on these laboratory experiments directly facilitates the
accuracy of the SCAmod snow mapping retrievals, as the systematic error (bias) is
directly dependent on how accurately the mean reflectance for an endmember can be
measured. The random (statistical) error for the FSC retrievals, on the other hand, can
be estimated based on the observed (standard) deviation in the reflectance values.
5.1.4 Reflectance of boreal landscape over different scales
The spectral measurements collected at different scales can facilitate the satellite
snow cover mapping, as different measurements can emphasize divergent aspects.
While snow is generally bright, it can appear much darker to a satellite if, for example,
shadows are present (Nolin et al., 1993). Measurements collected at different scales
allow the scene reflectance composition to be understood, as the complexity can be
successively increased. The spectral reflectivity of an individual snow type or
pine/spruce twig can give information on each individual component present in the
landscape, whereas larger-scale observations, like those from the mast or helicopter,
are needed to see how these different components average within a satellite image
pixel.
Laboratory conditions allow the exact control and repeatability of the measurement
conditions, and thus the observed changes are more likely to emerge from changes in
the target properties. In the laboratory, the errors stem from the presence of stray light,
possible variability of the light source (here +/- 0.1 %), uncertainty in the defined
measurement setup, non-Lambertian behavior of the reference panel and instrument
characteristics such as a non-uniform wavelength-wise response of the ASD
spectroradiometer within the measurement FOV (Mac Arthur et al., 2012). The
repeatability allows the estimation of the integrated precision for the observations.
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Repeated measurements of the reference panel with unchanged reflective properties
or consequent spectral acquisitions from the same (snow) sample are needed for this
estimation. The precision error defined for the snow laboratory setup would have
introduced differences of 0.03–0.21 % and 0.32–0.43 % for the first two detectors and
the second SWIR detector, respectively, for a snow sample with a reflectance of 0.93
(A-I).
In the laboratory, the difficulties in quantifying the reflective properties of volumescattering media, such as snow, with limited facilities can restrain possibilities for all
the relevant view-illumination scenarios. In field circumstances, the measurement
conditions for individual observations cannot be perfectly replicated, which introduces
additional uncertainty. On the other hand, field measurements allow the observation
of reflectance quantity with the natural complexity which stems from, for example, the
presence of trees and vegetation around the measurement point causing shadows
and affecting the distribution of incoming light, as well as from the effect of the ground
and vegetation underneath the snow when the snowpack becomes shallow. A fixed
mast-borne installation, in contrast, allows the change in the target’s reflective
properties with diurnal and seasonal changes including the changes in the sun’s
angles to be quantified and removes the uncertainty emerging from slight shifts in the
measurement setup. Precision estimations can be constructed for field measurements
if the necessary repeated data is available. This was not the case for the portable field
measurements, in which only real-time reflectance spectra were collected, or mastborne/airborne observations, in which only a single measurement was collected.
However, the precision is expected to be lower for the reasons listed above and to
significantly differ from those defined for laboratory experiments (Anderson et al.,
2011).
Fig. 12(a) gives an example of reflectance spectra for snow with portable field and
airborne AISA platforms that overlap in time. For a homogenous target of snow, the
observations collected at very different spatial resolutions and heights of 800 m and
45 cm over the target are well-comparable. For a pine forest canopy (and pine twigs),
which represent more complex targets (Fig. 12(b)), the comparison is more
complicated, as even small differences in the view-illumination geometry can produce
significant effects in the recorded spectrum. The laboratory setup for pine and spruce
twig samples (Fig. 8(a)) lacks the three-dimensional structure of the coniferous tree
canopy that is seen by a satellite sensor. Thus, these measurements are unlikely to
give a realistic picture of the spectral properties of a three-dimensional coniferous
forest canopy. This is why satellite data analysis (in addition to spectroscopy) has also
been used for endmember characterization in the SCAmod method (Salminen et al.,
2018) and the feasibility of the model parameters derived from field and/or satellite
data are verified against each other (Metsämäki et al., 2012). The mast-borne
structure, on the other hand, measures a larger portion of tree trunks compared to the
AISA observations (measured at the nadir) due to the off-nadir view angle. All these
details will affect the direct comparison of datasets acquired on different scales and
the mean and variance of the determined spectral endmembers.
In the case of the SCAmod method, the endmember for boreal canopy represents a
fully opaque tree canopy (Metsämäki et al., 2012). The reflectivity of coniferous
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needles has found to be dependent on the needle age, timing of the measurements
(e.g. activation/deactivation of photosynthesis in early spring/late autumn) and, for
example, interspecies differences (Hovi et al., 2017; Lukeš et al., 2013; Rautiainen et
al., 2018). In addition to needle age, adaptation of needles to different illumination
conditions in different canopy layers have found to drive spectral variability within
coniferous crowns (Hovi et al., 2017; Rautiainen et al., 2018). The spectral variability
is strongest at NIR and SWIR wavelengths in addition to the green-peak region (520–
540 nm), and otherwise minor over the VIS range (Rautiainen et al., 2018).
Furthermore, significant directional reflectance properties with a strong backscattering
peak for shoots – spiral structures composed of needles (Rautiainen et al., 2018) –
have been quantified (Mõttus et al., 2012). The wooden parts also contribute to the
measured spectrum. While it is obvious that one sample of twigs (Fig. 8(a)) or a single
scene of a mast-borne structure do not realistically represent all this spectral variability
present in boreal forest canopy, this is likely also the case for the medium- and coarseresolution satellite image pixels. This is because the large support (250–1000 m)
averages out part of the statistical variability that is taking place at finer scales. Thus,
in some case, values which appear coarse from the spectral accuracy and detail point
of view may be feasible for large-scale applications (Härer et al., 2018). The other way
around, a feasible value used for medium- and coarse-resolution satellite data at the
continental or hemispherical scale may found to be unsuitable at local scale (Härer et
al., 2018). Spectral variability that is present in the satellite scene but is inadequately
characterized by the endmember spectral variance produces unresolved random
statistical errors in the final snow cover maps, whereas erroneous mean reflectance
produces bias (Salminen et al., 2018). As such, error is produced over areas where
the chosen values are not representative. This was the case for wetland areas for
which the mean snow-free ground reflectance value applied in the SCAmod method
was found to be unrepresentative (Salminen et al., 2013). Accordingly, it is relevant to
consider if the observed high spectral variability of e.g. coniferous needles takes place
over bands utilized for FSC mapping (e.g. 550 nm in Metsämäki et al., 2012).
Fig. 12(c) shows the mast-borne reflectance for a snow covered forest opening during
spring 2011 and the mean reflectance of dry and wet snow in shadow measured by
the portable platform. The time series of mast-borne observations reveal the huge
variation in reflectance for the snow covered forest opening and show how the
reflectance is dominated by shadows cast by nearby trees. The mean reflectances for
shadowed dry and wet snow are very different. This likely indicates divergent details
in the measurement conditions. The observations from the mast-borne platform for a
forest measurement area representing a full snow cover period (Fig. 12(d)) shows how
the tree canopy dominates the scene reflectance. The presence of underlying snow
can be detected by higher reflectance in the visible wavelengths compared to
laboratory measurements representing pine twigs only.
In addition to providing endmember reflectance information via modeling, the field and
laboratory observations can be used to study the behavior of (satellite) scene
reflectance at a coarser resolution (Niemi et al., 2012; Pulliainen et al., 2014). The
difficulties in the direct comparison of in-situ and satellite datasets over heterogeneous
landscapes have led to a wider validation of satellite products over open and
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homogeneous areas (Burakowski et al., 2015). However, for more complex
landscapes, specifically multi-scale observations have provided the means for spaceborne satellite product validation and uncertainty estimation (Salminen et al., 2018;
Song et al., 2020).

Figure 12. (a) Reflectance of snow over lake ice (Orajärvi) with portable field and
airborne (AISA) measurements. (b) Reflectance of pine tree twigs and pine forest canopy
measured by laboratory, mast-borne and airborne (AISA) platforms (the latter two
overlapping in time) . (c) Reflectance of the mast-borne forest opening measurement area
during spring 2011 (all observations with snow included) and mean reflectance spectra
for shadowed dry and wet snow recorded by the portable field platform. (d) Reflectance
of the forest measurement area during spring 201 0 (all observations with snow included)
and mean reflectance of pine twigs measured in the laboratory. Modified from publication
A-II.
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5.2 Spatiotemporal variability of bulk snow properties
5.2.1 Snow over different land cover types
The extensive ground truth dataset allowed study of bulk snow property variability in
different land cover types present within the boreal Sodankylä site and Saariselkä
tundra site, which are both intensively used for satellite remote sensing development
and validation research. Although the dataset is restricted to the campaign period only,
the high number of measurements allowed the success of the measurement protocol
in depicting the overall snow variability for the purposes of the airborne SnowSAR-2
data validation to be assessed.
The results showed that on average there is less snow over open areas, such as lakes
and rivers, tundra and open bogs compared to forested land cover types (Fig. 13).
Although there was typically less snow over the open areas, these land covers showed
higher overall variability in snow depth based on the coefficient of variation (Table 6).
This variability appeared over shorter distances in forested land covers, indicating
abrupt changes due to snow-vegetation interaction compared to open land covers,
which had smooth variance due to wind processes and topographical effects in tundra.
SWE had in general similar spatial tendencies to snow depth, as its variability is usually
more driven by differences in snow depth than in snow density (Sturm et al., 2010). In
contrast, the spatiotemporal patterns of snow density were different: typically, higher
densities in open areas caused by wind packing, exposure to solar irradiance and
accompanied surface melting were measured compared to forested land cover types.
During some of the measurement days the range of different densities was also higher
in these open environments.
Applying one average density value for a land cover group per day potentially
introduced error for the distributed SWE estimates on the snow depth transects. It was
shown that individual density measurements can significantly differ from the averaged
value (Table 6). For open land covers with high spatial variability both in density and
snow depth, such a simplification could introduce a significant error in SWE if the areal
averaged mean is based on too few observations.
The results are consistent with other studies noting the higher snowpack spatial
heterogeneity over open areas in arctic and subarctic environments (Derksen et al.,
2014; Essery and Pomeroy, 2004). However, the campaign mainly captured the
middle of the snow cover period and early accumulation, and intense ablation were
not included. For example, Metsämäki (2012) noted that during the accumulation
period there is typically less snow in forests due to canopy interception compared to
open areas. On the other hand, snow in forests is better preserved, since the trees
shelter the snow from wind redistribution as well as from solar radiation – at some
point there is finally more snow in forests compared to open areas. As such, different
snow characteristics for peak accumulation and ablation periods may be obtained for
different land covers (Molotch and Bales, 2005). The results are always dependent on
the chosen land cover classification (Table 4): what type of forests are represented
and what types of openings are considered as ‘open’ areas. Here the large proportion
of wetlands, and incorporation of the precipitated snow into the surface ice layer, as
well as classifying treeless tundra and lakes and rivers as ‘open’ land covers, strongly
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affect the results drawn for ‘open’ areas and can be different from other conclusions
for other types of open landscapes.

55

56

Figure 13.
Boxplots of snow
depth over
different land
cover types
during the
SnowSAR-2
airborne
campaigns 2011–
12. Red lines
indicate the
median, the blue
box the first and
third quartile
representing the
middle 50 % of
the observations.
The whiskers
present the
minimum and
maximum values.
Outliers are
marked with black
crosses.
Observations
collected from
Saariselkä study
site are marked in
bold. Modified
from publication
A-III.
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Table 6. Coefficient of variation and the autocorrelation length ( 𝐿𝑒𝑥 ) mean, standard deviation and RMSD of the exponential fit for each
land cover group. The maximum and minimum difference (%) of the individual snow density observation compared to the land cover -wise
averaged mean density that represent s n number of measurements. RMSD (%) of the nominal snow depth measurement protocol (3
measurements every 100 m) for three transect lengths and number of snow depth samples to reach RMSD < 5 % and < 1 % over 50, 100
and 200 m transects. Modified from publication A -III.

5.2.2 Effect of sample size and spacing
The difference between the mean snow depths obtained via frequent (Magnaprobe
measurements) and sparse (snow probe measurements every 100 m) sample spacing
was, in general, statistically significant (with a significance level of 5 %) for all three
land cover groups studied: dense forests on mineral soil, open bogs and lakes and
rivers. These differences represented an up to 15 % ‘error’, but for most cases the
error remained below 10 % in relation to the mean snow depth.
The results from gradually increased equally spaced sampling over the 50–200 m
transects suggested that for most of the land cover types, fewer than 5 samples were
adequate to estimate the mean snow depth with an RMSD of less than 5 % of the
‘true’ snow depth. For barren land cover in the Saariselkä tundra, however, a slightly
higher number of samples was required to reach the same RMSD. In the Sodankylä
area, lakes and rivers required increased sample sizes compared to other land covers
present in the landscape. To reach an RMSD of less than 1 %, for any land cover,
more samples should have been collected. All land covers except field and meadows
with lower number of 200 m transects indicated that to reach an RMSD of less than
1–5 %, the required sample size increases along the length of the transect.
The simulation of the nominal snow sampling protocol showed, again, that the largest
errors (RMSD 19–20 %) are created over barren lands in the Saariselkä tundra area.
In Sodankylä, the error for lakes and rivers was slightly higher compared to other land
cover types in the area. The areal averages for snow depth and SWE weighted by the
land cover proportions for three different schemes of sample spacing (Magnaprobe,
100 and 500 m) indicated that the mean snow depth in the Sodankylä area was only
marginally affected by the different sample sizes. The largest relative differences
between the different sampling schemes were created for the Saariselkä test site (29
February) if the sample spacing and size were manipulated. Slightly larger relative
differences between the different areal averages for SWE were detected, which may
reflect the additional source of error from the density values generalized over land
cover types.
The results indicate that the commonly applied 100 m nominal snow depth sampling
distance can provide a representative mean value with approximately 10 % uncertainty
over the investigated transect lengths for land cover types where absolute snow depth
variability is modest. The uncertainty is related to the small-scale heterogeneity, which
is represented by the spatially frequent sampling with the Magnaprobe but is not
captured by the nominal sparse sampling protocol. The planned airborne SAR
aggregation levels will average out some of the small-scale variability. A meaningful
comparison between the ground and airborne datasets can be made when the two
datasets essentially represent similar scales (Wu and Li, 2009). However, the nominal
protocol is not equally adequate over areas with high absolute snow depth variability,
and it does not capture the finer-scale spatial variability in forested regions. Spatially
more intense sampling should be made to be able to capture, for example, the smallscale vegetation effect on the indirect snow depth or SWE retrievals (Watson et al.,
2006). The investigated transect lengths are comparatively short, and the absolute
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values could be different for different transects. However, the drawn conclusions are
comparable with earlier studies e.g. Trujillo et al. (2007) and Watson et al. (2006). The
obtained results always have to be interpreted in the context of the specific
environment and the vegetation and terrain complexity it represents (Yang and Woo,
1999). The characterization of the spatial heterogeneity of snow properties and the
uncertainty assessment of the point-wise measurements remains necessary in the
context of validating (hydrological) models and remote sensing retrievals (Trujillo and
Lehning, 2015).
5.2.3 Calibration – validation purposes
The significance of the in-situ datasets for the remote sensing of snow comes from
their contribution to the accuracy assessment. Quantitative estimates for the reliability
of indirect snow measurement methods are sought because the research community
and the policy-makers base their studies and decisions on these observations (Sterckx
et al., 2020). From the high spatiotemporal variability of (bulk) snow properties it
follows that for calibration and validation purposes it is important to cover the
interannual and seasonal variability with time series that span over the lifetime of an
individual satellite mission (Sterckx et al., 2020). It is equally important that all
parameters that affect snow retrievals are measured. In this way, the processes
causing uncertainty for the performance of the retrievals can be depicted.
The results obtained from a campaign dataset representing the accumulation period
of one winter only are time-specific and restricted to the type of environments
described. Although in A-III the different sample spacing and sample size were found
to introduce a statistically significant effects on the averaged snow depths, the relative
‘errors’ were acceptable in the scope of the SnowSAR-2 data validation purposes. The
comparatively low number of observations needed for spatially representative (error
<10 % or RMSD <5 %) snow depth average was partially explained by the short
lengths of the investigated transects (50, 100 and 200). To reach the same level of
confidence over longer transects or a more complex terrain, higher numbers of
samples would be needed.
For the calibration and validation purposes of the satellite and airborne retrievals, an
overall mean describing the main snow depth variability is often desirable. Averaging
is preferred, as it decreases the unresolved small-scale variability (Skøien and Blöschl,
2006), which is not in the scope of coarse-scale footprint of a satellite, and averages
out the observational error related to the individual measurements. In-situ sampling
should represent the land cover variability within the satellite scene, otherwise the
ground truth data becomes biased (Neumann et al., 2006). Sterckx et al. (2020) noted
it is important that the spatiotemporal coverage of the ground truth data is sufficient
for calibration and validation purposes and that the representativeness and uncertainty
related to it are well-known.
Biweekly or monthly collected manual snow transects have been used for hydrological
modeling and satellite data validation and assimilation purposes (Metsämäki et al.,
2005; Venäläinen et al., 2021). In the Sodankylä area, such transects have been
collected to support satellite mission preparations (Tanhua snow transects of 2009–
2014) and on a regular basis along the Sodankylä transect since 1959 (A-IV). The time
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series gives an opportunity to confirm some of the conclusions from the timely
restricted SnowSAR-2 ground truth dataset.
Fig. 14 presents the frequency of different measured snow depth values along the
Sodankylä transect for 2006–2015 separated into the land cover groups applied to the
SnowSAR-2 field dataset (Table 4). The majority of the 80 measurement points are
located over either dense forests on mineral soil or open bogs. These are the most
typical land covers over the area, and thus the snow transect can be considered to
represent the landscape. The multi-winter data reveal the high snow depth variability
over all land cover types, and this partially hides the differences between the open and
forested areas. The conclusion of open areas (open bogs, fields and meadows) having
less snow seems to be valid, but the absolute differences are relatively small. The
difference in mean snow depths, for example, between dense forests on mineral soil
and open bogs is 4 cm. The mean snow depths are highest for sparse forests, as the
vegetation shelters the accumulated snow from sublimation and wind transportation,
as well as trapping snow, but the forest canopy interception and direct sublimation are
less important compared to dense forests. The coefficient of variation shows similar
results to the SnowSAR-2 field campaign data: the CV for open bogs is higher
compared to dense forests on mineral soil.
Fig. 15 shows the same Sodankylä snow transect dataset as a time series, and the
differences related to land cover are more easily depicted. The snow transect mean
and the mean and standard deviation for the most common land cover types of sparse
forests on mineral soil and open bogs are presented. The standard deviation in snow
depths increases with snowpack height. Open bogs show higher deviation in the
measured snow depth values compared to dense forests on mineral soil. There is
usually less snow over open bogs compared to forests, except during the winter 2014–
15 accumulation period. Overall, the snow transect mean settles between the mean
values of open bogs and dense forests on mineral soil. However, the snow transect
mean is usually closer to the mean value representing the dense forests on mineral
soil despite the forested (34 locations) land covers being less represented compared
to open areas (45 locations). The time series reveal that although the absolute snow
depth values change between winters, the patterns between land cover types are
preserved, as the snow accumulation is driven by processes that have less interannual
variability (climate, topography, vegetation) (Liston, 1999).
For the development and validation of physical snow models or snow retrieval
algorithms, the snow microstructural properties, available from snow pit observations
are needed. For these purposes, time series data are relevant to follow the snowpack
evolution. While the weekly or biweekly approach (A-IV) is a good compromise for
limited resources for manual observations, the time resolution may be inadequate to
evaluate high-resolution snow models (Calonne et al., 2020). With the advances in
indirect snow measurement techniques and modeling, the demands for higherresolution validation data increase. The manual Sodankylä snow survey program can
serve the calibration and validation purposes well, as it comprises a wide set of
different type of measurements with time series data and also depicts the spatial
variability with measurement sites distributed over different types of land cover. The
weakness of the standard manual snow measurement program and the automatic
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observations to depict processes acting at finer scales or wider areas can be
complemented with timely short, targeted field campaigns, such as the SnowSAR-2
field campaign. However, the scarcity of the in-situ data considering the hemispherical
coverage of satellite observations remains a challenge for satellite calibration and
validation purposes (Sterckx et al., 2020). While the manual Sodankylä snow
measurement program is comprehensive and seems to reflect the overall average
snow depth variability over the boreal landscape when compared with the SnowSAR2 ground truth dataset with wider spatial coverage, it seems to be limited to one type
of environment only. ‘Conservative’ snow parameters such as snow density in
particular, which is typically not included in the distributed manual snow measurement
programs, but also lacks methods for validated automatic measurements, set a
challenge for satellite snow retrieval and its validation.
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Figure 14. Frequency of different snow depth (cm) observations along the Sodankylä
snow transect between 2006–2015 (data digitally available) sampled to correspond the
generalized land cover types applied in paper A -III (transect does not take place over
lakes and rivers , and barren lands are not present in the Sodankylä area). The snow
transect comprises equally spaced 80 measurement points and the number
representative for each land cover is presented on the right. In addition, the coefficient
of variation (cv), maximum (max) and mean snow depths (cm) determined from the snow
transect time series are presented. The dashed line shows the overall snow depth mean.
Observations of 0 snow depth are omitted from the plot.
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Figure 15. The snow depth average for the Sodankylä snow transect (red dot) for 2006–
2015. The average snow depth over dense forests on mineral soil and open bogs and
their standard deviation (whiskers) over the same transect are represented by orange
and black circles respectively. Observations of 0 snow depth are omitted from the plot.
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6. Conclusions and future work
This thesis analyzed in-situ data of boreal and tundra snowpacks for the purposes of
the validation and accuracy assessment of snow remote sensing methods. The high
reflectivity of snow, its low thermal conductivity and its role as a water reservoir make
accurate information on snow cover extent vital for the assessment of climate change
and for numerous applications from the local to the global scale.
Optical remote sensing of snow cover is based on the high reflectivity of snow
compared to other natural surfaces. Optical snow cover mapping encounters
challenges over heterogeneous landscapes where the image pixel reflectance is
simultaneously affected by several target categories within the pixel. Linear unmixing
or inverse model-based methods can be used to resolve FSC within a satellite pixel.
These methods require knowledge of the average spectral properties of the model
parameters/spectral endmembers present in a landscape, such as snow, snow-free
ground and boreal forest canopy. Inaccuracy in the average endmember reflectance
will cause systematic error (bias) in the final snow cover maps i.e. the FSC will be
consistently too high or too low. The statistical random error of the final FSC maps can
be estimated based on the observed variability in the endmember reflective properties.
The spectral behavior (mean and variance) of several boreal snow types was
experimentally determined in dark laboratory conditions (A-I) where the observed
values better represent the actual target properties compared to field observations,
where other disturbing factors contribute to the measurements. These statistical
results are especially relevant for the SCAmod FSC method, where the current
reflectance representation of snow is entirely based on field spectroscopy
observations. The results suggested that the representation for wet snow may need
refinement, as the value observed in the laboratory was significantly lower than that
currently applied in SCAmod FSC retrieval. Similarly, lower variability in the snow
reflectance compared to field measurements was observed in laboratory conditions.
A further investigation of these issues would directly improve the uncertainty estimates
for satellite-based fractional snow cover maps. The snow reflectance behavior at
satellite sensor bands that are typically used in optical snow cover mapping, showed
that snow reflectance is insensitive to different band configurations in visible
wavelengths, but the effect is slightly enhanced for near-infrared and short-waveinfrared bands, as these electromagnetic regions are more sensitive to snow
properties. As a limitation, the conducted laboratory experiments comprised one angle
of illumination only. Evidently, further research would be needed to estimate the effect
of different angles of incident light on reflectance. Furthermore, simultaneous
observations of snow transmittance could benefit optical snow remote sensing for
shallow and partial snow cover but may be challenging to implement.
To further support the accuracy refinement and validation of optical satellite-based
snow cover products, the thesis introduced a collection of multi-scale reflectance
measurements representing endmembers present in boreal landscape (A-II). The
possibility of gradually increasing the complexity of composition of scene reflectance
facilitates the interpretation of satellite observations that can represent areas from a
few tens of meters to a kilometer scale. As all platforms described in A-II have their
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specific weaknesses (and strengths), the quantification of the precision and
uncertainty characteristics for each platform would be of utmost importance. This
would benefit the validation work, as the uncertainty emerging from different sources,
for example from atmospheric correction or from the measurement uncertainty of insitu datasets themselves, could be identified. Common standards for the in-situ
metadata description and methods applied for uncertainty and quality estimations
would improve the usability of the limited in-situ observations. Multi-scale observations
are specifically relevant for the validation of snow cover satellite remote sensing
retrieval over areas of heterogeneous landscape.
The spatiotemporal variation of snow depth, SWE and snow density appeared to be
different for the open and forested land cover types. These differences were
highlighted between the boreal study site in Sodankylä and the oroarctic study site in
Saariselkä (A-III). Furthermore, the relevance of point-wise observations of snow
depth, with different sample spacing and sample size, to offer representative mean
values for remote sensing data validation was studied. The results confirmed overall
satisfactory results for the application of the data as a validation source for airborne
SAR retrievals of bulk snow properties (error <10 %), but also revealed the
dependency of the mean value on the applied sample spacing and sample size. To
reach equal error estimates for different land cover types, relatively more samples,
meaning more frequent spatial sampling from areas representing high snow depth
variability, such as barren lands in tundra, should be collected. It was also noted that
in boreal and tundra land covers, the role of snow density for correct SWE estimates
may be enhanced, as the relative variability of snow depth is modest compared to
more complex terrains or larger spatial scales. While the extensive dataset of bulk
snow properties was restricted to one winter only, the fact that the local-scale snow
characteristics are controlled by processes with little interannual variability makes the
results useful for planning future field campaigns in the area. The limitation for the
analysis of snow spatiotemporal variability was the focus on snow depth, as fewer
SWE observations were collected during the field campaign. It would be interesting to
further extend the analysis of snow spatial variability, keeping in mind that the satellitebased snow retrievals typically represent wider spatial areas than studied in this thesis.
The distribution of snow microstructural properties/grain size over a satellite image
pixel would be particularly relevant.
The sustainability of the Sodankylä manual survey program over several years now
makes it a valuable source for satellite calibration validation and retrieval model
development research (A-IV). To fulfill the requirements for advancing snow cover
detection methods, the program should be continuously revised to possibly include
new field measurement methods. It would be equally important to continue collecting
conventional measurements to allow validation of new instrumentation and to offer
consistent datasets. Although there are also few other sites with long-lasting manual
snow measurement programs, only the Sodankylä program represents snow in
European taiga. The challenge of the program to fulfill the calibration validation
demands is the continuous balancing between the available resources and the
demands for higher spatiotemporal accuracy for the observations. The extensive
datasets obtained in this work are also useful for other research in the future and are
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openly available in a data repository (A-I, A-II), via ESA campaign web page (A-III) or
upon request for manual measurements in A-IV.
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Abstract
Spectral reflectance of natural snow samples representing various stratigraphies was investigated
in a controlled dark laboratory environment. Mean and Std dev. of band specific reflectance
values were determined for several satellite sensor bands utilized in remote sensing of snow.
The reflectance values for dry, moist, wet and wet and littered snow for different instruments varied between 0.63–0.97 in the visible and near-infrared bands at an incoming light zenith angle of
θ = 55°. The results indicate that in MODIS band 4 (545–565 nm), essential to snow mapping, the
reflectance of snow drops by 9% when dry snow changes to wet snow and by a further 10% when
typical forest litter inclusions exist on the wet snow surface. A separate investigation of individual
snow types revealed that they can be grouped either as dry or wet snow based on their spectral
behavior. However, some snow types were located between these two distinct groups, such as
snow with near-surface melt-freeze crusts, and could not be clearly distinguished. The reflectance
statistics collected and analyzed here can be directly used to refine accuracy characterization
and parametrization of snow mapping algorithms, such as the SCAmod method, used for the
mapping of snow cover area.

1. Introduction
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Seasonal snow cover is linked with the surrounding environment through feedback mechanisms which may intensify or weaken global environmental change. Because snow has high surface albedo, the extent of terrestrial snow cover has a significant effect on the planetary
radiation budget (Groisman and others, 1994; Brown and Robinson, 2011). The disappearance
of snow or changes in the snow depth or in the length of the snow cover period will induce
changes in the underlying permafrost, seasonal soil frost and in the vegetation carbon uptake
further linking the snow cover changes with the global carbon cycle (Pulliainen and others,
2017). These make the extent and duration of snow cover vital variables for climate change
research (Vaughan and others, 2013) and emphasize the need for continuous and correct
snow cover information.
Due to the high reflectance of snow in the visible (VIS) and near infrared (NIR) parts of the
electromagnetic spectrum, optical satellite remote sensing is an efficient method to monitor the
extent and duration of snow cover (Dietz and others, 2012). By nature the snow reflectance is
variable both spatially and temporally, and it exhibits considerable changes, from the dry
snow period through the melt season due to snow metamorphism, melting, addition of impurities and changing measurement and illumination geometry (Warren, 1982; Hall and others,
1992; Winther, 1993; Pulliainen and others, 2014). The dependency of different snow reflectance
quantities on the prevailing environmental and observational conditions, and their implications
for optical remote sensing have been widely investigated in the literature (Zhou and others, 2003;
Dozier and others, 2009; Painter and others, 2009). Spectral unmixing or inverse model-based
methods can be used to retrieve the snow cover area (SCA), or within a satellite pixel, the fractional snow coverage (FSC) from the optical satellite data (Vikhamar and Solberg, 2002, 2003;
Painter and others, 2003, 2009; Metsämäki and others, 2005, 2012, 2015; Dozier and others,
2009). These methods describe the scene reflectance as a combination of spectral signatures
of model parameters (i.e. end-members), such as snow, forest canopy and snow-free ground.
Thus the derived snow cover estimates are sensitive to the inadequate description of the predetermined input parameter variability, such as snow reflectance that is further propagated to the
uncertainty of the snow cover maps (Salminen and others, 2009, 2018; Metsämäki and others,
2015). The reflectance of an end-member and its variability can be determined by field measurements, modelling or by the optical satellite data itself. The variability of the snow reflectance, on
the other hand, is a function of its physical properties such as liquid water content and grain size
but is also dependent on the view-illumination geometry (Vikhamar and Solberg, 2002). Thus
snow reflectance information gathered in the laboratory or in the field with concurrent in situ
measurements, describing the micro- and macro-physical characteristics of snow, can be utilized
to further develop the snow algorithms used in satellite remote sensing, and to decrease the existing uncertainties of retrievals.
In this study, earlier estimates of snow reflectance obtained by modelling (Green and
others, 2002; Painter and Dozier, 2004; Kokhanovsky and others, 2005) and field measurements (Aoki and others, 2000; Peltoniemi and others, 2005; Salminen and others, 2009)
were complemented and extended by quantifying snow reflectance variability under controlled
laboratory conditions by measuring a notable amount of undisturbed samples of natural boreal
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snow. The aim was to investigate the effects of snowpack characteristics, including organic matter inclusions, without the typical
inaccuracies related to field measurements (due to changes in illumination conditions between measurements, tilts in snow surface/
surface roughness and challenges in calibration), and thereby,
offer more accurate snow reflectance information to be used as
an input for snow cover mapping algorithms.
The four main snow types investigated were (1) dry snow; (2)
moist snow; (3) wet snow and (4) wet snow with a littered snow
surface. Six different dry snowpack conditions were investigated
and one snow occasion represented dry snowpack with moist
surface snow. Spectroradiometer observations from wet snow
samples with an un-littered surface were obtained for two occasions and one measurement occasion represented wet snow
with a littered surface. Multiple samples for each snow condition
were measured and Std dev. for each snow type was defined from
sample-wise reflectance variability. Although the most important
impurities decreasing snow surface albedo are soot, continental
dust and volcanic ash (Warren, 1984), the organic material originating from surrounding trees and snow-free patches (Winther and
others, 1999) lower the snow surface albedo and enhance the solar
absorption. This increases snowmelt and changes snow surface
roughness when the litter particles are melting through the
snow and may hamper SCA estimation from satellite data
(Melloh and others, 2001). However, there has been little investigation regarding the effect of the organic material on snow spectral reflectance, although this may be a significant factor during
the melt season, in particular in forested areas.
The measurement data of different snow types were resampled
to correspond to various relevant satellite instrument bands with
slightly different band configurations, in order to quantify the
effect of these differences on the snow reflectance. This comparison
indicates the possible effect of slightly varying channel configurations on snow reflectance, which is relevant concerning the use
of different satellite instruments (e.g. Sentinel-2 and −3) for the
mapping of snow cover. These algorithms typically apply reference
(end-member) reflectances of the Earth’s surface spectral contributors (Vikhamar and Solberg, 2002, 2003; Painter and others, 2003,
2009). In addition, resampling of reflectance of all the measured
snow types to correspond to various bands of one sensor,
moderate-resolution imaging spectroradiometer (MODIS), was
implemented, and the corresponding normalized difference snow
index (NDSI) calculated to investigate the sensitivity of these
often applied band indices for varying snow microstructures.
Finally, the results obtained here were compared with the field
dataset (Salminen and others, 2009) currently used for the characterization of the snow reflectance and its variability in the semiempirical reflectance model-based method (SCAmod), operated
by the Finnish Environment Institute (SYKE) (Metsämäki and
others, 2005, 2012, 2015). The SCAmod method derives the
fractional snow coverage within a satellite pixel by inverting a
radiative transfer-based forward model which describes the
scene reflectance as a combination of snow-free ground, (wet)
snow cover and forest canopy. An average and Std dev. of snow
reflectance has been determined from observations executed in
various illumination and snow circumstances. Thus the measured
reflectance variability is due to both changes in illumination conditions and in the snow properties which may result in increased
uncertainty in the FSC estimate.
2. Quantification of snow reflectance variability
In earlier research, the effects of the snow microstructure on the
reflective properties of snow, and vice versa, the retrieval of different quantitative snow parameters (e.g. surface albedo and grain
size) from snow reflectance data have been studied through
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models (Xie and others, 2006; Painter and others, 2009). The
characteristics of snow reflectance have been studied both in the
field, and in the laboratory with artificial snow or by destroying
the original snow microstructure (Nakamura and others, 2001;
Kaasalainen and others, 2006). To our knowledge, only
Dumont and others (2010) have executed bidirectional reflectance
distribution function (BRDF) laboratory measurements with four
(n = 4) natural undisturbed (alpine) snow samples. In the initial
state three of these samples represented wet snow and one dry
snow. Although controlled laboratory measurements (Zender
and others, 2009; Hadley and Kirchstetter, 2012; Lv and Sun,
2014) may offer valuable information, these may not capture
the complexity of snow under natural conditions. The advantages
in the laboratory, however, are the control of exact geometrical
measurement conditions and the almost nonexistent part of the
diffuse irradiation (Sandmeier and others, 1998). The disadvantages are the possible mechanical and thermal stress that may
affect the microstructure of the snow sample during sampling
and between the time of the sampling and the measurements,
the difference between the lamp and the sun irradiance with
respect to remote sensing applications, and the possible fluctuations of the artificial illumination intensity. Available facilities,
size of the sampled snow and the characteristics of the sample
container often limit the measurement geometries in the laboratory. On the other hand, it is difficult to control all the desired
parameters in the field. In particular, the portions of diffuse
and direct components of light, which are dependent on cloud
cover and atmospheric composition, affect irradiation spectral
distribution (Warren, 1982) and can change fast.
The measured reflectance values of this study approximate to
the conical–conical reflectance factor (CCRF), the measureable
quantity of the bidirectional reflectance factor (BRF)
(Schaepman-Strub and others, 2006). BRF is defined as the ratio
of the reflected radiant flux of a distinct surface area to the reflected
radiant flux of a perfectly Lambertian surface of the same area in
the same view and illumination geometry (Nicodemus and others,
1977). Here, the general term of spectral reflectance is used to refer
to CCRF. Field and satellite sensor reflectance measurements are
usually mentioned to approximate to BRF if the illumination is
composed only of a direct component and the field of view
(FOV) is small (Bruegge and others, 2000). Top-of-atmosphere
reflectance observed by a satellite can be converted to a
bottom-of-atmosphere (BOA) value by using an atmospheric
correction which is also a significant source of error in the BOA
estimates (Claverie and others, 2018). As such, laboratory results
can be compared with reflectance values observed in the field
and from a satellite under clear sky conditions. However, the
instrument FOV and the angular pattern of the incoming irradiance are always different between the measurements made from
a satellite and those executed at ground or in a laboratory (even
if atmospheric correction is assumed to be ideal).

3. Material and methods
3.1. Snow sample collection and reference data
All measurements were made in the Arctic Space Centre of the
Finnish Meteorological Institute (FMI-ARC), located in
Sodankylä, northern Finland (67.368 N, 26.633 E). The measurements were conducted over eight days in the springs of 2013–15
and were executed in a dark laboratory. Snow samples were collected
in the immediate vicinity of the laboratory – with one exception in
2014 when samples were collected from a nearby wetland site.
For each snow type, several samples (sampled from the
same ∼ 5 m × 5 m homogeneous area) were taken and measured.
The snow was sampled by cutting an even wall into the snowpack

–
7.57
2.97
5.31
D_shadow13
W_litter13
W_pure14
W_pure13
20130321
20130418
20140416
20130418

Air temperature during each sampling date, the average liquid water content and the average density for the sampled snow depth of 23 cm are presented. The typical visual maximum grain diameter (Dmax) was weighted by the respective layer depth and averaged
separately for the whole snow sample depth and for the 10 cm surface layer. The optical equivalent grain diameters (D0), derived from the averaged SSA-values, are accordingly presented if measurement data were available. SSA measurements in 20130418 are marked
with **as the snow wetness might have been in the limit of the measurement capability of the instrument. In the last two columns, the number of snow samples taken from each snow type and the number of spectral acquisitions executed from each snow sample are
shown. Snow types are ordered by increasing average Dmax (23 cm).
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30
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9
25
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0.75
1.00
1.00
1.00
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1.00
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387
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15
15
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0.17
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0.40
1.00
0.50
0.50
0.55
0.50
0.20
0.37

0.57
0.57
0.63
0.63
0.66
0.73
0.71
–
–
0.76
0.84
0.91
20150323
20150202
20130321
20140227
20140220
20140327

Dry
Dry
Dry
Dry
Dry
Moist
surface
Dry
Litter
Wet
Wet

D_small15
D_dendrites15
D_sun13
D_crust14
D_decomposed14
M_rimed14

−3.9
−12.7
−6.2
−1.3
−9.9
3.2

231
148
232
232
192
271

No. of snow
samples
Ave. D0 (mm)
10 cm
Ave. Dmax (mm)
10 cm
Ave. D0 (mm)
23 cm
Ave. Dmax (mm)
23 cm
Snow cutter density
(kg m−3)
Snow fork wetness
(%)
Air (°
C)
Acronym
Snow type
Sampling
date

Table 1. The sampling dates (YYYYMMDD), the snow types measured and the corresponding snow type acronyms during the laboratory experiments

and carefully pushing an aluminium sampler (35 cm × 35 cm)
into the snow, placing the sample in an insulated black box
after removal. The measurement room had been cooled by air
conditioning and cool air flowing from outside while moving
the samples, but air temperatures below zero were not achieved.
The snow sampler had been painted inside with a black matte
color and the sampler depth was 23 cm. The maximum penetration of light into snow occurs around the blue region (Warren,
1982). King and Simpson (2001) reported 480 nm irradiance to
decrease into ∼3% of the original value at the depth of 20.5 cm
within homogeneous snow with a typical grain size of 0.2 mm
and a density of 0.24 g cm−3. Comparison of several measurement
results of liquid equivalent e-folding depths (density scaled penetration depth) for snow presented by King and Simpson (2001)
showed a maximum penetration depth of 6.5 cm. As such, we
considered the sample to be deep enough to minimize the
absorbing effect from the sampler bottom.
All sampling dates, snow types and the corresponding acronyms are presented in Table 1. During the first measurement
day, dry snow from a shadowed area (D_shadow13) and an area
exposed to direct sunlight (D_sun13) were sampled. During the
second laboratory day, samples from pure wet snow (W_pure13)
and wet snow affected by surface litter (W_litter13) were collected.
The litter was mainly composed of yellowish needles and seeds
fallen from the nearby pine and birch trees, and in part of the
cases, of brown-yellow thin fragments of bark and grey lichen.
In 2014–15, four dry snow types, D_decomposed14, D_crust14,
D_dendrites15 and D_small15, one dry snow type with moist surface
snow M_rimed14, and one wet snow type W_pure14 were sampled.
The acronyms follow the sampling year and the snow type in general (wet/moist/dry/pure/litter) or is referring to the snow grain
type on the sample surface. The snow type was defined wet if
the average fraction of liquid water was ≥ 3% (Fierz and others,
2009) and the snow temperature profile was at 0 C° indicating
melting. Accordingly, the snow type was considered dry if the
fraction of liquid water was <1% and the snow temperature profile
was below 0 C°. The temperature profile of M_rimed14 was otherwise below zero but the moist surface layer was affected by the
above zero air temperatures. Thus we separated M_rimed14 as
moist snow. An example of the snow sample of D_sun13,
W_pure13 and W_litter13 is presented in Figure 1.
Snow pit measurements were made at representative sites of
each sampling area in order to record the differences between
the snow types. Snow layers were visually detected based on hardness, density and grain size differences. Snow grains of each layer
were macro-photographed against a one millimetre grid, and the
average snow grain size was discretized to every 0.25 mm on the
basis of the typical maximum grain diameter (Dmax). A snow
grain type for each layer was defined (Fierz and others, 2009).
The specific surface area (SSA) of the snow grains in every
3 cm was measured with IceCube, manufactured by A2 photonic
sensors, France (Gallet and others, 2009). The instrument measures hemispherical reflectance of snow at 1310 nm which is
related to SSA (e.g. Domine and others, 2006). The SSA-value
describes the relationship of the snow grain surface area to its
volume. An optically equivalent ice sphere diameter of the snow
grains (D0) can be derived from the SSA values by using the theoretical relationship between SSA and the optical grain diameter
(e.g. Kokhanovsky and Zege, 2004). However, IceCube was not
available during all the measurement days and on 18 April
2013 the snowpack was very wet, possibly too wet for laser detection, the measurement principle of the instrument. Thus these
results should be interpreted with care. Additionally, temperature
(every 10 cm) and density (every 5 cm) profiles were recorded,
and Snow Fork (Sihvola and Tiuri, 1986) measurements, offering
density and liquid water content information, were made every
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Fig. 1. Example of (a) a dry snow sample (D_sun13), (b) a wet and pure snow sample (W_pure13) and (c) a wet and littered snow sample (W_litter13).

Fig. 2. A photo and a schematic of the laboratory measurement setup. (a) The measured reflectance values were defined to approximate to the CCRF, the measurable quantity of the BRF (Schaepman-Strub and others, 2006) and analogously to Salminen and others (2009). The light zenith angle during the measurement is
denoted by θ. In (b) the geometric details of the measurements are shown including the effect of the non-collimated light source on the actual incident zenith
angles/irradiance levels. The transparent grey box in the sample bottom illustrates the area (not in scale) shaded by the sample holder edge when the 25° FOV was
used. The angle θ0 for 25° FOV is represented with a dashed line.

10 cm. Every snow sample of W_litter13 was photographed for later
analysis of the surface organic matter contents.
3.2. Laboratory setup
The collected snow samples were measured with an ASD Field
Spec Pro JR Spectroradiometer (ASD Inc., Boulder, Co, USA).
The instrument measures spectral radiance between 350–
2500 nm with one silicon photodiode array (350–1050 nm), and
two indium gallium arsenide photo-diode detectors (900–
1850 nm and 1700–2500 nm). The measurement head was set
at nadir at a height of 25 cm from the snow sample surface
(Fig. 2). In 2013 a bare fiber optic with FOV of 25° was used.
In 2014–15 a foreoptic with FOV of eight degrees was used.
These corresponded to footprint sizes (support) of 3.5 cm and
11.08 cm for 8° and 25° FOV, respectively. The small footprint
reduced the effects of nonparallelism of the light source
(Sandmeier and others, 1998), which was a 1000 W Tungsten
halogen lamp, calibrated to 250–2500 nm. During measurements,
the lamp current was controlled and kept at 8 (± 0.0008) A.
One light zenith angle (θ = 55°) was used resembling the
typical sun zenith angle at high latitudes during late spring. To
solve the spectral reflectance, a calibrated white reference panel
(Spectralon) representing a nearly Lambertian reflector was

measured at the beginning and at the end of each measurement
session. From each snow sample, 10–30 spectra were measured
at one second intervals (Table 1). The number of individual spectral acquisitions was decreased from 30 and 20 to 10 when snow
types representing new or nearly new snow were to be measured
as these snow types are subject to fast metamorphism.
3.3. Spectral data post-processing
In post-processing the (30/20/10) spectra of each snow sample
were averaged. The average absolute reflectance R(λ, θ) of the
snow was determined at each wavelength:
R(l, u) = RCal (l) ×

L(l, u)
L0 (l, u)

(1)

where RCal(λ) is the spectral calibration coefficient of the white reference panel provided by the manufacturer, L(λ, θ) is the averaged
radiance (W m−2 sr−1 nm−1) of snow at the wavelength λ and at the
light zenith angle θ and L0(λ, θ) is the measured average radiance of
the reference panel. An average and Std dev. of spectral reflectance
for each snow type were determined based on spectral data of the
snow samples, i.e. Std dev. indicates the deviation between different
snow samples of each investigated snow type.
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To assess the implications of different snow types and various
band configurations for SCA estimation, spectrometer-derived
spectral reflectances were resampled to correspond to relevant
instrument channels specified in Table 2. For each snow sample
measurement, a weighted average based on the wavelength
dependent relative spectral response functions (SRF) made available by the data providers was calculated. The snow samples were
grouped as dry snow (all dry snow types), moist snow (M_rimed14),
wet snow (W_pure13 and W_pure14), or wet and littered snow
(W_litter13) and an average and Std dev. (deviation between different samples of the same snow type) of the observed reflectance at
each band was determined. To investigate the sensitivity of band
reflectance on varying snow microstructures, separate resampling
of all the measured snow types to correspond to bands of one sensor, MODIS, was implemented, and the respective NDSI indices
calculated. MODIS is currently one of the most widely used
instruments for SCA mapping. The amount of the organic material for W_litter13 was determined from digital images by comparing
the number of pixels consisting of organic litter vis-à-vis to pixels
consisting of pure snow within the FOV of the instrument.
Finally, average and Std dev. of MODIS band specific reflectances for wet and dry snow types were compared with those
obtained by field spectroscopy and provided by Salminen and
others (2009). Reflectance characterization of the SCAmod
method currently relies on this field dataset. The field measurements have been collected in the surroundings of FMI-ARC in
2007–08 with a similar ASD Field Spec instrument as used in
this study and the average and Std dev. of reflectance for wet
and dry snow represent conditions described in Table 3. Snow
was categorized as wet or dry based on snow temperature
measurements and the so-called snowball test. If the snowpack
surface was moist the snow type was categorized as wet.
3.4. Geometric limitations and sources of error and uncertainty
With a noncollimated light source, the irradiance reaching different points of the snow sample had a gradient. Figure 2b shows
how the light zenith angles corresponding to the irradiance reaching the nearest (θ1) and furthest (θ2) points of the nominal FOV
on the sample surface, as well as the angle corresponding to the
irradiance reaching the FOV edge in the snow sample bottom
(θ0) are deviated from θ = 55°, determined for the middle point
below the measurement head. The responsivity of the ASD
optic fibers is not uniform within the FOV meaning that radiance
at different wavelengths may have been measured from different
locations (Mac Arthur and others, 2012). Combined with the
noncollimated light source this constructional characteristic of
the instrument may affect the comparability of the results of different wavelengths. With eight degree FOV the nominal support
was small (3.5 cm) and the difference in the light zenith angle
θ2–θ1 within the nominal FOV on the sample surface was 0.6°
at the highest, whereas the light zenith angle at the bottom of
the sample (θ0) deviated 6.3° from the nominal zenith angle
(θ). Mac Arthur and others (2012) found the responsivity of different detectors in ASD to both overlap more and better fill the
nominal FOV when smaller support was used. The corresponding
backscattering angles reaching the instrument within the FOV
varied between 51.3–58.7° and 41.5–43.5° for 8° and 25° FOV,
respectively (when direct backscatter is noted by 0°).
Due to the low illumination angle, the possible blockage of
irradiance by the snow sampler leading edge was investigated.
With eight degree FOV there was no shading of irradiance. In
2013, a 25° FOV was used, potentially increasing the sources of
error described above. For these measurements, the deviation in
light zenith angles within the instrument FOV is shown in parenthesis in Figure 2b. The light zenith angle at the bottom of the
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sample (θ0) deviated 7.8° from the nominal zenith angle, whereas
the maximum difference in the light zenith angle within the surface
support was 2°. With 25° FOV, the sample holder edge blocked
some of the incoming irradiances. However, this mostly affected
the response from the sample bottom closer to the light source
where the path length of the incoming irradiance within snow is
long, leading to an attenuation of the irradiance close to zero.
Many studies suggest that most of the responses of snow reflectance
are coming from the ∼10 cm surface depth (Wiscombe and
Warren, 1980; King and Simpson, 2001; Zhou and others, 2003).
With the larger FOV the measurement error and uncertainty were
increased due to the combination of a noncollimated light source
and the biased responsivity of the spectroradiometer. To extend
the available dataset, these measurements were retained in the analysis but are marked with an asterisk in the following sections.
Other possible sources of error and uncertainty in the laboratory included anisotropic characteristics of the reference panel
and the possible stray light generated by any reflecting surfaces.
The accuracy of light zenith angle adjustment was not determined
during the experiments. For example, an error of + /− 1 cm in the
lamp height would introduce a deviation of + /− 0.26° from the
desired zenith angle of 55°.
The consequent radiance acquisitions (10–30) of each snow
sample and reference panel allowed the estimation of the
integrated precision of the measurements. This was defined by:
S(l, u) =

1
N


Ls1 (l)2 + Ls2 (l)2 + · · · + L2sN

(2)

where S is the precision, and Ls1 and Ls2 are the standard deviations of either the spectralon (n = 2–4) or snow (n = 10–30) radiance acquisitions at wavelength λ for the individual reference
panel and snow samples 1 – N, respectively. Excluding the
areas of the low signal-to-noise ratio (SNR) in the beginning
and in the end of the spectrum (<400 nm, >2200 nm) and around
the detector edges (1000 nm and 1800 nm) the precision error for
snow radiance was between ∼8.0 × 10−7–1.0 × 10−5 W m−2 sr−1
nm−1 and for reference panel radiance between ∼2.0 × 10−6–
8.0 × 10−6 W m−2 sr−1 nm−1. Any fluctuation in the stability of
the instrument or measurement conditions will be integrated
into the observed reflectance values. Defining S from the standard
deviations of individual snow sample reflectances, defined against
the daily averages of 2–4 reference measurements, showed that S
varied between 0.0003–0.002 for most of the wavelengths (excluding the areas of low SNR). For the second shortwave infrared
(SWIR) detector (1700–2500 nm) S was lower, varying between
0.003–0.004. For snow with a reflectance value of 0.93 these
would show a difference of 0.03–0.21% for the first two detectors
and 0.32–0.43% for the second SWIR detector.
Separated from the statistical deviations described above are
the instrumental uncertainties. The ASD Field Spec utilized in
the measurements has undergone absolute radiance and wavelength calibration at the manufacturer on a regular basis. Dark
current is a property of the detector, the amount of electronic current due to thermal electrons added to that induced by the incoming photons. Twenty-five dark current measurements were taken,
averaged and automatically subtracted from each measured target
or reference panel spectrum. The SNR was increased by spectrum
averaging. The noise is more apparent where the measured signal
strength is low as it was in the range of the second SWIR detector
showing the lower precision values above.
Snow always experiences some mechanical and thermodynamic
stress when separated from the natural snowpack; slight changes e.g.
in snow surface grains may have evolved during the laboratory measurements especially due to the change in ambient temperature.
However, this effect was kept small by minimizing the time between
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Table 2. Mean and Std dev. of different satellite instrument band specific reflectance values derived from the laboratory measurements
Snow type
Instrument
VIS
Terra/Aqua
MODIS
Landsat-5
TM
Sentinel-2
MSI
Suomi-NPP
VIIRS
Sentinel-3
OLCI
Sentinel-3
OLCI
Landsat-8
OLI
VIS
Terra/Aqua
MODIS
Landsat-5
TM
Sentinel-2
MSI
Sentinel-3
OLCI
Landsat-8
OLI
NOAA
AVHRR/3
NIR
Terra/Aqua
MODIS
Landsat-5
TM
Sentinel-2
MSI
Suomi-NPP
VIIRS
Landsat-8
OLI
NOAA
AVHRR/3
SWIR
Terra/Aqua
MODIS
Landsat-5
TM
Sentinel-2
MSI
Landsat-8
OLI
NOAA
AVHRR/3
NDSI-index (MODIS)
(B4-B6)/(B4 + B6)

Band (nm)

Bandwidth (nm)

D_snow
Mean

Std

M_snow
Mean

Std

W_snow
Mean

Std

W_litter
Mean

Std

Band 3
(459–479)
Band 1
(450–520)
Band 2
(458–523)
Band M3
(478–488)
Band 3
(438–448)
Band 4
(485–495)
Band 2
(450–510)

20

0.97

0.05

0.97 (−0.0)

0.07

0.87 (−9.7)

0.05

0.78 (−19.8)

0.12

70

0.97

0.05

0.97

0.07

0.88

0.05

0.78

0.12

65

0.97

0.05

0.97

0.07

0.88

0.05

0.78

0.12

10

0.97

0.05

0.97

0.07

0.88

0.05

0.78

0.12

10

0.97

0.05

0.97

0.07

0.87

0.06

0.77

0.12

10

0.97

0.05

0.97

0.07

0.88

0.05

0.78

0.12

60

0.97

0.05

0.97

0.07

0.88

0.05

0.78

0.12

20

0.97

0.05

0.97 (−0.0)

0.07

0.88 (−9.2)

0.05

0.79 (−18.5)

0.12

80

0.97

0.05

0.97

0.07

0.88

0.05

0.79

0.12

35

0.97

0.05

0.97

0.07

0.88

0.05

0.79

0.12

10

0.97

0.05

0.97

0.07

0.88

0.05

0.79

0.12

60

0.97

0.05

0.97

0.07

0.88

0.05

0.79

0.12

100

0.96

0.05

0.96

0.07

0.87

0.05

0.79

0.11

35

0.90

0.06

0.87 (−2.5)

0.07

0.73 (−18.1)

0.05

0.67 (−24.8)

0.11

140

0.90

0.06

0.89

0.07

0.74

0.05

0.68

0.11

20

0.89

0.06

0.86

0.06

0.72

0.05

0.66

0.11

39

0.89

0.06

0.87

0.06

0.72

0.05

0.66

0.11

30

0.89

0.06

0.86

0.06

0.72

0.05

0.66

0.11

275

0.88

0.06

0.84

0.06

0.70

0.06

0.63

0.10

24

0.12

0.03

0.03 (−76.8)

0.00

0.05 (−63.8)

0.04

0.02 (−87.1)

0.01

200

0.15

0.04

0.03

0.00

0.05

0.05

0.02

0.01

90

0.11

0.03

0.03

0.00

0.04

0.04

0.01

0.01

80

0.11

0.03

0.02

0.00

0.04

0.04

0.01

0.01

60

0.11

0.03

0.02

0.00

0.04

0.04

0.01

0.01

Band 4*
(545–565)
Band 2
(520–600)
Band 3
(543–578)
Band 6
(555–565)
Band 3
(530–590)
Band 1
(580-680)
Band 2
(841–876)
Band 4
(760–900)
Band 8a* (855–
875)
Band M7
(846–885)
Band 5
(850–880)
Band 2
(725-1000)
Band 6
(1628–1652)
Band 5
(1550–1750)
Band 11 (1565–
1655)
Band 6
(1570–1650)
Band 3A*
(1580-1640)

0.77

0.94

0.90

0.96

The wavelength range and bandwidth for each band are indicated. For MODIS, relative changes (%) between reflectance of M_snow, W_snow and W_litter in relation to D_snow are shown. The
bands are organized with equivalent bands one below another to facilitate the comparison. In the lowermost row, the NDSI indices utilizing the MODIS bands are given.
*Sentinel-3 SLSTR has ~ the same channel.

snow sample extraction and the spectroradiometer measurements.
The measured snow types also represent only part of the snow
types occurring in nature; notably, very small and very large surface
snow grain sizes (e.g. surface hoar) are not present in the dataset.
However, the measured snow types and grain sizes represent well
the most typical situations in the boreal environment of
FMI-ARC as seen from the grain size observations of winters
2011–12 and 2012–13 (Leppänen and others, 2015).
4. Results
Table 1 and Figure 3 summarize the quantitative in situ data available from the measured snow types. Averaged variables describing

the snow microstructure for the sampled surface snow (23 cm),
determined by the snow pit work at the time of the measurements,
are presented in Table 1. The visually estimated typical maximum
grain diameters (Dmax) were weighted by the respective layer
depths and the averaged value for the whole snow sample and
the surface snow depth of 10 cm were calculated separately.
Accordingly, the optical equivalent grain diameter (D0) is provided
if SSA information for the snow type was available. Figure 3 shows
the variation of D0 within the snow samples and the layered snowpack structures with different grain types and sizes. Grain types
identified in the snow pit work are presented in Table 4.
According to the snow pit observations, dry snow and wet
snow types were characterized by wetness, grain size and density
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Table 3. Details of the field dataset used for the characterization of snow
reflectance in the SCAmod method (Salminen and others, 2009)
Parameter
Snow depth
Snow grain size Dmax
Snow surface wetness
(Fierz and others, 2009)
Snow temperature
(−5 cm and middle snowpack)
No. of measurements
Measured quantity
Illumination
View angle
Sun zenith angle, θ
FOV
Support

Dry snow

Wet snow

54–84 cm
0.2–2 mm
Class 1

20–73 cm
0.5–3.5 mm
Class 2–5

<0 C°

0 C°

240
BRF
Clear sky/direct
Nadir
50°–75°
25°
20 cm

450

those obtained from the field dataset currently utilized in the
snow parameterization of the SCAmod method. The values for
dry snow are close to each other but differences are more evident
for wet snow; for wet snow the laboratory measurements showed
lower values by 0.08 and 0.06 for MODIS 3 and MODIS 4,
respectively.

5. Discussion

differences, the latter having larger (≥1 mm) typical average grain
size and higher average density (Table 1). Figure 3 illustrates how
the natural snowpack in a boreal environment is both structurally
complicated and highly variable in time.
The averaged spectral reflectance (%) for all the measured snow
types is presented in Figure 4. The reflectance of dry snow types
was close to one in the VIS region. Only D_crust14 deviated from
this behavior with slightly lower reflectance in the VIS. More differences between the dry snow types were seen in the NIR region,
which is sensitive to the snow grain size and shape. M_rimed14
showed lower reflectance at these longer wavelengths due to
moist surface snow. For wet snow types, a distinct drop in reflectance occurred in the NIR region. Surface organic matter in
W_litter13 introduced a larger deviation in the observed reflectance
values. The amount of organic litter in the snow sample surface
within the nominal FOV varied between 0.22–9% two samples
being practically free from the litter within this area. The overall
Std dev. of reflectance among the different snow types varied
between 0.001–0.125 being mostly higher than the precision
error of the measurements defined in chapter 3.4.
All the largest differences in the instrument-wise band specific
reflectance values within all four snow types (grouped as dry/
moist/wet/littered) were detected in NIR bands (Table 2). The
maximum difference was 0.05 detected for M_snow and W_litter
between TM and AVHRR. In the VIS bands, the reflectance
values for different band configurations were almost identical
with a maximum difference of 0.01. Using MODIS as an example,
in the VIS bands, the reflectance of pure and wet snow decreased
by ∼10% compared to dry snow whereas the decrease for wet and
littered snow was almost 20% (the relative decrease in reflectance
(%) for different snow types marked in Table 2). In the NIR
bands, the wetness and the consequent grain size growth alone
decreased the reflectance by ∼18% compared to dry snow and further decrease by ∼7% were detected due to addition of impurities.
The effects of litter and the snow wetness were partially mixed
because W_litter13 represented the wettest snow type measured.
The largest decrease due to snow wetness and the organic litter
was observed in MODIS 6 (1628–1652 nm) and equivalent
bands, where D_snow reflectance was already low but dropped to
near zero for the other snow types.
Figure 5 illustrates the MODIS band specific reflectance values
and NDSI separately for all ten snow types measured. All snow
types showed slightly different band reflectance values. The
band specific reflectance or NDSI of wet and littered snow was
not unambiguously lower than those of other wet snow types.
The NDSI indices for different snow types varied between 0.71–
0.97. Finally, in Table 5, the MODIS band specific reflectance
values for dry and wet snow types are presented along with

5.1. Spectral reflectance of different snow types
Two distinct groups can be separated based on the averaged
spectral reflectance curves presented in Figure 6; dry snow showing high reflectance all over the spectrum and wet snow showing
lower reflectance all over the spectrum. Within both groups some
differences between the individual snow types could be recognized
and in the SWIR range the reflectance of these two groups is
partially overlapping. From the deviation in snow reflectance for
different snow types in Figure 4 follows that in some occasions
wet snow may show higher reflectance than dry snow and vice
versa. The total variation in snow reflectance is defined by the
maximum and minimum values measured for dry snow and
wet snow types, respectively. M_rimed14 with moist surface snow
as well as D_crust14 were located in between of these two clear
groups. In the following, the factors affecting the different spectral
reflectance behavior of the snow types are discussed.
Among the wet snow types, the reflectance of W_pure13 was
higher than the reflectance of W_pure14 in the VIS but in the
NIR region the difference between the two reversed. The amount
of liquid water (Table 1) as well as the visual (Dmax) and optical
equivalent (D0) grain sizes showed higher values for W_pure13
explaining the reflectance difference. The general consensus is
that in wet snow the VNIR (visible-near infrared) spectral surface
albedo decreases, not specifically because of the liquid water content, but because of the increase in effective grain size. Liquid
water and ice have very similar refractive indices and thus water
replacing air between snow grains increases the effective grain
size and decreases the surface albedo. In addition, liquid water
accelerates the metamorphic grain growth (Wiscombe and
Warren, 1980) and promotes the formation of snow grain clusters.
This accordingly explains the drop in reflectance for M_rimed14 in
the NIR range. Although the difference in the real part of the
refractive indices for ice (Warren and Brandt, 2008) and water
(Hale and Querry, 1973) is not significant in VNIR and the spectral variation is small (Fig. 7b) the fact that the imaginary part
(i.e. the absorption) varies by seven orders of magnitude
(Fig. 7c) and that the indices are slightly shifted in wavelength
allow, for example, the detection of liquid water content in the
snow surface and the identification of the thermodynamic
phase of clouds at 1600 nm (Green and others, 2006; Painter
and others, 2009; Warren, 2019).
The wet and littered snow showed expectedly the lowest
reflectance in the VIS range, otherwise resembling the reflectance
curve of W_pure13 measured during the same day. The impurities
in snow have most effect at the VIS wavelengths where ice is
weakly absorptive (Warren, 1982). However, since the amount
of liquid water content was highest for W_litter13 (Table 1) the
effects of wetness and litter inclusions were mixed. In Figure 7a
the absorption spectra (1 – reflectance) for pine twigs (Niemi
and others, 2012) and lichen (spectrometer measurements of
snow and bare ground targets and simultaneous measurements
of snow conditions/SYKE; FMI) along with spectra for different
wet and dry snow types are shown to demonstrate that in the
VIS the absorption of the vegetation fragments significantly differs from those of snow. It is expected that the spectral signature
of degraded pine needles differs from that of green pine twigs.
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Fig. 3. The snow layers detected in the different snow types based on density, grain size and hardness differences within the snow sample height (23 cm). The snow
depth values refer to the actual snow depths of the total snowpack (zero being the ground). For each layer, the snow grain type (Table 4) and the typical grain
diameter Dmax visually estimated to the closest 0.25 mm are presented. Variation of optical equivalent grain diameter (D0) derived from SSA measurements is identified by the blue line when available. ** is marked for W_litter13 and W_pure13 as the snow wetness may have been in the limit of the SSA instrument measurement capability. Snow types are ordered by increasing Dmax averaged for the whole snow sample depth (23 cm) (Table 1). Snow types measured with 25
FOV are indicated with *.

Table 4. Classified grain types defined by the snow pit work
PP

Precipitation
particles

DF

Decomposing and fragmented
precipitation particles

FC

Faceted crystals

RG

Rounded grains

MF

Melt forms

sd

Stellars, dendrites

dc

Partly decomposed

so

Solid faceted

xf

cr

Crust

nd

Needles

xr

Rounding facets
and corners

lr

Faceted
rounded
Large
rounded

cl

Clustered

ir
gp
sd

Irregular
Graupel, rimed
Stellars, dendrites

pc

Polycrystals

However, Melloh and others (2001) and Huete (2004) have shown
that the absorption remains high until the red edge (680–750 nm)
also for bark and nonphotosynthetic litter. Another observation
made for W_litter13 was how the organic inclusions had sunk
through the snow surface. Peltoniemi and others (2015) deposited
high concentrations of soot, silt and volcanic ash on natural snow
and noticed that because of the sinking of impurities, the measured BRF darkened at nadir but snow appeared brighter when
observed from larger view angles. They continued that an
assumption of homogeneous distribution of impurities in models
may under- or overestimate the effect of impurities on snow surface albedo. It must be noted that this relationship is dependent
on melting conditions, impurity characteristics, view-illumination
geometry and whether sufficiently large amounts of organic litter
over a large area would exist to have an effect on surface albedo
estimates from remote sensing data.

Among the dry snow types, the highest spectral reflectance all
over the spectrum was found for D_denrites15 and D_decomposed14
representing new snow. The optical diameter for both, small
snow grains and dendrites is small introducing high spectral
reflectance. The reflectance of D_sun13 and D_shadow13 dropped
after 1000 nm which is in accordance with the larger observed average D0. D_crust14 showed differing (lower) reflectance behavior from
the other dry snow types. A reason may lie in the stratigraphy/
microstructure of the snow type; a 0.5 cm thick surface layer of precipitation particles overlie a 2 cm thick melt-freeze crust, followed
by a 2 cm of rounded snow grains and another melt-freeze crust.
The precipitated snow at the surface probably increased the overall
reflectance of this snow type, whereas melt-freeze crusts lowered
the amount of scattering. For example, Legagneux and others
(2002) measured SSA values for melt-freeze layers which resembled
those of rounded grains; before freezing the snow grains have

934

Henna-Reetta Hannula and Jouni Pulliainen

Fig. 4. Average spectral reflectance for different snow types measured with
θ = 55°. Shadowed belts show + /− Std dev. determined from snow samplewise averaged reflectance. Snow types are ordered by increasing (left to
right, top to bottom) Dmax averaged for the whole snow sample depth
(23 cm) (Table 1). Snow types measured with 25° FOV are indicated with *.

grown and rounded. The reflectance curve of D_crust14 resembled
the curve of W_pure14 despite the rather different stratigraphy
observed in the snow pit measurements (Fig. 3).
It is challenging to separate the contribution of snow microstructure on snow spectral reflectance more precisely, as even
the critical depth of snow which the measured reflectance is representing may vary between different snow types. The penetration
of light in snow is dependent on scattering and absorption
mechanisms within the medium (Warren, 1982). These mechanisms vary along wavelength and are affected by impurities, density
and snow grain size and grain shape variations. According to
Zhou and others (2003) and Wiscombe and Warren (1980), in
the VIS range, the 5–20 cm surface snow is the most important
for optical remote sensing. Furthermore, Warren (1982) has
noted that for the vertical grain size changes to have an effect
on snow spectral surface albedo the grain size change must be
abrupt and clear, which is the case, for example, when a thin
layer of newly precipitated snow overlies a deep layer of old
snow. In our experiments, a rather thin layer of precipitated surface snow seemed to dominate over the deep underlying layer of
more metamorphosed snow (e.g. 1 cm in D_decomposed14).
Especially in the NIR range, also the grain shape affects the
spectral reflectance (Xie and others, 2006). In their numerical
study, Picard and others (2009) showed that spheres reflected
20–30% less than other grain shapes for the same SSA.
Snowpacks with very similar average snow grain sizes but differing
snow stratifications (varying snow layers and grain sizes) can yield
very different spectral surface albedos (Zhou and others, 2003).

For broadband surface albedo, taking into account the vertical
variation in snow grain size produces satisfactory results as this
averaged quantity is not very sensitive to details of the angular
distribution of scattering. Directional quantities including spectral
reflectance (here approximating BRF) are more sensitive to the
effects of the snow grain shape which affects the scattering
phase function (Jin and others, 2008). Snow reflectance anisotropy has been observed to increase along increasing wavelength,
grain size and solar zenith angle and depends on the grain
shape as well (Carroll and Fitch, 1981; Warren, 1982; Steffen,
1987). Although these laboratory experiments measured at nadir
do not offer information on the reflectance angular distribution,
it is noted that differing scattering phase functions for different
snow grain shapes may explain some of the differences observed
in the reflectance behavior of the snow types measured. For
example, comparisons by Xie and others (2006) of five different
ice crystal habits showed that BRF for all shapes decreased
along with increasing effective grain size in the NIR region but
at different rates; BRF for aggregates decreased slowest whereas
the reflectance of plates showed the highest variations.
The importance of snow density on snow reflectance is
emphasized by its effect on the optical depth. Light penetrates
deeper into snow with low density and/or large snow grain size
than snow with high density and/or small snow grain size; the
vertical variation in snow density affects the critical snow depth
the measured reflectance is representing (Zhou and others,
2003). Low density offers more air/ice interfaces for light scattering and increases the path length of a photon at wavelengths
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Fig. 5. MODIS band specific reflectance values and NDSI for all the different snow
types resampled from the laboratory measurements. The whiskers show + /− Std
dev.. Measurements conducted with 25° FOV are shown by rectangle shapes.

where scattering is dominant. On the other hand, longer path
length enhances the probability for a photon to become absorbed.
The measured reflectance per wavelength is thus defined by a
complex relationship of the ability of each snow layer to absorb,
scatter and penetrate the light into snow (King and Simpson,
2001).
5.2. Band specific reflectance of different satellite sensors
Despite the various band configurations of the different satellite
sensors they produced almost equal results in the VIS range.
However, more dispersion was observed in the NIR and SWIR
range, refer to Table 2. For example, the relative maximum difference in reflectance in NIR bands was 2.2, 5.6, 5.4 and 7.4% for
D_snow, M_snow, W_snow and W_litter, respectively. In the SWIR
range the band specific reflectance of TM and AVHRR for
D_snow differed 26.7%. An increase of differences from the visible
towards the longer wavelengths is in accordance with the fact that
the reflectance is more sensitive to snow characteristics, such as
grain size and liquid water content on the NIR and SWIR regions.
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The largest deviations from the average values seem to be produced by the widest bands such as AVHRR band 2 (275 nm) or
TM band 5 (200 nm) whereas the maximum differences between
the narrower bands was 0.01. In addition to different band configurations, the varying spectral response functions affect the reflectance values. Trishchenko and others (2002) found that for similar
surface spectral reflectance and atmospheric conditions, for
example, MODIS 1 and 2 showed a difference of up to 30–40%
in reflectance and NDVI relative to AVHRR due to different satellite sensor SRFs. The information that there is not necessarily
any particular change in snow reflectance for close-by bands is
relevant for the use of different historic or present satellite sensors
(e.g. AVHRR, Sentinel-2 and −3) for the mapping of snow cover,
especially concerning the production of long climate data records
with multiple instruments.
The best bands to detect the difference between dry and wet
snow proved to be the bands located in the NIR range where
the most pronounced decrease in reflectance was seen due to
snow wetness and the consequent snow grain size growth. The
changes in the SWIR bands produced high relative differences
due to low reflectance values. Higher NDSI indices for moist
and wet snow types than for dry snow were obtained (Table 2,
last row) being in accordance with findings of Negi and others
(2010) and Niemi and others (2012), who observed that NDSI
increased along snow aging and increasing snow moisture
content.
Since SSA has been observed to be linked to SWIR reflectance
(Picard and others, 2009) it has been suggested if the SWIR wavelengths (e.g. MODIS 6) observed from space could offer a method
to follow the evolution of snow microphysical characteristics
(Domine and others, 2006). For example, Salzano and others
(2016) kept the reaction of SWIR reflectance on precipitation
events, and as such, on snow type changes, in their experimental
data from Ny-Ålesund, Svalbard, as a promising observation. In
these laboratory experiments, the difference between newly precipitated snow (e.g. D_dendrites15) and wet snow (e.g. W_pure13) was
clear, but for example, dry snow D_sun13 and wet snow W_pure14
introduced quite similar results to each other (Fig. 5). In
MODIS 2 the Std dev. e.g. between W_pure14, D_crust14 and
D_decomposed14 was overlapping; the wet snow reflectance was
not always lower than the reflectance of dry snow, nor was
reflectance of wet littered snow always lower than that of pure
wet snow. The latter was affected by the high variability in the
amount of litter inclusions. However, it is noted that for the averaged values, obtained for the snow types grouped either as dry or
wet, the difference between the band reflectance values was clear.
As indicated by Table 2, the discussion about the MODIS band
reflectance values of different snow types is also valid for other
sensors.
5.3. Improvement of snow reflectance parameterization for
snow mapping algorithms
The field spectroscopy-based MODIS band specific reflectance
values were close to those retrieved from the laboratory experiments (Table 5). The differences were more evident for wet
snow. The effect of the illumination angle on the observed reflectance values is widely recognized and usually taken into account
when in situ data of snow reflectance are used as a model input
parameter or as validation/calibration data for the model output
in SCA mapping (e.g. Painter and others, 2009). However, the
SCAmod method characterizes dry and wet snow (end-member)
reflectance simply as a static average and Std dev. of the observations collected under various snow and illumination conditions.
The inaccuracy in the pre-determined reflectance values propagates in the uncertainty of snow cover maps. The wet snow
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Fig. 6. (a) Average spectral reflectance of all the
snow types measured. The wavelength used for
SSA measurements is indicated with a dotted
line. Snow types measured with 25° FOV are indicated with *. In (b) the average, minimum and maximum for two explicit snow type groups, wet and
dry snow, defined by their spectral behavior are
presented.

Table 5. Field measurement results for MODIS band specific reflectance by Salminen and others (2009) in direct illumination
Band 3 (459–479 nm)

MODIS

Dry snow
Wet snow

Band 4 (545–565 nm)

Band 6 (1628–1652 nm)

Mean
Field

Lab

Std
Field

Lab

Mean
Field

Lab

Std
Field

Lab

Mean
Field

Lab

Std
Field

Lab

1.00
0.95

0.97
0.87

0.08
0.09

0.05
0.05

0.98
0.94

0.97
0.88

0.10
0.10

0.05
0.05

0.09
0.03

0.12
0.05

0.06
0.01

0.03
0.04

The corresponding values from laboratory experiments are shown in italics.

reflectance obtained from the field data for MODIS 3 and 4 was
comparatively high, taking into account that the measurements
observed with higher light zenith angles should lower the mean
value (e.g. Painter and others, 2004). The results suggest that
the field spectroscopy-based values (Salminen and others, 2009)
for dry snow reflectance characterization are quite good but values
used for wet snow reflectance in remote sensing data retrieval
algorithms may be too high (Metsämäki and others, 2015).
6. Conclusions
In this study, we assessed the reflectance variability of natural
snowpacks based on measurements of snow samples under controlled illumination conditions. The laboratory measurement
setup facilitated the retrieval of the effect of snow characteristics
and organic impurities on snow reflectance without the disturbance by changing illumination evident in field spectroscopy.
The results of this study can be directly used to refine accuracy
characterization and parametrization of snow mapping algorithms utilizing reflectance information of spectral end-members,
such as snow. Better characterization of the true variability of

snow reflectance will decrease the uncertainty of the snow cover
maps produced by optical remote sensing.
The results indicated that most of the snow types could be
grouped either as dry or wet based on their spectral behavior.
However, some snow types were located between these two distinct
groups, such as snow with the moist surface and snow with the
near-surface melt-freeze crusts. The relationship between varying
snow sample microstructures and snow spectral reflectance proved
to be challenging. It was hypothesized that this was due to differing
critical surface snow depths contributing to the measured spectral
reflectance, and combined effects of the snow grain size and
shape differences between the several snow surface layers. From
the snow characteristics, only snow grain size increase connected
to the snow wetness and the addition of organic litter inclusions
systematically changed the observed spectral reflectance.
The resampling of the laboratory measurements to correspond
to various satellite instrument bands indicated that despite the
various band configurations the results were similar for most of
the bands with a maximum difference of 0.01. More deviation
was seen in the NIR and SWIR bands which are more sensitive
to the snow grain size and liquid water content. Largest deviations

Journal of Glaciology

937

Fig. 7. (a) An example of the absorptance spectra (1 – reflectance) for pine twigs and lichen as well as for D_dendrites15 and
the different wet snow types. The wavelengths at the water
absorption band ∼1900 nm were removed for lichen spectra
due to the low SNR. In (b) real part and in (c) imaginary part
of the refractive index for ice and water are presented.

in the band reflectance values were produced by the widest band
configurations. The laboratory results were compared by means of
MODIS band specific reflectance values with field spectroscopy
observations currently used to describe the snow reflectance variability in the snow cover mapping method SCAmod. The results
suggested that the values used for wet snow reflectance in remote
sensing data retrieval algorithms may need refinement, e.g. field
spectroscopy results (Salminen and others, 2009) reported slightly
higher values than those obtained here for channels relevant to
snow detection (Metsämäki and others, 2015). These results are
also valid for other sensors as the observed effect of different
band configurations and SRF on snow reflectance were indicated
to be small.
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Abstract. We publish and describe a surface spectral reflectance data record of seasonal snow (dry, wet,

shadowed), forest ground (lichen, moss) and forest canopy (spruce and pine, branches) constituting the main
elements of the boreal landscape. The reflectances are measured with spectro(radio)meters covering the
wavelengths from visible (VIS) to short-wave infrared (SWIR) (350 to 2500 nm). In this paper, we describe the
instruments used and how the spectral observations at different scales along with the concurrent in situ reference
data have been collected, processed and archived. Information on the quality of the data and factors causing uncertainty are discussed. The main experimental site is located in the Sodankylä Arctic Space Centre in northern
Finland (67.37◦ N, 26.63◦ E; 179 m a.s.l) and the surrounding region. The collection includes highly controlled
snow and conifer branch laboratory spectral measurements, portable field spectroradiometer observations of
snow and snow-free ground at different locations, and continuous mast-borne reflectance time series data of a
pine forest and forest opening. In addition to the surface level spectral reflectance, data from airborne imaging
spectrometer campaigns over the Sodankylä boreal forest and Saariselkä fell region at selected spectral bands are
included in the collection. All measurements of the data record correspond to a typical polar-orbiting satellite
observation event in the high-latitude spring season regarding their Sun or illumination source (calibrated
lamp) zenith angle and close-to-nadir instrument viewing angle. For all measurement geometries, observations
are given in surface reflectance quantity corresponding to the typical representation of a satellite observation
quantity to facilitate their comparison with other data sources. The openly accessible spectral reflectance data
at multiple scales are suitable to climate and hydrological research and remote sensing model validation and
development. To facilitate easy access to the data record the four datasets described here are deposited in a permanent data repository (http://www.zenodo.org/communities/boreal_reflectances/) (Hannula et al., 2019). Each
dataset of a distinct scale has its own unique DOI – laboratory: https://doi.org/10.5281/zenodo.3580078
(Hannula and Heinilä, 2018a); field: https://doi.org/10.5281/zenodo.3580825 (Heinilä et al., 2019a);
mast-borne: https://doi.org/10.5281/zenodo.3580096 (Hannula and Heinilä, 2018b); and airborne:
https://doi.org/10.5281/zenodo.3580451 (Heinilä, 2019a) and https://doi.org/10.5281/zenodo.3580419 (Heinilä,
2019b).
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Introduction

High-latitude regions are facing fundamental and rapid
changes in climate and hydrology due to raising mean annual temperatures (ACIA, 2005; AMAP, 2017). The climatewarming-induced changes in snow cover appearance, shifting of the vegetation zones and distribution of animal species,
have complex impacts on ecosystems and people (Brown and
Mote, 2009; Callaghan et al., 2011). Monitoring of the seasonal snow cover of the spatially vast subarctic and boreal
zone benefits from remote sensing for various scientific and
socio-economic uses, e.g. related to the assessment of carbon balance in the boreal and subarctic forests (Böttcher et
al., 2014; Pan et al., 2011; Pulliainen et al., 2017). Remote
sensing has developed over decades into an increasingly reliable and cost-effective way to estimate the decadal and annual changes in the Northern Hemisphere terrestrial snow
cover (Brown and Robinson, 2011; Choi et al., 2010; Derksen and Brown, 2012; Dietz et al., 2012; Frei et al., 2012;
Hori et al., 2017). The development of reliable methods to
map snow extent, including the fractional snow cover (FSC),
remains a challenging task especially due to the disturbing
effect of forest canopy and heterogeneous land cover. Several
approaches have been used to estimate the FSC from satellite
imagery (Klein et al., 1998; Hall and Riggs, 2007; Dozier et
al., 2009; Nolin, 2010; Dietz et al., 2012; Frei et al., 2012;
Metsämäki et al., 2015). These methods, such as the semiempirical-reflectance-model-based method SCAmod (Metsämäki et al., 2005, 2012), used for the detection of snow
cover in forested areas, have benefited from accurate reference spectral measurements enabling better characterization
of the model parameters (i.e. spectral endmembers). Spectral
endmember refers to a “pure” reflectance spectra of a distinct
surface type such as a distinct type of snow or tree species.
Field spectroscopy techniques have evolved into a widely
used tool to understand the effects of the measured target
on the propagation of electromagnetic radiation. This provides observations under more controlled conditions compared to measurements from satellite platforms (Aoki et al.,
2000; Bänninger et al., 2008; Horton and Jamieson, 2017;
Milton et al., 2009; Painter et al., 2013; Peltoniemi et al.,
2005; Pirazzini et al., 2015; Tanikawa et al., 2014). In order to establish improved optical snow mapping methods
for forested areas, detailed surveys of satellite scene reflectance contributors are required, as the relatively large
satellite footprint may contain both fractional snow and forest cover. Additionally, snow characteristics may vary according to land cover type, e.g. between forests and open
areas. Using continuous spectral signatures, i.e. from instruments with very narrow bandwidths, various land cover constituting elements can be spectrally characterized and their
contribution to satellite scene reflectance then identified. In
boreal landscape, reference spectroscopy measurements are
valuable in defining the spectral endmembers of the satellite scene reflectance, namely snow, snow-free terrain after
Earth Syst. Sci. Data, 12, 1–22, 2020

melting and forest cover. These data can be obtained from
controlled-condition laboratory spectroradiometer observations, portable field spectroscopy campaigns, mast-borne
spectral monitoring and aerial surveys. These approaches
provide observations at different scales. Laboratory measurements can generate detailed information on the spectral signature of a trunk, branch or leaf of a single tree, whereas
using portable field spectroscopy, several land cover categories or shrub layer vegetation types can be spectrally characterized. Mast-borne monitoring of scene reflectance facilitates time series production and the study of the seasonal
behaviour of fractional snow- and forest-covered scene reflectance. Aerial surveys are useful in extending the observations to a larger variety of landscape properties in particular
during the melting season and still maintaining the advantage
of high spatial resolution.
To fully benefit from the increasing amount of spectral reflectance data records available in various archives and libraries, it is essential to ensure that the data are of consistent
quality and accompanied with information on the sources of
uncertainties, such as the variations in the incoming radiation during the measurements or unideal characteristics of
the measurement setup or the used reference calibration target. However, in the case of field measurements in the natural environment, it is difficult to provide quantitative uncertainty information due to the lack of repeatability of the exact same conditions on different occasions (even though single measurements may include several spectral acquisitions).
In addition, there are limiting factors due to the ambiguous
use of reflectance terminology, measurement geometry description and variable measurement protocols (Milton et al.,
2009; Schaepman-Strub et al., 2006). To control the limiting
factors the provision of metadata and sufficient documentation on the measurement conditions and target characteristics
is essential (Rasaiah et al., 2014, 2015). To produce highquality spectral information, some guidelines for successful
measurements and factors influencing the measurement output have been reported by both the instrument manufacturers
and the individual scientific projects (Goetz, 2012; Pfitzner
et al., 2011). Depending on the application, different levels
of quality can be acceptable, but in general common protocols and standardized terminology are required for successful data sharing, fusion of different data sources and for the
data comparison (Dor et al., 2015; Milton et al., 2009). Often
laborious and time-consuming experimental field work, data
review and quality check may limit the resources to compile
a thoroughly described metadata (Kokaly et al., 2017; Rasaiah et al., 2015). A set of metadata parameters critical to field
spectroscopy have been presented by Rasaiah et al. (2014).
They include viewing geometry, location, general target and
sampling properties, illumination, instrument properties, reference standards, calibration, hyperspectral signal properties,
atmospheric conditions, and general project details. The requirements aim for such metadata and documentation that
the user is able to assess the quality level of the spectra and
www.earth-syst-sci-data.net/12/1/2020/
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account for the likely variations from one data record to another.
We collected a surface spectral reflectance data record
including main components (model spectral endmembers)
of boreal seasonally snow covered landscape during spring.
The collection consists of laboratory, portable field, mastborne and selected airborne campaign reflectance observations of snow and vegetation representing a subarctic site
in the northern boreal forest zone. The site is located at
the Sodankylä Arctic Space Centre in northern Finland
(67.37◦ N, 26.63◦ E), including the surrounding regions. The
mast-borne data records are available since 2010 until 2018.
Data from other platforms (portable field and airborne systems) incorporate targeted campaign data records overlapping in time (2010–2011) with the mast-borne observations.
The data record is constructed according to the principles
described above, hence enabling the utilization by a diverse user community. Two spectrometer types were used
to assemble the data record: (1) Analytical Spectral Devices (ASD) field portable spectroradiometers covering the
range from 350 to 2500 nm with a spectral resolution of approximately 3 nm at 700 nm and 10–12 nm between 900 and
2500 nm and (2) the AisaDUAL airborne imaging spectrometer covering the range from 400 to 2500 nm with a spectral resolution of 5 nm between 400 and 970 nm and 6 nm
between 970 and 2500 nm. The data record is composed of
ASD spectral signatures and AisaDUAL image mosaics in
selected wavelength bands (555, 645, 859 and 1640 nm). In
addition to the spectral reflectances, the associated metadata
describe the utilized instrumentation, measurement protocol, target properties, information about impurities in snow,
and measurement/environment conditions, such as weather
and illumination. Here we first describe the Sodankylä main
experimental site and give a concise overview of the measurement systems and observed targets. Then, we define the
provided reflectance quantity of the data record. From then
on, the measurement systems and measured targets of each
scale/platform are introduced in detail, and examples of each
scale of the data record are given. Finally, the discussion
of possible sources of error and uncertainty is accompanied
with conclusions and recommendations for data utilization.
2
2.1

45

50

Study area and spectral measurements
Sodankylä site in northern Finland

In this section, we describe the Finnish Meteorological Institute’s Sodankylä Arctic Space Centre (FMI-ARC) experimental site characteristics for data collection. Besides the
four different spatial-scale datasets (described in the following Sects. 2.2 and 3) from the FMI-ARC area, data are also
presented from one aerial survey over Saariselkä, around
120 km north of Sodankylä. Saariselkä is a fell (Arctic hill)
region that has a timberline at an altitude of 400 m a.s.l. The
treeless altitudes represent fell tundra (Virtanen et al., 2016).
www.earth-syst-sci-data.net/12/1/2020/

3

Figure 1. The location of the Sodankylä Arctic Space Centre (FMI-

ARC), where most of the data records have been measured. In addition, one aerial survey was conducted in the Saariselkä fell region, north from the FMI-ARC, and some individual field spectra
were measured in Nuuksio, Espoo, southern Finland. Distribution
of boreal, temperate conifer, temperate broadleaf and mixed forests,
and tundra by the Nature Conservancy (Olson and Dinerstein, 2002,
http://maps.tnc.org, last access: December 2018).

Also, some individual field spectral samples from a boreal
forest area in Nuuksio, Espoo, southern Finland, are included
in the collection (Fig. 1). These additional data were collected to capture more observations from late melting conditions of the snowpack.
The Sodankylä station, situated above the Arctic Circle
in northern Finland (67.37◦ N, 26.63◦ E; 179 m a.s.l.), provides an ideal location for environmental and atmospheric research of the boreal and subarctic region. In fact, Sodankylä
is one of the primary stations of the WMO Global Atmosphere Watch (GAW), WMO Global Cryosphere Watch
(GCW) and Integrated Carbon Observation System (ICOS)
networks. Measurements at the Sodankylä station date back
more than 100 years (Kangas et al., 2016). At the Sodankylä
station and its vicinity, there is automated as well as manual in situ data collection in a variety of different ecosystems
and landscapes, in addition to several permanent platforms
for satellite reference instruments.
The Sodankylä region is a globally representative example
of the boreal forest biome, which encompasses the largest
continuous land ecosystem on the planet (ACIA, 2005). Seasonal snow cover is a characteristic feature of the boreal forest zone affecting strongly the functions of the ecosystem,
water cycle, and surface–atmosphere interaction. Sodankylä
has a subarctic climate due to the warming effect of the Gulf
Stream (Kangas et al., 2016). Characteristics for Sodankylä
are extreme seasonal temperature variations as well as long
and cold winters with a snow season from October until May.
The Sodankylä area represents taiga snow, and from 1981 until 2010, the maximum snow depth of approximately 80 cm
occurred in late March (Pirinen et al., 2012). The changing
seasonal snow cover affects the boreal forest carbon uptake
Earth Syst. Sci. Data, 12, 1–22, 2020
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and storage and the hydrological cycle, which are also important features of the boreal ecology in the Sodankylä region
(Pan et al., 2011). The landscape around the Sodankylä station is relatively flat, with isolated fells reaching up to 500 m.
The landscape consists of sparse-pine-dominated coniferous
forests and open areas on mineral soil as well as open peat
bogs (Leppänen et al., 2016).
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Spectrometer measurement geometry, calibration
and reflectance quantities

All spectral observations here, regardless of their measurement scale, correspond to a typical polar-orbiting satellite
measurement in the high-latitude spring season with respect
to their Sun or illumination source (calibrated lamp) zenith
angle and close-to-nadir instrument viewing angle. Figure 2
illustrates the radiance (unit of measure: W m−2 sr−1 nm−1 )
measurements conducted using different platforms to provide reflectance data for satellite observation analysis. Satellites observe the radiation intensity reflected from the Earth’s
surface, which is calibrated into a physical quantity, such as
top of atmosphere (TOA) reflectance that can be converted
to surface reflectance using atmospheric correction methods.
Here, the spectra are calibrated to surface reflectance by using a white reference panel with a known reflectance spectrum approximating a Lambertian surface; the incoming radiation is determined by measuring the radiance from a white
Spectralon panel (12.7 cm, SRT-99, Labsphere Inc., USA).
Spectralon is made of packed sintered polytetrafluoroethylene (PTFE) powder which is highly reflective and exhibits
nearly Lambertian behaviour from the ultraviolet to nearinfrared region. PTFE is chemically stable and hydrophobic
(Springsteen, 1999). The calibration procedure for each platform was conducted as follows.
In the laboratory, the Spectralon radiance was measured
both before and after each pine/spruce branch sample, and
the sample radiances were converted to absolute reflectance
by dividing with the Spectralon radiance and multiplying
with the reference panel calibration data (from the manufacturer). In the case of snow measurements in the laboratory,
the Spectralon radiance was measured at the beginning and
at the end of the measurements of samples of the specific
snow type, and all the Spectralon radiances for each measurement day were then averaged. In field measurements, the
Spectralon was measured before each (snow or lichen/moss)
sample and repeated when necessary, e.g. if the illumination
conditions changed during one measurement event.
Mast-based (forest opening and pine forest) target radiances were converted to reflectance by using a Spectralon radiance measurement obtained before each target observation
(the Spectralon is pushed under the measurement head automatically). The instrument is taken down from the mast for
the cold and lightless midwinter. During this time, dark laboratory tests are conducted to reveal any substantial changes
in the instrument response or possible degradation of the
Earth Syst. Sci. Data, 12, 1–22, 2020

Figure 2. General concept of a satellite- or ground-based remote

sensing measurement of reflected radiance. θi is the incidence angle
of incoming irradiance and θs is the instrument’s viewing angle. The
incoming Sun irradiance E0 is projected to the Earth’s surface (instrument’s footprint area) with the magnitude E0 cos(θi ). The instrument measures the reflected radiance Lobs within its viewing angle
(i.e. the radiant flux per unit solid angle, solid angle ). The ratio between the reflected and incoming radiation provides reflectance according to Eq. (2). The azimuth angle is omitted for simplicity. The
figure is adapted from Salminen (2017).

Spectralon panel due to impurities or exposure to UV (ultraviolet) radiation. The changes in the reference panel reflectance are tested by measuring the Spectralon against a
similar panel without exposure to any external stresses. In
most cases, these measurements are executed before and after
cleaning the panel (pressure air or sanding under running water), with the former status of the Spectralon being valid for
mast measurements before and the latter for measurements
after the laboratory tests. The observed mast scene absolute
reflectance values (Rscene ) at wavelength λ are then corrected
based on the laboratory results as follows:
Rscene (λ) = Rcal (λ) ·

Lref (λ) Lscene (λ)
·
,
Lcal (λ) LRef (λ)

(1)

where Rcal is the Spectralon panel calibration data from the
manufacturer, Lref is the Spectralon panel radiance for the
mast reference and Lcal is the Spectralon panel radiance for
the laboratory standard measured in a dark laboratory. Lscene
is the radiance of the target scene and LRef the radiance of
the Spectralon panel measured at the mast.
Airborne radiances measured in March 2010 were converted to reflectances by vicarious calibration. Airborne radiances were compared with the concurrent mast-borne radiances from the forest site, and calibration coefficients were
determined for AISA data by using a least-squares fitting
technique. To obtain reflectances the concurrent calibrated
mast-borne Spectralon radiances were utilized (Heinilä et al.,
2014). In 2011, the airborne reflectance level was obtained by
applying a real-time fibre-optic downwelling irradiance sensor (FODIS).
www.earth-syst-sci-data.net/12/1/2020/

55

60

65

70

75

80

H.-R. Hannula et al.: Laboratory, field, mast-borne and airborne spectral reflectance

5

The reflectance quantity of all observations discussed here,
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(2)

where R is the surface reflectance factor, π is a scaling factor related to the Lambertian surface, Lobs is the instrumentobserved radiance, E0 cos(θi ) is the incoming radiance projected to the surface, and the Sun zenith angle of incident
radiation is θi .
The reflectance data given here are calibrated by Eq. (2)
to approximately correspond to the bidirectional reflectance
factor (BRF). This is the case since the calibration is carried out by a white reference panel approximating a Lambertian surface, and the incoming irradiance is predominantly
or totally originating from one (narrow) direction of the illumination source (calibrated lamp or the Sun). Additionally,
some observations are obtained under diffuse illumination
conditions (full cloud cover providing close to hemispheric
isotropic illumination) but using the same calibration procedure with a white reference panel. However, the actual measurement setup represents a biconical configuration when the
data have been collected in clear-sky conditions or with a calibrated lamp (direct irradiance) and a hemispherical–conical
geometrical measurement setup when the data have been collected in overcast (diffuse) conditions (Shaepman-Strub et
al., 2006). Since the calibration is a comparison against a
Lambertian surface, the recorded reflectance can show values above one.
2.3

30

Lobs
,
E0 cos(θi )

Measurement systems and collected data

In this section we give a short overview of the measurement setups and platforms. In Sect. 3 below, the conditions
and processing steps for the data collection are described in
more detail. The four platforms included are the laboratory,
portable field, mast-borne and airborne setup (Fig. 3). The instrument utilized for the first three platforms is the FieldSpec
Pro JR spectroradiometer by ASD (Boulder, Co, USA). The
laboratory and field measurements were carried out with the
same FieldSpec Pro JR unit, whereas the mast-borne instrument is a fixed installation. The AisaDUAL airborne imaging spectrometer by Spectral Imaging Ltd. (SPECIM; Oulu,
Finland) was used on the airborne platform. The technical
specifications and details of the setups of ASD and AisaDUAL are described in Table 1. An overview of the measurement systems and targets along with the digital object identifier (DOI) for each dataset are given in Table 2. The overlap of the different measurements conducted over different
platforms is presented in Fig. 4. In brief, spectra of snow,
pine branches and spruce branches were measured by using
the laboratory setup (Fig. 5), whereas snow-on-ground and
snow-free ground spectra were obtained with the portable
setup (Fig. 7). In both cases the footprint of a single measurewww.earth-syst-sci-data.net/12/1/2020/

Figure 3. AisaDUAL flight lines measured in 2010 and 2011,

and the measurement points of the portable field and the mastborne measurements at the FMI-ARC main site. The CORINE
Land Cover 2018 classification by the Copernicus programme and
a basemap is shown in the background (© National Land Survey of
Finland, Esri Finland December 2018).

ment was small, on the order of 4–20 cm (diameter) depending on the measurement optics and the distance between the
sensor and the target. Mast-borne forest and forest opening
spectra were collected during winter and spring-melt periods with a footprint size of about 14 m in diameter. Selected
spectral bands from the airborne AisaDUAL measurements
from snow and snow-free ground surveys were added to the
published collection. The investigated targets are somewhat
different between the four scales, but they are the components of the same investigated boreal landscape.
3
3.1

55

60

Dataset description
Laboratory spectroradiometer measurements of
snow, pine and spruce

Snow, pine and spruce branch reflectances were measured in
laboratory conditions to define the endmember reflectances
used in the optical remote sensing of snow (Metsämäki et al.,
2005, 2012). The experiments were carried out with the same
ASD FieldSpec Pro Jr spectroradiometer that was also used
in the field measurements. Reflectances of pine and spruce
branches were measured in April 2012. The laboratory measurements of snow reflectances were conducted in the springs
of 2013, 2014 and 2015 (Hannula and Pulliainen, 2019). The
snow measurements were done for different snow types. The
properties of snow were also measured in situ (Table 3 in
Sect. 3.5).
The pine and spruce branches were collected on the experiment day and placed inside a fridge until they were measured. Two black boxes were filled with the branches, one
with pine branches and one with spruce branches. A bare
Earth Syst. Sci. Data, 12, 1–22, 2020
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Table 1. Technical details of instruments and different installation platforms.

ASD FieldSpec Pro JR
Laboratory
(SYKE no. 6424)
Detector

Portable field
(SYKE no. 6424)

AisaDUAL
Mast-borne
(FMI no. 6484)

Silicon photo diode array detector (350–1050 nm)
indium gallium arsenide photo-diode detectors
(900–1850 and 1700–2500 nm)

Wavelength region (nm)

350–2500 nm

Spectral resolution

3 nm (350–1000 nm)
10–12 nm (1000–2500 nm)

Spectral bands

∼ 367

AisaEAGLE
sensor

AisaHAWK
sensor

CCD 12 bit

MCT 14 bit

400–970 nm

970–2500 nm

5 nm

6 nm
359

Measurement head

Fibre optic

Foreoptic

Fibre optic

Fibre optic

Field of view (FOV)

25◦

8◦

25◦

25◦

17◦

View zenith angle

0◦

0◦

0◦

11◦

0◦

View azimuth angle

0◦

0◦

0◦

109◦ (forest)
267◦ (forest opening)

0◦

45 cm

30 m (ground)

Ø 20 cm

Ø 13.7 m

n/a

n/a

Fibre-optic head distance to
target/flight altitude
Footprint/
spatial resolution

25 cm
Ø 11 cm

Swath

Ø 3.5 cm
n/a

Foreoptic

800 m
80 cm × 80 cm
240 m

n/a – not applicable

Figure 4. Overlap of the different measurements conducted over

different platforms. For the mast-borne platform, the observations
first cover a spectral range of 350–2500 nm and a range of 350–
1000 nm from 2016 onwards.

5

fibre-optic cable was used as a measurement head and spectra
were collected at nadir view angle. The laboratory measurement setup for the spruce spectra acquisition is illustrated in
Fig. 5a. A calibrated tungsten halogen lamp was used as a
light source with a light zenith angle of θ = 55◦ . The lamp
current was stabilized at 8 A with an accuracy of 0.01 %,
leading to an accuracy of lamp irradiance of ±0.1 %. In each
case, a mean from 20 individual spectra, measured at 1 s intervals, was calculated. For both pine and spruce, the meaEarth Syst. Sci. Data, 12, 1–22, 2020

surements were repeated 15 times, shifting the box randomly
to a different position between the measurements. The fibreoptic head distance to the target (Table 1) was defined from
the uppermost limit of the pine/spruce branches.
For the snow sample collection, an aluminium sampler
of the size of 35 cm × 35 cm × 23 cm, painted inside with
matte black colour, was used. After removal, each sample
was placed inside a black insulated box, carried inside the
laboratory and measured immediately (Fig. 5b). A mean of
10, 20 or 30 individual spectrum acquisitions (depending on
snow type), collected at 1 s intervals, from each snow sample
were measured. The measured snow type conditions represented wet melting snow (N = 2), wet melting snow affected
by forest litter inclusions (N = 1), dry snow with moist surface (N = 1) and dry snow (N = 6). The illumination zenith
angle was θ = 55◦ . A bare fibre-optic cable was used as a
measurement head in 2013, and spectra were collected at
nadir view angle. In 2014 and 2015 an 8◦ foreoptic was used.
The number of snow samples collected and measured from
each snow type varied between 9 and 25, in total (Table 2).
Examples of the mean spectra measured in the laboratory
for pine and spruce branches as well as dry and wet snow
types are shown in Fig. 6. The spectra in Fig. 6a and b show
the variation in pine/spruce branch reflectance when the sample box was shifted under the measurement head. The stanwww.earth-syst-sci-data.net/12/1/2020/
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16–22.03.2010

Portable
field

05.05.2011

12.04.2010b

12.04.2012
12.04.2012
21.03.2013
21.03.2013
18.04.2013
18.04.2013
20.02.2014
27.02.2014
27.03.2014
16.04.2014
02.02.2015
23.03.2015

Laboratory

Sparse pine forest, snow (dry)
Sparse pine forest, snow (dry), branch
shadow
Sparse pine forest, snow (dry), trunk
shadow
Open mire, snow (dry)
Pine forest, snow (dry)
Snow-covered lake ice, snow (dry)
Grassland/open field, snow (wet)
Grassland/open field, snow-free, open
ground/soil
Sparse pine forest, snow (wet)
Sparse pine forest, snow-free, lichen
Pine forest, snow (dry)
Pine forest, snow (wet), branch shadow
Pine forest, snow (wet), trunk shadow
Pine forest, snow-free, moss

Pine branches
Spruce branches
Dry snow in sun
Dry snow in shadow
Wet pure snow
Wet snow with littered surface
Dry snow
Dry snow
Dry snow with moist surface
Wet pure snow
Dry snow
Dry snow

Dates
Target characterization
(DD.MM.YYYY)

Data record

3
1
2
4
1
1

9
11
19
16
3

1

30

20
20
30
30
30
30
20
20
20
20
10
10

15a
15a
15
9
25
25
12
15
12
15
15
15
11
5

No. of spectra
averaged per
individual
reflectance
measurement

No. of separate
measurements/samples
per target type
(see target characterization)

25

25
25
25
25
25
25
8
8
8
8
8
8

FOV (◦ )

Location characteristics, in situ
snow properties, weather conditions

In situ snow properties, weather
conditions, photographs of the
wet snow samples with littered
surface

Reference
measurements

https://doi.org/10.5281/zenodo.3580825
(Heinilä et al., 2019a)

https://doi.org/10.5281/zenodo.3580078
(Hannula and Heinilä, 2018a)

DOI

collected at 1 s interval) for each individual target measurement are presented. The accompanied reference measurements are described in Sect. 3.5. In the last column the digital object
identifier (DOI) for each spectral dataset is given.

Table 2. The data record measurement dates and targets. The total number of separate measurements per target type and the number of spectra averaged (consequent spectral acquisitions

H.-R. Hannula et al.: Laboratory, field, mast-borne and airborne spectral reflectance
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Table 2. Continued.
Target characterization

523
179/144
30/31
751/710
848
680
1075
644
902

No. of separate
measurements/samples
per target type
(see target characterization)

1

No. of spectra
averaged per
individual
reflectance
measurement

Dates
(DD.MM.YYYY)

Pine forest canopy
Pine forest canopy/forest opening
Pine forest canopy/forest opening
Pine forest canopy/forest opening
Pine forest canopy
Pine forest canopy
Pine forest canopy
Pine forest canopy
Pine forest canopy

Data record

Mast-borne
spectroradiometer

25.02–31.05.2010
11.02–11.05.2011
09.05–31.05.2012
26.03–31.05.2013
27.02–31.05.2014
20.03–31.05.2015
29.02–31.05.2016c
04.04–31.05.2017c
20.03–31.05.2018c

Stripe
width/resolution

Target characterization

240 m/10 m ×
10 m

Measurement days/area

555, 645, 858.5
1640 nm

Extracted
bands

Dry snow cover, snow-free forest canopy
Dry snow cover, new snow, snow on canopy
Thin melting snow cover, snow-free patches,
snow-free forest canopy

Airborne
spectrometer
18.03.2010/Sodankylä
21.03.2010/Sodankylä
05.05.2011/Sodankylä
and Saariselkä

FOV (◦ )

Reference
measurements

DOI

Digital images, wind
in gust at 22 m
(m s−1 ), cloudiness
(octas), air temperature at 2 m (◦ C) from
an automatic weather
station, 1 value in
2013–2018

DOI

https://doi.org/10.5281/zenodo.3580096
25

Reference
ments

(Hannula and Heinilä, 2018b)

FOV (◦ )

measure17

Portable field measurements and the accompanied reference
measurements

2010:
https://doi.org/10.5281/zenodo.3580451
(Heinilä, 2019a)
2011:
https://doi.org/10.5281/zenodo.3580419
(Heinilä, 2019b)

a Box with pine/spruce branches was shifted 15 times per measurement geometry. b Measured in grassland surroundings in southern Finland. c Data available only between 350 and 1000 nm.
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Figure 5. Measurement setup (a) for spruce branches and (b) for snow samples.
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dard deviation, defined from the consequent measurement
acquisitions collected and averaged for one measurement
spectrum, is so small that they are very difficult to distinguish
from the plot. In Fig. 6c the standard deviation shows the deviation between different snow samples collected and measured from the same investigated snow type. Although, the
experiment setup does not simulate the true conditions accurately, in the laboratory the measurement surroundings can
be controlled. By practically removing the effects of changing illumination conditions and diffuse light, it is possible to
evaluate the spectral characteristics of the targets. The main
findings of the laboratory experiments are the mean and standard deviation of reflectance for dry and wet snow types as
well as for boreal pine and spruce branches. These provide
reference information to be utilized in the characterization of
the spectral endmembers of the remote sensing models.
3.2

20

25

30

35

Portable spectroradiometer measurements of snow
and snow-free ground

The reflectance spectra from snow and the ground underneath the snow cover were measured with the ASD FieldSpec Pro JR, which was also used in the laboratory measurements. Timing of the measurement campaigns was aimed to
be both during the cold season and during the melting period,
when patches of open ground appear in the snow surface and
when the snow properties have higher variation. The measurement targets were characterized with location; landscape
characteristics; weather conditions, namely air temperature
and cloud cover; and in situ snow properties. Measurements
were carried out in the springs of 2010 and 2011 for Sodankylä station and in the spring of 2010 on the grassland site
in southern Finland. The data from Sodankylä was collected
parallel to airborne campaigns with the AisaDUAL imaging
spectrometer.
For field measurements, the spectroradiometer was placed
in a polypropylene case with soft interior padding to protect the instrument during transport. Additionally, an external battery and a laptop were connected to the measurement
www.earth-syst-sci-data.net/12/1/2020/

unit. The measurement head was mounted on a camera tripod
with an arm that can extend the measurement head around
40 cm from the centre of the tripod base (Fig. 7). The tripod was placed with the arm extending towards the Sun. A
second tripod with a bubble level was used to place the Spectralon panel horizontally under the measurement head for the
reference measurements. At each measurement location the
coordinates and general conditions were logged and the incoming full sky irradiance was measured. For the reflectance
measurements, first the Spectralon reflectance standard was
measured and then the reflectance spectrum of the target, and
in situ measurements of snow were carried out (Table 3).
The distance between the tip of the measurement head and
the target (snow surface/ground) was approximately 45 cm,
and the associated full sky irradiance, measured with the remote cosine receptor (RCR), was also measured from this
height. With a 25◦ field of view (FOV) of the optical fibre
head, a footprint diameter of 20 cm on the ground/target was
observed.
Measurements were carried out in forests (N = 40), wetlands (N = 9), grasslands (N = 19) and on lake ice (N =
19). The first campaign took place on 16–22 March 2010
when the area was characterized by full dry snow cover. The
mean air temperature during the measurements was −5 ◦ C.
Therefore, the campaign was carried out in dominantly dry
snow conditions. Snow depth for the measured sites varied,
depending on the land cover type, between 12 and 87 cm.
The largest snow depth was observed in a forest site and the
smallest on lake ice. In contrast to the first campaign, during the second campaign on 5 May 2011 the snow cover
was patchy (50 %–60 % snow patchiness) and wet. Due to
varying illumination conditions during these measurements
only selected spectral measurements in forests with good
data quality were retained in the data record. The mean air
temperature was 10.1 ◦ C and snow depth ranged between 0
and 28 cm. In addition to campaign data from Sodankylä,
reflectance measurements were carried out during the melting period along a transect with varying snow depth (0–
26 cm) on a grassland site in Espoo, southern Finland, on
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Figure 6. Reflectance spectra for (a) pine branches, (b) spruce branches and (c) three types of snow measured in dark laboratory conditions

± standard deviation. In (a) and (b) individual reflectance spectra for pine and spruce branches measured by shifting the sample box are
presented, and the standard deviation is the deviation between consequent measurement acquisitions (n = 20) averaged for each individual
spectrum. In (c) the standard deviation is the deviation between different snow samples collected and measured from the same snow type
investigated.
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14 April 2010. At this time the snow patchiness ranged between 50 % and 70 % and snow was very wet.
In the portable field measurements of reflectance spectrum
from snow and the ground underneath the snow cover, the
goal was to get better understanding of the variation of the
snow reflectance under different snow conditions (e.g. with
different snow depths). In Fig. 8 field snow reflectance observations in clear-sky conditions in direct light and in shadow
for dry and melting snow and for melting snow with different
total snow depths are presented. Observed reflectances drop
with increased water content, impurities and larger snow
grain size in melting snow. The detection of snow cover in
forested areas from optical satellites is also influenced by the
shadowing of the ground by trees. The shadows decrease the
reflectance considerably. It should be noted that the measurements are of apparent reflectance, i.e. reflectance measured
at the Earth-observation instrument and therefore related to
the full sky irradiance (Salminen et al., 2009). Depth of the
snow pack becomes an important factor when snow cover is
at the melting stage and light is passed through to the ground

Earth Syst. Sci. Data, 12, 1–22, 2020

(Salminen et al., 2009). Noise at the water absorption band,
characteristic for field measurements, is seen at 1900 nm,
where the signal-to-noise ratio is inadequate for meaningful observations. Utilizing field observations, it is possible to
study the effect of both the observation geometry and the target properties on the observed reflectance spectra, although
controlling the measurement geometry is difficult.
3.3

25

Mast-borne spectroradiometer measurements of a
pine forest and forest opening

The ASD FieldSpec Pro spectroradiometer was installed on
a 33 m high mast in the intensive observation area (IOA) of
the FMI-ARC for the optical remote sensing validation studies (project NorSEN, Nordkalotten Satellite Evaluation cooperation Network). The mast observations allow the evaluation of at-satellite reflectances in the spatial scale of the
satellite image pixels. The dataset covers the spring time
periods between 2010 and 2018. In 2010–2012 measurements were collected by an operator at hours 10:00, 12:00
and 14:00 UTC (Coordinated Universal Time) during clearwww.earth-syst-sci-data.net/12/1/2020/
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Table 3. Supplementary parameters measured from each snow type condition represented in the portable field measurements and in the snow

laboratory experiments.
Supplementary data

Unit

Coordinates

(◦ )

Laboratory reference
method and accuracy

Field reference
method and accuracy
Latitude and longitude (WGS 84) ±10 m

Date

Gregorian date

Hours

Time GMT+2

Minutes

Time GMT+2

Land cover

Nine classes: (1) open (heath), (2) open mire,
(3) pine forest, (4) spruce forest, (5) mixed
forest (coniferous dominant), (6) sparse forest,
(7) fell, (8) snow on lake ice and (9) grassland/agricultural field

Air temperature

(◦ C)

Cloud cover

Measured at free air in shadow ±0.2◦
TH310 thermometer (Milwaukee Electronics
Kft., Szeged, Hungary)

Measured at free air in shadow ±0.2◦
digital thermometer (unknown)

Estimated visually in octas.
[0/8. . .8/8]
0/8 clear sky, 8/8 full cloud cover

Estimated visually in octas.
[0/8. . .8/8]
0/8 clear sky, 8/8 full cloud cover

Snow depth

(cm)

3 measurements at least 1 m apart ±1 cm
(wooden snow measurement stake)

3 measurements at least 1 m apart ±1 cm
(wooden snow measurement stake)

Snow patchiness

(%)

NA

Estimated visually in surrounding area ±10 %

Snow temperature

(◦ C)

Surface and then every 10 cm ±0.2◦

Measured from two depths, 5 cm and at half of
the depth ±0.2◦
digital thermometer (unknown)

TH310 thermometer (Milwaukee Electronics
Kft., Szeged, Hungary)
Soil surface temperature

(◦ C)

NA

Measured at snow–soil interface ±0.2◦
digital thermometer (unknown)

Layering

(cm)

Based on hardness, grain size and density differences ±1 cm

NA

Geometric snow grain size

(mm)

Typical maximum grain diameter (estimated
from macrophotographs taken against a 1 mm
grid) ±0.25 mm

Visual estimate against a millimetre grid
±0.5 mm

Snow grain type

According to Fierz et al. (2009)

Six classes: (1) fine separated crystals, (2) metamorphosed separated crystals, (3) clustered
crystals, (4) almost slush, (5) slush and (6) ice
layer

Snow water content

Five classes: (1) dry, (2) moist, (3) wet, (4) very
wet and (5) slush according to Fierz et al. (2009)

Five classes: (1) dry, (2) moist, (3) wet, (4) very
wet and (5) slush according to Colbeck et
al. (1990), now Fierz et al. (2009)

Snow density

(g cm−3 )

Sampled every 5 cm by snow density cutter

Sampled every 5 cm by snow density cutter

SSA (IceCube, A2 Photonic Sensors, Grenoble, France)a

(m2 kg−1 )

Sampled every 3 cm

NA

Snow wetness (Snow Fork, Toikka
Engineering Ltd., Espoo, Finland)b

(%)

Sampled every 10 cm

NA

Snow density (Snow Fork, Toikka
Engineering Ltd., Espoo, Finland)b

(g cm−3 )

Sampled every 10 cm

NA

Two classes: (1) no litter and (2) litter
visually estimated from snow surface

Two classes: (1) no litter and (2) litter
visually estimated from snow surface

Forest litter/impurities in snow surface

a Gallet et al. (2009). b Sihvola and Tiuri (1986). NA – not available

www.earth-syst-sci-data.net/12/1/2020/
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Figure 7. Measurement setup for field measurements with the ASD

FieldSpec Pro JR spectroradiometer. During the measurement, the
operator stepped away and squatted to minimize the effect on the
measurements.
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sky or full-cloud-cover conditions. Additionally, measurements were made more frequently during specific measurement campaigns. The system was automatized during summer 2012, and after that spectral measurements have been
collected yearly from February to November every 30 min
from 06:00 until 15:00 UTC. As the climatic environment
during the snow season is challenging, the measurement pole
was fixed over the forest target on 26 August 2013 due to
frequent problems with the turning motor. After 29 September 2015 data are only available between 350 and 1000 nm
because of breaking up of a non-replaceable part of the instrument (Table 2).
The instrument was placed inside a weather-resistant box
for protection. The ASD standard fibre-optic cable was replaced by a longer 5 m cable by the manufacturer to enable
mounting of the measurement head at the end of a turning
pole. The measurement head is a bare fibre-optic cable with
a FOV of 25◦ giving a footprint of around 14 m in diameter
(185 m2 ). This enabled measurements from two separate locations from a sparse pine forest with a median tree height of
11 m (Niemi et al., 2012) (azimuth 109◦ ) and from a forest
opening (azimuth 270◦ ) (Fig. 8). The forest opening measurement area is mainly covered by lichen, but there are also
some patches of moss (Sukuvaara et al., 2007).
Earth Syst. Sci. Data, 12, 1–22, 2020

The fibre-optic head is tilted 11◦ away from the mast. A
calibrated white reference panel (Spectralon) is mounted under a small shelter below the turning pole and is pushed under
the measurement head and measured before each target measurement. A wide-angle camera is used to image the measurement area at the time of each spectral acquisition for the
description of the measurement target characteristics.
One individual spectrum represents one instant measurement acquisition. During the automatization process threshold values were set to avoid collection of poor data. No
measurements are executed during rain or snow events, high
winds (gust > 8 m s−1 ), or low air temperatures (< −20 ◦ C).
To avoid measurements where the scene and reference spectra are collected in considerably different illumination conditions, the instrument collects spectra for 10 s before each
measurement. Integrals of radiance over wavelength are calculated, and the ratio of the largest difference and the mean
is returned and saved. The measurements are collected based
on a set illumination change threshold value (indicated by
1), currently set to 10 %. This allows further selection of
spectra based on stricter illumination standards.
The mast-borne reflectance spectra for two measurement
areas, sparse pine forest and forest opening during spring
2013 were resampled to correspond to MODIS (Moderate Resolution Imaging Spectroradiometer) band 4 (545–
565 nm), which is essential for snow mapping from satellites
(Fig. 10). In the resampling the corresponding wavelengths
from the mast-borne spectra were chosen, and weighted averages calculated by using the relative spectral response function (RSR) provided by the data provider. The time series
describes both the diurnal and within-season changes in reflectance. Measurements for clear-sky and diffuse illumination conditions were separated. The observed values for forest opening are high compared to forest until the end of the
snow season. The forest opening scene during the full snow
cover is composed of a snow field only, whereas in the pine
forest area the reflectance is dominated by the forest canopy.
The casting shadows from the surrounding trees increase the
reflectance variability especially for the forest opening. Considerable diurnal variation in snow reflectance during the
snow cover period is also seen in diffuse illumination conditions (Fig. 10b). With automatic measurements the number
of observations can be increased.
3.4
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Airborne spectrometer survey of snow and
snow-free ground

Two airborne spectral imaging campaigns were organized in
Finnish Lapland. The purpose was to investigate the effect of
forest canopy on optical remote sensing signals from snowcovered surfaces. The first campaign was organized in Sodankylä on 18 and 21 March 2010 and the second in Sodankylä and in Saariselkä on 5 May 2011. In both campaigns
airborne hyperspectral data were acquired with the AisaDUAL imaging spectrometer manufactured by SPECIM. The
www.earth-syst-sci-data.net/12/1/2020/
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Figure 8. Field reflectance measurements of snow. Cloudiness for all measurements was less than 3 octas. Dry snow (a–b) and wet snow (a–

c) correspond to class 1 and classes 3–4 (wet and very wet snow) according to Fierz et al. (2009), respectively. Figures display the mean
reflectance (solid line) and standard deviation (dashed line).

Figure 9. Mast-spectroradiometer measurement areas of (a) a forest opening and (b) a sparse pine forest as well as (c) a photograph of the

mast top structure.

5

10

technical details of AisaDUAL sensors are presented in Table 1. The data record contains 10 m resolution reflectance
mosaics of the flight lines for the bands 555, 645, 858.5 and
1640 nm for all measurement days and for both (Sodankylä
and Saariselkä) study sites (Table 2).
During the first campaign, in 2010, the ground was covered by a thick (> 70 cm) dry snow layer. On 18 March, the
trees were snow-free and the last clear snow fall event, based
on the observations from the Sodankylä weather station, was
on 3 March; therefore the snow on the ground was several
days old, while on 21 March, the trees were snow-covered
www.earth-syst-sci-data.net/12/1/2020/

and the snow on trees and on the ground was newly fallen. All
measurements were carried out in direct illumination conditions (0/8 to 2/8 cloud cover). The AisaDUAL spectrometer was installed in a helicopter (Fig. 11). To convert the
measured airborne radiances to reflectances, the concurrent
mast-borne Spectralon radiances were utilized to determine
the incoming radiation at the particular wavelength. To get
the same reflectance level with the mast-borne observations,
calibration coefficients were determined and utilized for the
AISA data (Heinilä et al., 2014).

Earth Syst. Sci. Data, 12, 1–22, 2020
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Figure 10. Mast-spectroradiometer observations from both forest and forest opening during the spring of 2013 resampled to correspond to

MODIS band 4 (545–565 nm) reflectance in (a) direct (cloudiness 0–2/8) and in (b) diffuse (cloudiness 7–8/8) illumination conditions.

Figure 11. (a) In March 2010 the AISA acquisition was made from a helicopter. The AISA sensor was attached in a box mounted on the
bottom of the helicopter. In the bottom of the box was a hole for the sensor. (b) The photo taken from the helicopter on 21 March 2010.
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During the second campaign, in 2011, the spring snow
melting was ongoing and first snow-free patches had appeared. Snow depth varied between 0 and 30 cm at the Sodankylä site and between 0 and 60 cm at the Saariselkä
site. Additionally, more snow-free pixels were found in Sodankylä than in Saariselkä. The measurement setup followed
the earlier campaign. The measurements were carried out under direct illumination (cloud cover 0/8) in Sodankylä and
under diffuse illumination (cloud cover 7/8) in Saariselkä.
The reflectance level was obtained by applying a real-time
fibre-optic downwelling irradiance sensor (FODIS) (Heinilä
et al., 2019b). In both campaigns the Oxford Technical
Solutions RT4000 GPS/INS was utilized to provide highaccuracy position measurements with low drift rates.
The imaging spectrometer data were radiometrically and
geometrically corrected by using the SPECIM’s CaliGeo tool
in the ENVI software. Measurements from Saariselkä were
additionally corrected with the digital elevation model KM10
(Finnish national digital elevation model by the National

Earth Syst. Sci. Data, 12, 1–22, 2020

Land Survey of Finland) with a pixel size of 10 m × 10 m and
elevation resolution of 1.4 m. The bands 555, 645, 858.5 and
1640 nm were extracted from the original spectra by using
the band-specific FWHM (full width at half maximum) criterion corresponding to MODIS bands. For these bands the
original 80 cm resolution data were filtered with a mean filter using 12 × 12 window corresponding to a pixel size of
10 m × 10 m.
As an example, Fig. 12 shows reflectance values on
5 May 2011 observed over different land cover types during
partial snow cover along the AisaDUAL flight line. At the
very end of the spring melting the observed reflectances are
relatively low in all land cover types even with 50 %–60 %
snow patchiness.

3.5

20

25

30

Reference measurements

With each case of measured spectra of snow and open ground
targets described above, reference in situ measurements and
www.earth-syst-sci-data.net/12/1/2020/
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and field reference data. The reference data for laboratory
and field measurements are summarized in Table 3.
4
4.1

Figure 12. Airborne spectrometer reflectance at band 555 nm on

5 May 2011 at 10 m resolution. An orthophoto from summer time
conditions is shown in the background (© National Land Survey of
Finland, December 2018).
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observations of weather conditions, location characteristics
and snow properties were conducted to help to interpret
the changes seen in the measured spectra (Table 2). The
portable field measurements and the accompanied in situ
data serve as reference information also for the airborne
measurements (overlapping in time). The prevailing weather
conditions were logged while making the reference observations. These included measurement of air temperature at
2 m height and observation of cloud cover in octas. For the
mast measurements, cloud cover (in octas, Vaisala CT25K
laser ceilometer), air temperature at 2 m (10 min average) and
wind speed in gust at 22 m (10 min maximum) from an automatic weather station were accompanied with the measured
spectra. Since the measurement automatization in 2012, the
1 values, describing the illumination change between the target and the reference measurement, were also added as reference data for the measured spectra. The mast measurement
area was photographed with a wide-angle digital camera after each spectral measurement for target characteristics description. Although no other specific reference data were acquired for the mast observations, the extensive collection of
automatic and manual in situ observations from the IOA site
is available, including weekly snow pit measurements collected along the Sodankylä manual snow survey programme
(Leppänen et al., 2016). As the field measurements were also
conducted in different terrain, some information was collected about the surroundings, namely land cover type and
snow patchiness. The snow properties logged in the reference
data were snow temperature from different depths, layering
of snow, geometric snow grain size, type and specific surface area (SSA), observed and measured snow water content,
snow density and impurities/organic litter in snow. The methods and parameters varied somewhat between the laboratory
www.earth-syst-sci-data.net/12/1/2020/
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Discussion
Error and uncertainty

The target scene reflectance inside the satellite footprint,
recorded by a remote sensing instrument, is a combination
of spectral information of several endmembers which complicates the data interpretation. Thus knowledge of the spectral reflectance characteristics of the target endmember (e.g.
snow) as well as the combined effect of several contributing
endmembers (e.g. forest and open ground) is needed. Data
of the same quantity at several scales allows for the accumulation of understanding from reflective properties of an
individual tree branch or snow type to scene reflective properties observed at a mast scale to a scale of an optical satellite
footprint of several hundred meters. As the sources of error
and uncertainty are variable, data at multiple scales also benefit the recognition and quantification of inaccuracies in the
remotely sensed information.
The spectroscopy measurements are affected by manifold
factors leading to error and uncertainty in the observations
and therefore complicating the understanding of the effects
of the measured target on the propagation of electromagnetic radiation. These factors stem partly from the instrument
characteristics and partly from prevailing conditions. Spectral and radiometric calibration and stability characterization
are required to address the effects of the instrumental uncertainties. The optimal sampling procedure appropriate for
the considered application should be chosen and the common
measurement protocols and standards followed. The imperfections in the reflectance calibration need to be recognized,
and the effect of uncontrolled factors, such as changing illumination conditions, should be minimized and documented
(Hueni et al., 2017). The measurements of reflectance properties of snow and snow-free ground targets in different spatial scales have enabled the estimation of the systematic error
involved in satellite algorithms for snow retrieval (Salminen
et al., 2018). In order to use the subordinate scale, the relevant error sources need to be identified and preferably quantitatively estimated. Here the sources of measurement error
and uncertainty of the described datasets are discussed.
In the laboratory conditions the measurements are highly
controllable. The external error sources can therefore be minimized. In such conditions the precision of the measurements
can be estimated based on the repeated measurements of a
reference Spectralon panel. The integrated precision is determined by (Hannula and Pulliainen, 2019)
q
1
S (λ, θ ) =
Ls1 (λ)2 + Ls2 (λ)2 + · · · + LsN (λ)2 ,
(3)
N
where S is the precision of the calibration with light zenith
angle θ , and LsN is the standard deviation of the Spectralon
Earth Syst. Sci. Data, 12, 1–22, 2020
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radiance acquisitions (n = 10–30) at wavelength λ for individual reference panel measurements 1 − N. The precision
of the laboratory measurements was lowest in the detector
edges (1000 and 1800 nm) and at the both ends of the spectral
range. Excluding these areas, the precision varied roughly
between 2.0 × 10−6 and 8.0 × 10−6 W m−2 sr−1 nm−1 for
470–830 and 1200–1790 nm and between 8.0 × 10−6 and
2.0 × 10−5 W m−2 sr−1 nm−1 for the last detector (1800–
2300 nm) due to lower signal-to-noise ratio. The precision
values describe the integrated inaccuracy due to instrument
instability (in all measurements the instrument was left to
warm up for 30 min at minimum) and lamp irradiance variability (±0.1 %). In addition, there may be other known
and unknown systematic and random sources of error such
as possible stray light from any reflecting surface and inaccuracies in the desired measurement geometry. During
the portable field observations, real-time reflectance spectra were collected (no separate Spectralon radiances were
saved), whereas the mast-borne and airborne observations
represent only one measurement acquisition. Thus, similar
estimates of the measurement precision for field, mast-borne
or airborne conditions were not possible to define. Earlier
studies have shown that the uncertainty characterizations
made in laboratory conditions can remarkably differ from
those derived in the field (Anderson et al., 2011).
Correct calibration is essential to obtain high-quality reflectance data. As such, the uncertainty at all scales of the
data record presented here is related to the uncertainty in the
calibration. In the laboratory, this is mostly related to the imperfect Lambertian characteristics of the Spectralon panel.
Sandmeier et al. (1998) and Rollin et al. (2000) have shown
that Spectralon panels have anisotropic reflectance characteristics depending on view and illumination geometry. This
causes some systematic (±) uncertainty in the absolute reflectance values in this data record. In the airborne, mastborne and portable field data the uncertainty and error in the
calibration is added by the possibility of the panel degradation. The degradation level of the reference panel can be
estimated by calibration tests against a laboratory standard
repeated in time (see Sect. 2.2). For successful calibration,
it is also important that the panel is absolutely horizontally
aligned. In portable field observations, a tripod with a bubble level was used to reduce the error from panel alignment which, according to earlier demonstrations (Hueni et
al., 2017), should lead to a deviation of less than 1◦ from the
horizontal alignment.
The measurements in field conditions, including the mastplatform and airborne measurements, are more susceptible to
changes in the external conditions. The field measurements
are affected by the naturally varying illumination, atmospheric composition, and measurement geometry but also by
the possible reflective or obstructive objects in the measurement surroundings. In field measurements the observed target (directional) radiation may change without any changes
in the target properties if the distribution of irradiation over
Earth Syst. Sci. Data, 12, 1–22, 2020

the hemisphere is changed (Kriebel, 1976). This is due to
the anisotropic reflective properties of natural surfaces. Under clear-sky conditions, changes in the incident irradiance
are governed by the changes in Sun zenith angle and the optical depth of the atmosphere (Goetz, 2012; Kriebel, 1976).
To minimize these effects the frequency of Spectralon measurements should be adjusted according to the stability of
the illumination (see Sect. 2.2) and measured near or at the
same location as the target (Goetz, 2012; Mac Arthur and
Robinson, 2015). In ideal case the measurements are executed around the local noon if the purpose is not to study the
effect of changing illumination conditions, as in the mastborne measurements. Accordingly, any nearby objects, including the observer, will affect the spectral measurements
by blocking part of the diffuse irradiance and on the other
hand by reflecting the downwelling (direct and diffuse irradiance) and upwelling (reflected from ground) radiance towards the target (Kimes et al., 1983). If the location of these
objects remains the same in relation to the target and the
Spectralon, no error is produced, but this is rarely the case
in the field. This speaks in favour of fixed installations, such
as mast-platform, where at least the measurement setup itself
remains unchanged (Hueni et al., 2017). In the portable field
measurements, the tripod with the extended arm obscured a
part of the diffuse skylight illuminating the target. This effect
has not been quantified or corrected in our measurements.
The airborne measurements are affected by the adjacency
effect in the heterogeneous areas where top of atmosphere
(TOA) radiance is decreased over bright pixels and increased
over dark pixels (Otterman and Fraser, 1979). This can be
reduced by calibrating the TOA radiances using surface radiances from the same target as was done for the AISA radiances in March 2010. The effect of the external factors may
become mixed with the reflectance variability caused by the
target properties, such as snow characteristics, and thus make
conduction of field measurements complex. In field measurements, the uncorrected irradiance levels and other external
sources of error together with the BRDF (bidirectional reflectance distribution function) characteristics of the target
may compensate for each other, resulting in less variable reflectance (Sandmeier et al., 1998). These interactions are target specific and are typically hard to predict (Sandmeier et
al., 1998). Thus, the reflectance observed in laboratory conditions can be more reliably interpreted to be originating from
the target’s properties.
The measurement scale needs to be taken into account
when interpreting the results as the chosen sensor-to-target
distance combined with spatial heterogeneity of the target
may yield very different outcomes (Milton et al., 2009). This
was demonstrated in Fig. 6 where a shift of the pine and
spruce sample boxes under the measurement head was followed by a clear change in the target reflectance. Accordingly, a change in Sun azimuth angle over an asymmetric
surface (such as forest canopy) without change in the target
properties will yield a different reflectance value (Kriebel,
www.earth-syst-sci-data.net/12/1/2020/
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1976). Thus, the representativeness of the dataset has to be
judged with respect to the temporal and spatial sampling and
the aim of the study. Instrument characteristics may introduce uncertainty. Photodiode detectors utilized in spectroradiometers have temperature-dependent sensitivities (Hueni
and Bialek, 2017; Starks et al., 1995). In the mast-borne and
in the portable field measurements the spectroradiometer was
placed inside an insulated box for protection and to decrease
the variability of the ambient temperature. The spectroradiometer utilized in laboratory and portable field measurements has been regularly calibrated by the manufacturer. The
mast-borne spectroradiometer has been calibrated on a less
regular basis, but the changes of the instrument responsivity
have been monitored by yearly laboratory tests to reveal any
changes in the instrument behaviour. Some instrument characteristics are hard to determine in detail. ASD spectroradiometer FOVs have shown to differ from the nominal FOV
reported by the manufacturer, and the sensor responsivity has
shown to be nonuniform within the FOV (Mac Arthur et al.,
2012). This complicates the understanding of the relationship between the observation and the target in heterogeneous
areas (Hueni et al., 2017). These examples illustrate the complexity of the factors affecting the (field) spectroscopy measurements and highlight the need for comprehensive metadata of the measurement sites to assist the data interpretation.
4.2
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Reflectance of same targets measured by different
platforms

Comparison of observations collected by different platforms
is not always straightforward. Figure 13 presents surface
reflectance spectra observed at different scales for snowcovered lake ice (a) and forest measurement area of the mastborne platform during dry snow conditions (b). For Fig. 13b
the mean of pine branch reflectance measurements, measured
in a laboratory, is also shown. The motivation behind the
comparison of measurements collected at different scales is
to understand how the band reflectance value measured for
a coarse-resolution remote sensing image pixel is composed
for different types of heterogenous landscapes. The same motivation behind these studies may give rise to problems in future data analysis. For a homogeneous area with direct and
stable illumination conditions, comparing measurements observed from a height of 800 m and 45 cm and with a spatial resolution of 10 m and 20 cm may give information, for
example, from the success of the atmospheric correction. In
Fig. 13a there are some differences in the snow reflectance
observed at different scales, but the airborne values still fit
within the standard deviation observed on the ground in the
portable field measurements. When more heterogeneous surfaces, such as the forested area in Fig. 13b, are compared,
even small differences in the view angles (nadir for airborne AISA and 11◦ for mast-borne observations) yield differences, which, although giving information about the effects of these differences, also complicate the comparison
www.earth-syst-sci-data.net/12/1/2020/

Figure 13. (a) Snow reflectance on lake Orajärvi measured by air-

borne (AISA) and portable field platforms. (b) Reflectance of the
forest measurement area observed by the mast-borne (spectra) and
airborne (four bands) platforms during dry snow conditions and
mean of pine branch measurements observed in a laboratory.

as it is more difficult to distinguish the effect of one case
from another. From the different view angles in Fig. 13b
it follows that the forest cover for the same area observed
by the airborne platform is 40 %, whereas it is 48 % when
observed by the mast-borne platform. The proportional areas of shadowed surfaces and whether the sensor is mostly
seeing pine branches or both tree branches and tree trunks
are also affected by the view angle. Pointwise field measurements and temporally restricted laboratory observations can
be, however, successfully used to characterize the behaviour
of larger-scale measurements via modelling (Niemi et al.,
2012). Many studies have researched the spatial representativeness of observations collected at different scales for both
homogeneous and heterogeneous surface types (e.g. Román
et al., 2009; Wang et al., 2014).
4.3
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Examples of data usage

In the laboratory experiments the aim was to characterize the
variation of the spectral reflectivity of pine and spruce and
different snow types (i.e. spectral endmembers) with controlled illumination, a characteristic which cannot be reached
Earth Syst. Sci. Data, 12, 1–22, 2020
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in field conditions. Since the pine and spruce sample reflectances at this scale can significantly change depending on
the orientation of the target in relation to the measurement
head, a number of observations with varying orientations
were taken to describe the average variance. Both laboratory
and field observations can describe only part of the spatial
and temporal variability in the targets’ spectral reflectance
as only a specific number of measurements at some specific
times can be measured. With continuous mast measurements
a time series of reflectance spectra of the same target area
can be constructed offering data to study the changes in the
spectra of a specific land cover type in varying illumination
and atmospheric conditions and with seasonally varying target characteristics. In comparison, the airborne data provide
the variability between several boreal land cover types. Scaling upward with mast- and airborne data records provides
one more link between the remotely sensed and pointwise
field observations. The presented data record can be considered representative as it is measured with various temporal
and spatial resolutions and has the specific advantage of being coincident in time and from the same locale.
The data record has been utilized in several feasibility
studies of satellite snow-covered-area mapping, with most
of them focusing on forested areas. The changes in portable
field spectra due to snow properties were studied by Salminen et al. (2009) and Niemi et al. (2012). They showed that
snow wetness had strong effect on the forward scattering
due to the increase in the effective grain size in the optical
region (Wiscombe and Warren, 1980). This produced high
variability in the reflectance spectrum (Niemi et al., 2012).
Wet snow transmits light more efficiently, and therefore, during the spring melting conditions, snow depth starts to play
a more significant role in altering the reflectance. The mean
snow reflectance can drop from 1.00 to 0.7, when a threshold
of 20 cm snow depth is crossed (Salminen et al., 2009).
Salminen et al. (2009) used their own pointwise portable
field spectroradiometer measurements to statistically characterize the variability of boreal ground reflectance and mastborne time series to study the comparability of pointwise
and scene reflectance measurements aiming at optimal band
selection and assessment of accuracy when applying the
SCAmod method, an algorithm for FSC detection. They concluded that ground reflectance variability can induce errors
up to 10 %–12 % in SCAmod estimations and suggested the
use of wavelengths 400–480 nm for SCAmod (and other similar) methods for the best detection of snow. The work was
continued by Niemi et al. (2012), who utilized the mastborne observations of a forest and forest opening to investigate the boreal forest scene reflectance behaviour by means
of NDSI (normalized difference snow index), NDVI (normalized difference vegetation index) and MODIS bands during the springs of 2010 and 2011. In the forest opening the
band indices were well functioning, but at the forest scene
they were strongly affected by the illumination geometry.
The study of the spectral index behaviour was continued
Earth Syst. Sci. Data, 12, 1–22, 2020

by investigating the linkage between the scene reflectance
and the forest canopy characteristics (coverage, tree height)
by concurrent use of field, mast-borne, and airborne spectral measurements and LIDAR data (Heinilä et al., 2014,
2019b). Airborne reflectances from snow-covered surfaces
were shown to be highly dependent on forest characteristics.
In Pulliainen et al. (2014) the mast-borne measurements from
2010 and 2013 and the airborne data record from 2010 were
once again utilized to test a zeroth-order radiative transfer
approach for snow monitoring from optical remote sensing
data. By means of these data records, the spatial and temporal
variability of boreal forest reflectance could be investigated
and the model validated at several different scales.
In forthcoming research the mast-borne data record will be
further utilized to analyse the representativeness of the mast
measurements for the larger boreal forest area in FMI-ARC
surroundings and to assess the feasibility of the latest optical
satellite data provided at higher, 10–30 m spatial resolution.
Spectral data at multiple scales offer a possibility to assess
the effect of atmospheric correction applied in remote sensing data processing. Meteorological observations as well as
manually and automatically measured snow properties from
FMI-ARC have also been used to drive and evaluate snow
models (Essery et al., 2016; Ménard et al., 2019). Driving
models benefits from (hemispherical) albedo measurements,
but also reflectance quantities presented here may be of interest for the snow modelling community. Although the collection and analysis of the spectral data record has been driven
by the aim to improve optical snow mapping methods, multiple other possibilities for data usage exist. The mast-borne
data can serve as a direct validation or cross-reference information for unmanned aerial vehicle (UAV)-borne spectral
measurements, and the spectral range (Table 1) is valid for
phenology or vegetation spring green-up studies.

5

Data availability

The data record is made available through a community in the Zenodo repository service (https:
//www.zenodo.org/communities/boreal_reflectances,
Hannula et al., 2019). Each dataset of a distinct scale
has its own unique digital object identifier (DOI) –
laboratory:
https://doi.org/10.5281/zenodo.3580078
(Hannula
and
Heinilä,
2018a);
field:
https://doi.org/10.5281/zenodo.3580825
(Heinilä
et
al.,
2019a);
see
also
https://ckan.ymparisto.fi/dataset/spectrometermeasurements-of-snow-and-bare-groundtargets-and-simultaneous-measurements-ofsnow
(last
access:
May
2019);
mast-borne:
https://doi.org/10.5281/zenodo.3580096
(Hannula
and
Heinilä,
2018b);
and
airborne:
https://doi.org/10.5281/zenodo.3580451 (Heinilä, 2019a)
and
https://doi.org/10.5281/zenodo.3580419
(Heinilä,
www.earth-syst-sci-data.net/12/1/2020/
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2019b). Two DOI numbers for the AISA datasets were
created due to differing data processing methods in 2010
and 2011. The ASD spectra as well as the accompanied
reference measurements are organized in ASCII files with
the metadata information attached in the file header (laboratory, mast-borne and airborne) or as a separate metadata
file (portable field). The airborne AISA reflectances are
provided as geolocated GeoTIFF files. Digital images for
the mast-borne measurement scenes are organized in yearly
folders and packed into a zip file. For some spectra the
digital images are missing due to technical problems. In
2010–2011, when the mast-borne measurements were still
collected manually, the time gap between the measurement
and the digital image varies. However, images temporally
far apart are sometimes included in the dataset as they
still give some information about the measurement target
for the user. The image file names have an associated
time tag and an indication of the measurement target in
the format YYYY-MM-DD_HHMMSS_forest/open. For
further information, contact details are provided along with
each dataset. The laboratory, portable field and airborne
datasets have undergone quality check to include only the
good-quality spectra or band reflectances. However, the
users are encouraged to consider the sources of error and
uncertainty discussed in Sect. 4.1. Only a very robust quality
check, leaving out the most erroneous measurements, has
been conducted on the mast-borne dataset. Any further
filtering is left for the user as best fits the application. Users
are also encouraged to give feedback on any issues with the
datasets.

19

most of them focusing on the improvement of satellite snow
cover detection in forested areas. However, the data record at
various scales offers numerous other possibilities for data usage such as cross-reference information for UAV-borne spectral measurements or phenology and vegetation spring greenup studies.
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Conclusions

In order to establish new and improved optical snow mapping methods for boreal forested areas, detailed surveys of
satellite scene reflectance contributors are required, as the
relatively large satellite footprint may contain both fractional snow and forest cover. The spectral reflectance data
record described here contains spectral observations of the
main components (i.e. spectral endmembers) of a boreal
landscape during spring: snow (dry, wet, shadowed), forest
ground (moss, lichen) and forest canopy (spruce and pine,
branches) corresponding to the atmospherically corrected estimate of surface reflectance from satellite data. The data
record contains comparable observations at laboratory, field,
mast-borne and airborne scales partially overlapping in time.
In addition, the collection includes reference data collected
in situ, along with spectral observations.
The main experimental site for data collection in Sodankylä, northern Finland, and the collection and measurement systems for each scale of data record were described in
detail and data examples were given. The possible sources of
error and uncertainty were discussed and estimated. So far,
the data record has been used for various scientific studies,
www.earth-syst-sci-data.net/12/1/2020/
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Abstract. An extensive in situ data set of snow depth, snow
water equivalent (SWE), and snow density collected in support of the European Space Agency (ESA) SnowSAR-2 airborne campaigns in northern Finland during the winter of
2011–2012 is presented (ESA Earth Observation Campaigns
data 2000–2016). The suitability of the in situ measurement
protocol to provide an accurate reference for the simultaneous airborne SAR (synthetic aperture radar) data products
over different land cover types was analysed in the context
of spatial scale, sample spacing, and uncertainty. The analysis was executed by applying autocorrelation analysis and
root mean square difference (RMSD) error estimations. The
results showed overall higher variability for all the three bulk
snow parameters over tundra, open bogs and lakes (due to
wind processes); however, snow depth tended to vary over
shorter distances in forests (due to snow–vegetation interactions). Sample spacing/sample size had a statistically significant effect on the mean snow depth over all land cover types.
Analysis executed for 50, 100, and 200 m transects revealed
that in most cases less than five samples were adequate to describe the snow depth mean with RMSD < 5 %, but for land
cover with high overall variability an indication of increased
sample size of 1.5–3 times larger was gained depending on
the scale and the desired maximum RMSD. Errors for most
of the land cover types reached ∼ 10 % if only three measurements were considered.
The collected measurements, which are available via the
ESA website upon registration, compose an exceptionally
large manually collected snow data set in Scandinavian taiga
and tundra environments. This information represents a valuable contribution to the snow research community and can be
applied to various snow studies.

1

Introduction

A large set of in situ snow data were collected in support
of European Space Agency (ESA) SnowSAR-2 airborne (Di
Leo et al., 2015) acquisitions in northern Finland during
the winter of 2011–2012 (Lemmetyinen et al., 2014). The
airborne campaign was part of the feasibility study of the
proposed ESA CoReH2O (Cold Regions Hydrology Highresolution Observatory; ESA, 2012; Rott et al., 2010) mission, at that time a candidate for the ESA Earth Explorer-7
satellite. The overall goal of the CoReH2O mission was to research the interactions between the cryosphere and climate.
These included, but were not limited to, an estimation of the
variation and amount of fresh water stored in snow cover, the
links of the terrestrial cryosphere to the carbon cycle via soil
freezing and respiration processes, and the role of snow cover
in the global radiation balance (ESA, 2012).
This paper addresses three subjects: (1) to describe an extensive data set of manual bulk measurements of snow acquired in northern Finland during the SnowSAR-2 campaign
that is freely available for the snow research community,
(2) to analyse and describe the spatial and temporal variability of these snow properties in different land cover types, and
(3) to analyse the effect of scale and measurement spacing
on the collected snow information as a ground-truth reference for airborne SAR (synthetic aperture radar) backscatter
data.
In the SnowSAR-2 campaign, the main focus was to test
and develop an algorithm for snow water equivalent (SWE)
retrieval, which is the product of snow depth (cm) and snow
density (g cm−3 ) and quantifies the amount of water stored
by the snowpack. For the campaign, a dual frequency (9.6
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and 17.2 GHz), two-polarization (VV and VH – vertical–
vertical and vertical–horizontal) airborne SAR system (same
measurement frequencies as the CoReH2O-satellite) was installed on a Piper PA-32 Saratoga aircraft. To better interpret the relationship between the snowpack properties and
the SAR backscatter, ground measurements of snow depth
and SWE were collected along the flight transects. As even in
flat areas snow properties vary at a number of different scales
(Derksen et al., 2010; Sturm and Benson, 2004), snow information retrieval via unmanned systems remains challenging.
To develop a retrieval algorithm giving SWE values as close
to reality as possible, it is important to analyse and quantify
the spatial and temporal variability of SWE itself as well as
snow depth and snow density. The SnowSAR-2 data were
originally provided at 2 m or alternatively 10 m spatial resolution, but will be aggregated up to resolutions of 500 m.
For this reason, it was important to assess the uncertainty in
the in situ data itself, to evaluate the success of the measurement protocol (spacing and number of measurement points)
to describe the apparent variation of the snow properties, and
to estimate the variability of the measured snow data along
scale changes.
Numerous studies have described the spatial variability of
snow properties in different environments. Many of them
have concentrated on describing the statistical relationship
between the snow parameters and the landscape characteristics, such as elevation, slope, azimuth, vegetation, and solar
radiation (e.g. Blöschl and Kirnbauer, 1992; Hosang and Dettwiler, 1991; Trujillo et al., 2009; Watson et al., 2006; Zheng
et al., 2016). Studies have also evaluated the effect of different sampling protocols (orientation, spacing, sample size
etc.) on the measured (snow) information (e.g. Skøien and
Blöschl, 2006; Trujillo and Lehning, 2015), and their ability to represent the “average” snow conditions (e.g. Chang
et al., 2005; López-Moreno et al., 2011; Neumann et al.,
2006). The proper sampling plan is especially essential for
small sample sizes to minimize the uncertainty (McCreight
et al., 2014). During recent years, studies utilizing airborne
lidar (light detection and ranging) data (e.g. McCreight et al.,
2014; Trujillo et al., 2007; Zheng et al., 2016) have offered
new insight into these research questions as a considerable
number of measurement points can been obtained in a short
time from a relatively large areas. However, the temporal and
spatial coverage of the snow measurements collected in the
SnowSAR-2 campaign in northern boreal and tundra environments are still unique, and can thus be considered to offer
unique information for scaling studies. Many of the previous
collected data sets have been more limited either in time or
space, or have been gathered in different land cover environments, for example, in an alpine environment, or by using
e.g. lidar instruments. In this study, the analysis of the spatial heterogeneity of the snow properties and the effect of
sampling spacing are specifically framed in the context of
the ESA SnowSAR-2 airborne acquisitions, but the results
can also be useful for planning future measurements in simGeosci. Instrum. Method. Data Syst., 5, 347–363, 2016

ilar environments, and further understanding of the nature of
snow spatial heterogeneity.
In the following sections, the key concepts to be used
during the paper, such as scale, are discussed and defined.
Then the collected data set and the methods to analyse the
snow heterogeneity and the effect of sample spacing are introduced. Finally, discussion of the results in the context of
the SnowSAR-2 campaign is given and the main findings are
compared to previous studies.

2

Sampling procedure and scale

The difficulty to describe the spatial variability of snow properties is related to the fact that they are governed by different processes acting on different scales (Clark et al., 2011).
For this reason, some understanding of this scale-dependent
variation is necessary (Lloyd, 2014). Snow cover surface
roughness that is affected by individual changes in vegetation or slope controls variance at very small scales. To estimate runoff at a watershed scale, coarser spatial information is adequate as this scale variability is mostly affected by,
e.g., aspect, elevation, and land cover gradients (Clark et al.,
2011). The dominant processes are not dependent only on
scale, but also the type of environment (e.g. wind and topography in tundra landscape versus snow–vegetation interactions in the boreal forest) and they may work simultaneously
at several scales (Blöschl, 1999). As such, the chosen measurement protocol can have a major effect on the results, and
should be defined based on the local characteristics across the
study domain, the purpose of the end user, and the amount of
acceptable uncertainty.
With point in situ sampling, the information gained will
always, to some extent, be different from that of the actual
snow patterns (Blöschl, 1999). The measurement error in the
sampling itself, although not in the scope of this study, will
add to uncertainty in the sample data. As such, analogously to
previous studies, we will refer to the statistical characteristics
of snow properties based on the SnowSAR-2 data set as apparent characteristics. The optimal sampling strategy would
create a minimal bias (systematic error) and uncertainty (random error) (Skøien and Blöschl, 2006) between the variance
of the sample data and the “true” pattern. The unrepresentativeness of point measurements for spatial means is well
documented and usually increasing the number of samples
decreases the uncertainty (e.g. Kuchment and Gelfan, 2001;
Skøien and Blöschl, 2006; Yang and Woo, 1999). With intensive time demands when sampling in the field, knowledge of the most representative locations or the most optimal
spacing of the measurement points is desirable. Blöschl and
Sivapalan (1995) have introduced the term scale triplet to
describe the three scales, which affect the measured sample
data: spacing is the distance between measured samples, support quantifies the geometrical area/diameter of a single measurement point with a distinct method, and extent the overwww.geosci-instrum-method-data-syst.net/5/347/2016/
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all area covered by the measurements. Together this triplet
forms the measurement scale or observation scale, which can
be used to describe the spatial variation of a parameter. A
process scale is the average distance over which a parameter
varies in a landscape. We will utilize these defined concepts.
In this study, the variation of bulk snow properties on
scales from metres up to several hundred metres was the target of interest; to support the analysis of the SAR backscatter.
For this purpose, an optimal sampling strategy would capture
the “true” variation of SWE, snow depth, and snow density
without significant under- or oversampling, at an accuracy
superior to the one expected from the retrieved SnowSAR-2
geophysical data products (i.e. SWE).
The analysis was executed separately for different land
cover types. This was justifiable because processes affecting the spatial variation of snow depth and SWE are linked
to the vegetation structure (or lack thereof). The review article of Varhola et al. (2010) drawing analysis upon 33 previous research articles from a time period spanning 1930s
to 2010, showed that changes in forest cover explained 72
and 57 % of the relative changes in snow ablation and accumulation respectively. The sub-canopy snow depth is reduced as part of the precipitation is intercepted by the canopy
and is sublimated or offloaded (e.g. Gelfan et al., 2004; Hedström and Pomeroy, 1998; Pomeroy et al., 1998; Storck et
al., 2002). By reducing the passage of incoming solar radiation and by decreasing wind speeds, forest cover creates a
sheltered environment slowing down the snowmelt and the
sublimation loss from the ground (e.g. Gelfan et al., 2004;
Hardy et al., 1997). In open areas, the snow cover is freely
exposed to the atmosphere, increasing the sublimation loss,
and creating a distinctly different energy balance from that
of a forest (e.g. Harding and Pomeroy, 1996; Zhang et al.,
2004). Forest edges and small openings may hold exceptionally deep snow depths depending on the wind speeds and
the surrounding vegetation (Gary, 1975; Gelfan et al., 2004;
Golding and Swanson, 1978; Veatch et al., 2009). The effect
of vegetation structure especially applies to flat areas, such
as the Sodankylä region, where elevation and aspect have little effect (D’Eon 2004). Remote sensing of snow cover has
also proven to be problematic in the boreal forest zone (e.g.
Foster et al., 2005; Heinilä et al., 2014) as the vegetation itself has a larger effect on the measurements and needs to be
taken into account (Cohen et al., 2015; Derksen, 2008; Metsämäki et al., 2012). In tundra regions, local scale variability due to wind effects, and a stratigraphically complicated
snowpack introduces different scales of variability (Derksen
et al., 2010).
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Figure 1. Snow depth (pink) and SWE (blue) measurements collected at the Sodankylä (left) and the Saariselkä (right) test sites
during the SnowSAR-2 acquisitions.

3

Data and methods

3.1
3.1.1

Study sites
Sodankylä

The in situ data used in this study were collected along the
SnowSAR-2 flight lines over three sites during the winter of
2011–2012. One was located over sea ice in the Gulf of Bothnia, but these data are not covered here. Most acquisitions
were located at the primary site, an approximately 7 by 10 km
area close to the Arctic Research Centre of the Finnish Meteorological Institute (FMI-ARC) located near Sodankylä in
northern Finland. The main site is a typical boreal forest/taiga
environment dominated by spruce/scots pine forests of varying density, as well as open peatbogs (wetlands). The elevation in the area varies between 180 and 240 m above sea level
and is relatively flat. The area covered by the SnowSAR-2
data also included several rivers and lakes. Acquisitions were
timed to correspond closely to the planned CoReH2O revisit
times during the two proposed phases of the mission (3- and
15-day revisit time).
3.1.2

Saariselkä

The second site was situated ∼ 150 km north of Sodankylä
near Saariselkä, representative of an upland tundra environment. The area is mainly treeless, but the ground vegetation
is characterized by lichen, mosses, and some larger shrubs,
which result in a more variable local distribution of snow
cover due to wind effects. The general topography was also
more variable with several low-lying tundra hills situated
along the acquisition path. This site was visited twice during the season; a single ∼ 20 km transect was covered. The
aim was to provide data for CoReH2O retrieval performance
testing over the tundra land cover type, which was not well
represented at the main site.
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Table 1. Generalization of the field measurements based on the CLC2012 land cover classes analogous to Lemmetyinen et al. (2015), and
the spatial %-coverage of each land cover group within a 7 km × 10 km area in the Sodankylä and the Saariselkä test sites.
Acronym for generalized
land cover group

3.1.3

Description

CLC2012 classes

DFm
DFp
SFm
SFp
FM

Dense forests (mineral soil type)
Dense forests (organic/peat soil type)
Sparse forests (mineral soil type)
Sparse forests (organic/peat soil type)
Fields and meadows

B
OB
LR
O

Barren
Open bogs
Lakes and rivers
Other (roads and urban areas)

Land cover

To study the spatial and temporal pattern of the snow properties in different land cover types, a land cover class for
each snow measurement point was determined based on
GPS coordinates, collected at each sample. The land cover
information was available through the European Commission programme to COoRdinate INformation on the Environment (CORINE; http://land.copernicus.eu/pan-european/
corine-land-cover). A data set describing the land cover use
and types during 2012 (CLC2012) was used. Analogous to
former airborne data analysis from the site (Lemmetyinen
et al., 2015) the original 44 CLC2012 land cover classes
were generalized into nine land cover groups. Forested areas were divided based on both the total crown cover (> 30 %
dense/ < 30 % sparse) and the soil type (mineral/peat or organic). The 30 % threshold value follows the classification of
the CLC2012 data set where areas with a total crown cover
exceeding 30 % and between 10 and 30 % are classified as
dense forests and as sparse forests respectively. The division
of forests on mineral and peat/organic soil was based on the
hypothesized differences between these forest types; forests
on peat/organic soil are former wetlands becoming forested
and typically have lower canopy closure and tree height than
the forests on mineral soil. Different types of open areas were
also separated (wetlands/open bogs, meadows, barren surfaces, and water systems). The ninth group included all artificial surfaces, such as roads and buildings, and were excluded from the analysis. In Table 1, the nine generalized
land cover groups, their acronyms used in this paper, and
the spatial percent coverages of different land cover groups
within a 7 km × 10 km area in the both test sites are shown.
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22, 24, 26, 27, 29
23, 25, 28
33, 35, 36
34
16, 17, 18, 19, 20,
21, 30, 31, 32
37, 38, 39
40, 41, 42, 44, 45
46, 47, (48)
1–15, 43

3.2
3.2.1

%-coverage on the
7 × 10 km area
Sodankylä

Saariselkä

33
10
8
6
5

31
1
5
0
50

0
26
11
1

11
1
0
0

In situ measurements
Snow depth

Ground sampling of the snow properties were made during
the SnowSAR-2 flights. The main objective of the distributed
measurements was to obtain a maximum amount of snow
depth/SWE samples for comparison with the airborne observations. Around 600 SWE and 22 100 snow depth measurements were collected during a total of 19 days between December 2011 and March 2012. Table 2 represents the number of measurements within each land cover group per measurement day. The basic concept was to, at minimum, cover
at least two 5 km transects for each flight. Sampling teams
moved either on foot (snowshoes/skis), or by snowmobiles.
At the main site, the sampling took place on most occasions
during the day of the airborne acquisitions. On occasion,
sampling was continued on the day following a flight, if the
snow conditions remained stable. At Saariselkä, ground data
were collected only on the dates of the airborne acquisitions.
A total of 10 airborne acquisitions, as well as one dedicated
calibration mission, were flown at the main site. Two acquisitions were flown at the Saariselkä tundra site.
Snow depth was sampled every 100 m. At each measurement point, snow depth was recorded at minimum from three
representative locations in a 10 m radius using a conventional snow probe (Fig. 1, left). An automated geolocated
snow depth measuring tool (“Magnaprobe”, Snow-Hydro,
Fairbanks, Alaska, USA) was also used on all sampling days
(Fig. 1, middle). The Magnaprobe records the snow depth
and the GPS position at the measurement point and stores
the information in a data logger carried in a small backpack.
For transects where the Magnaprobe was employed, snow
depth was recorded considerably more frequently in distance
(approximately every 2–10 m). Table 3 describes the approximate spacing, support and extent of the different measurement methods used during the campaign.
www.geosci-instrum-method-data-syst.net/5/347/2016/

www.geosci-instrum-method-data-syst.net/5/347/2016/

LR

OB

B

FM

SFp

SFm

DFp

DFm

Land
cover
group

Dec
20

91
4
30
3
95
4
19
1
17
x
x
x
331
14
x
x

x
x
x
x
x
x
x
x
11
3
5
1
x
x
x
x

Snow depth
SWE

Dec
19

195
4
25
5
3
2
46
2
35
1
x
x
333
25
42
1

Jan
9

x
x
x
x
x
x
x
x
x
x
x
x
262
7
x
x

Jan
10

172
7
24
2
74
4
17
2
37
2
2
x
123
23
375
10

Jan
23

218
8
72
4
81
2
38
2
7
2
x
x
69
5
3
x

Jan
24

86
7
23
1
22
1
34
3
37
1
x
x
281
11
32
2

Feb
7

20
6
23
2
45
2
11
1
28
4
2
x
55
5
254
10

Feb
8

17
3
5
2
13
4
3
x
x
x
x
x
45
9
1
1

Feb
9

587
13
193
4
241
6
141
4
138
10
x
x
598
27
1098
8

Feb
22

1018
13
209
4
126
2
92
1
146
x
x
x
407
8
1
1

Feb
23

177
1
98
x
53
x
78
2
7
1
x
x
791
8
x
x

Feb
24

658
1
58
x
44
x
73
1
10
1
x
x
2761
13
x
x

Feb
25

116
12
55
2
32
4
63
5
45
1
x
x
380
23
x
x

Feb
26

11
x
x
x
16
x
x
x
3154
60
588
11
x
x
x
x

Feb
29

1238
16
134
1
179
6
201
4
111
3
x
x
1052
23
6
1

Mar
1

22
7
7
2
15
2
8
5
x
x
x
x
60
9
4
1

Mar
5

58
6
41
1
36
4
53
3
x
x
x
x
300
18
10
2

Mar
8

23
5
11
3
13
3
7
1
5
x
x
x
92
20
57
4

Mar
23

4887
113
1008
36
1120
46
884
37
3788
89
597
12
7940
248
1883
41

Total

Table 2. The in situ measurement dates and the number of snow depth and SWE/density measurements in the different land cover groups. Dates marked in bold indicate measurement
days conducted at the Saariselkä test site.

H.-R. Hannula et al.: Spatial and temporal variation of bulk snow properties
351

Geosci. Instrum. Method. Data Syst., 5, 347–363, 2016

352

H.-R. Hannula et al.: Spatial and temporal variation of bulk snow properties

Table 3. Different measurement methods and their approximate spatial scales following the definitions of Blöschl and Sivapalan (1995).
Spacing refers to the distance between the samples, support to the diameter of the individual sample, and extent to the overall areal coverage
of the measurements.
Method

Parameter

Spacing (m)

Support (cm)

Extent (km)

Snow probe
Magnaprobe
SWE coring tube

snow depth
snow depth
SWE (and density)

100
2–10
500

3 cm (3 samples)
2 cm
10 cm

7 × 10
7 × 10
7 × 10

Figure 2. Different methods utilized for snow depth and SWE measurements during the SnowSAR-2 campaign. Conventional snow
probe (left), Magnaprobe (middle), and SWE coring tube (right).

3.2.2

Snow water equivalent

SWE was sampled every 500 m by using a SWE coring tube
(Fig. 1, right). The tube was pushed through the snowpack,
and snow depth was read from marks on the side of the coring
tube. SWE (i.e. snow mass) was obtained by comparing the
empty and full weight of the coring tube, while density was
calculated based on the obtained SWE value and volume of
the core sample (based on known radius of core and the measured snow height). The SWE measurement was taken from
one representative location at each measurement point.
3.2.3

Snow density

SWE values for all the snow depth data points were determined to better allow for the analysis of the spatial variation of SWE. This was made based on the density information obtained from the distributed SWE measurements (every
500 m):
ρb =

SWE
.
hb

(1)

Where ρ is the bulk (b) snow density and h is the total
snow depth. Since fewer SWE than snow depth measurements were available, the density was determined per day per
land cover group. If more than one SWE point was measured
within the same land cover group during the same day, an
average of these measurements was used. Sturm et al. (2010)
Geosci. Instrum. Method. Data Syst., 5, 347–363, 2016

have shown that SWE distribution is mainly controlled by
varying snow depth as snow density varies over a range much
smaller than that of snow depth. However, the effect of this
simplification was studied by comparing each measured density value to the average of other density values of the same
land cover group on the same day when more than one measurement was available. The maximum and minimum differences in percentages (%) relative to the average value for
each land cover group during the measurement campaign
were recorded. In case no density information for a distinct
land cover group was available, data from the previous or the
subsequent measurement day was used, if no precipitation
events or drastic temperature changes had occurred. On some
occasions no applicable SWE measurement data were available; thus, for some snow depth data points no density and
thus SWE information could be determined. The locations
all of the collected ground measurements at the Sodankylä
and the Saariselkä test sites are shown in Fig. 2.
3.3
3.3.1

Study methods
Spatial and temporal variation of snow properties

The spatial and temporal variation of the bulk snow properties in different land cover groups was described and quantified. The three most important statistical characteristics to
describe the variation of a parameter over a landscape are
the integral scale (or autocorrelation), mean, and the variance
(Skøien and Blöschl, 2006). The variation of snow depth,
SWE, and snow density was described by constructing box
plots of snow properties for each land cover group for each
measurement day. To describe the overall average variation
within each land cover group, the coefficients of variation
(standard deviation divided by mean) were defined for each
group for each measurement day. To easily compare the apparent spatial variability between the land cover groups, the
values of coefficient of variation were averaged over the campaign period. The coefficient of variation was determined
only for the snow depth data, as the comparatively low number of SWE/snow density measurements in different land
cover groups during the campaign were not considered sufficient.
The snow depth measurements, the most extensive part of
the data set, allowed for further analysis of the apparent spatial variability of snow in different land cover groups. Most
www.geosci-instrum-method-data-syst.net/5/347/2016/
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natural phenomena are, at least on some scale, spatially correlated (Atkinson and Tate, 2000). One of the basic principles of geostatistics is that observations near to each other
are more likely to be alike than observations located farther
apart. Spatial autocorrelation describes the spatial dimension
over which a parameter varies (Blöschl, 1999), earlier defined as a process scale. This spatial dimension is described
by a correlation length (Lex ), which is based on a semivariogram, in turn, characterising the average semivariance between two points (Skøien and Blöschl, 2006). A comprehensive description of a semivariogram and spatial correlation
analysis can be found in the literature on geostatistics and
spatiotemporal data (e.g. Christakos, 2000; Lloyd, 2014).
For the autocorrelation analysis, snow depths measured
with the Magnaprobe instrument were utilized, as these provided the necessary high spatial sampling spacing. In order
to harmonize the analysis, multiple transects of 500 m were
chosen from the collected data, representing each investigated land cover group. Autocorrelation was calculated as
a function of lag distance. An exponential fit was applied to
the autocorrelation, deriving the exponential (auto) correlation length (Lex ). The RMSD of the fit was also estimated.
However, the data did not cover all land cover groups for all
SnowSAR-2 acquisitions with a sufficient number of samples to conduct the autocorrelation analysis. The autocorrelation analysis was applied only for snow depths as SWE was
estimated for each snow depth measurement point via land
cover group fixed density and would have produced the same
results.
3.3.2

Effect of sample size and spacing on the mean
snow depth values

The effect of sample size and spacing on the mean snow
depth values, typically used as a ground truth for airborne
and space-borne data at various resolutions, was investigated
by four different ways.
Statistical similarity of the mean snow depths obtained
via frequent and sparse measurements
The difference between the mean snow depth values obtained
from frequent Magnaprobe (potential over-sampling) measurements and the more sparse snow probe (potential undersampling) was statistically tested. Three land cover groups,
DFm, OB, and LR, characterized by different average snow
depths, and with sufficient Magnaprobe and conventional
snow probe measurements were used for the comparison.
The mean snow depth for both test groups of sample spacing
for specific dates was calculated, and the difference of these
values was statistically compared. No restriction for sample
size was set; all qualified measurements were used leading
into varying sample sizes.
Statistical tests always lean on some assumptions, such as
normality or equal variances, and to successfully use the test,
www.geosci-instrum-method-data-syst.net/5/347/2016/
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those assumptions should not be violated. Violation of normality assumption should not cause major errors if the sample sizes are > 30–40 (e.g. Ghasemi and Zahediasl, 2012).
In our case the number of measurements within each sample
varied. To be able to select an appropriate statistical analysis,
each sub-group of the measurements was tested for normality and equality of variances. For some of the groups, the
assumption of normality did not hold because snow depth
distributions are limited by zero but essentially unbounded in
the positive direction. As the assumption of equal variances
also did not hold between all the compared groups, finally,
both the Welsch’s unequal variances t test (assumes normality but not equal variances) as well as the Mann–Whitney
U test (MWU) (assumes equal variances but not normality)
were chosen for the statistical testing. The statistical methods
used are widely described in the literature (e.g. Freund et al.,
2010; Kanji, 2006).
For each appropriate pair of snow depth test groups, the
test statistic, p value, and the degrees of freedom were calculated. In statistical testing, the probability that the hypothesis
set is true is tested. The null hypothesis (H0 ) set was there
is no difference between the means of snow depth measured
with frequent and sparse sample spacing. The alternative hypothesis (H1 ) was there is difference between the means, and
the sample spacing has an effect on the measured mean snow
depth value. The p value describes the probability that such
a difference in mean snow depths that had been measured,
or even higher than that, could be observed although the H0
was true; the smaller the p value the more likely the alternative hypothesis, H1 , was true. The p value was determined
by calculating a test statistic from the sample measurements
(t statistic / MWU statistic) and by comparing this test value
to a threshold value of a chosen probability distribution (such
as t distribution). The threshold value is dependent on the degrees of freedom (Df), describing the number of values in a
sample that may vary independently, and the chosen significance level, which in this study was set to 0.05 or 5 %. If the
p value was < = 0.05 the H0 was rejected and the probability the sampling spacing had an effect on the measured mean
snow depth was deemed statistically significant.
Effect of increasing measurement spacing on mean snow
depth
Further analysis of the Magnaprobe measurements was conducted to estimate the optimal sample spacing for each land
cover type. For the analysis, further sub-transects of 50, 100,
and 200 m were selected from the centre of each 500 m transect (used in the autocorrelation analysis), representing potential levels of aggregation of SnowSAR-2 data. For each
of these sub-transects the “true” snow depth was calculated,
assuming this to be the mean of all the Magnaprobe samples collected within the relevant transect. The mean snow
depth of each transect was recalculated following an increasingly dense sample spacing, from three samples separated by
Geosci. Instrum. Method. Data Syst., 5, 347–363, 2016
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a maximum distance (Magnaprobe measurement at each end
of transect + centre) up to using every second Magnaprobe
measurement available. The resulting mean value was compared to the “true” snow depth, obtaining an RMSD versus
increasing sample size (and decreasing sampling distance).
The number of samples required to obtain an RMSD less than
5 % and less than 1 % was estimated from an exponential fit
to the obtained RMSD vs. sample size. The RMSD of the fit
in percentiles was also estimated.
The same sub-transects were used to estimate the accuracy of the main snow depth sampling protocol (snow depth
sampled by three samples every 100 m). The applied main
sampling strategy was simulated by obtaining separately the
mean of every adjacent three samples within the transect.
This was compared to the “true” mean, obtaining an RMSD
value. The mean of all calculated RMSDs was considered to
represent the expected error of the sampling strategy (one set
of three adjacent snow samples) against “true” average snow
depth at 50, 100, and 200 m scales.
Finally, it was studied if different measurement spacing
leads to different outcomes when a weighted average of snow
depth and SWE, based on land cover proportions within
a typical remote sensing observation grid cell, were calculated; it was tested if the majority of the spatially distributed
data, collected, e.g., at 100 m intervals, can provide an accurate reference, e.g., for the aggregated SnowSAR-2 products. For this purpose a 7 km × 10 km area was extracted
from the CLC2012 land cover data and percent coverages
of each generalized land cover group, both in the Sodankylä
and in the Saariselkä test sites, were determined (Table 1).
This area was approximately equivalent to the spatial extent
of the ground measurements in the Sodankylä test site (Table 3). In the Saariselkä test site, the ground sampling occurred on a slightly smaller area; 4 campaign days with a
high number of measurements were chosen for the analysis; 3 days from the Sodankylä test site and 1 day from the
Saariselkä test site, as enough measurements were available
from Saariselkä only from the second acquisition day. The
distances between all the consequent measurements were
calculated and three different cases of measurement spacing
were compiled: one with maximum sample spacing (∼ every
1–10 m), one with medium sample spacing (∼ every 100 m),
and one with sparse sample spacing (∼ every 500 m). However, as the measurement distances varied and were not always exactly every 100 m, it was not possible to produce
withheld data with the exact sample spacing; for example,
the 100 m case may actually vary between ∼ 70 and 150 m.
However, the sample distances of the three cases were still
clearly different. Proportionally weighted averages for both
snow depth and SWE were calculated separately for each
case of measurement spacing.
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4

Results

4.1

Land cover specific variation of snow properties

In the Figs. 3, 4, and 5 the box plots of snow depth, SWE, and
snow density are presented. The red horizontal line marks the
median, the blue box above and below the median mark the
first quartile (Q1) and third quartile (Q3) respectively, representing the middle 50 % of the measurement values and as
such also illustrate how variable the data are. The whiskers
show the minimum and maximum values not considered as
outliers (Q1 – inter-quartile range/Q3 + inter-quartile range),
and black crosses note the outliers. In Fig. 4 the green median
lines were added to mark the median derived only from the
original SWE measurement values as the red median lines
show the value derived from all the available SWE values
including those calculated by utilizing the land cover group
specific density information.
The median snow depth of the LR was distinctly lower
than those of the other land cover groups during the whole
measurement campaign and varied approximately between
20 and 30 cm (Fig. 3). The snow depth in OB was typically several centimetres lower than in the forested land cover
groups. This difference was more significant in the beginning
and in the end of the measurement campaign than in the middle. This is in accordance with previous results from Neumann et al. (2006) and Goodison (1981), who noticed that
there was a divergence of snow depth means between different types of sites as the snow season evolved. The median
snow depth of the FM and the B were typically between those
of forest cover groups and OB, being closer to the former. In
the forested land cover groups, the median snow depth of the
DFm was on average approximately 2–6 cm lower than the
median snow depth of the DFp during most of the campaign
period, but during some measurement days the relationship
was the opposite. The highest variance in snow depth, according to minimum (2 cm) and maximum (120 cm) values
was measured during the Saariselkä measurement day (29
February). For all other measurement days and land cover
groups the highest median snow depths remained well below
80 cm.
The SWE measurements in the different land cover groups
(Fig. 4), show very similar results to snow depth, but the differences, for example, between the two dense and sparse forest groups were slightly clearer.
For the calculated density, fewer measurements were
available and on some days a single measurement might represent the snow density value in a land cover group (Fig. 5).
The relationship between the density values of the land
cover groups was different from those of snow depth and
SWE, as densities were typically higher in the open areas
than in the forested areas. The highest median density of
0.304 g cm−3 was measured in the LR on 9 January. The median density values measured in the FM and in the B in the
Saariselkä test site on 29 February were also clearly more
www.geosci-instrum-method-data-syst.net/5/347/2016/
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Figure 3. Box plots of measured snow depth within each land cover group during the different field measurement days. Measurements from
the Saariselkä test site are indicated in bold.

Figure 4. Box plots of measured SWE within each land cover group during the different field measurement days. Measurements from the
Saariselkä test site are indicated in bold.
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Figure 5. Box plots of measured snow density within each land cover group during the different field measurement days. Measurements
from the Saariselkä test site are indicated in bold.
Table 4. The minimum and maximum difference during the measurement campaign between a measured density value against an average of
other density values representing n number of samples. The mean and standard deviation of exponential autocorrelation length (Lex ) of snow
depth, and RMSD of the exponential fit over the land cover groups, calculated from representative transects during the snow sampling dates
between 19 December 2011 and March 23, 2012. An averaged coefficient of variation for snow depth within each land cover group during
the measurement campaign. The estimated RMSD of the nominal sampling protocol (as % of “true” snow depth), and the estimated number
(threshold) of equally spaced samples required to achieve 5 and 1 % RMSD, for scales of 50, 100 and 200 m; an average of all acquisition
dates by land cover types.
Land
over
group

DFm
DFp
SFm
SFp
FM
B
OB
LR

Difference in snow
density (%)

Lex (m)

Snow depth
(cm)

RMSD (%) for
nominal protocol

No. of samples for
RMSD < 5 %

No. of samples for
RMSD < 1 %

min

n

max

n

mean

SD

exp fit
RMSD

coefficient
of variation

50

100

200

50

100

200

50

100

200

3.3
0.1
2.5
4
1.8
27.9
9.4
7.4

4
3
4
2
3
11
23
10

31.2
26.4
37.5
33.2
49.1
28.5
43.3
43.4

7
4
4
5
60
11
14
10

5.5
5.4
2.3
–
7.9
21.4
14.4
16.1

3.5
3.5
1.5
–
5.1
15.0
8.5
5.0

0.12
0.11
0.15
–
0.12
0.10
0.12
0.11

0.16
0.13
0.13
0.13
0.17
0.33
0.2
0.36

8.0
9.1
9.8
–
8.2
18.9
8.7
10.1

7.8
9.1
9.9
–
8.2
20.2
8.7
10.5

7.8
9.1
9.9
–
8.2
20.2
8.9
11.0

2.3
1.4
3.3
–
2.8
5.7
2.5
3.6

2.8
1.8
3.6
–
3.0
6.7
3.2
4.4

3.1
2.2
3.7
–
2.8
6.8
3.6
5.1

7.2
7.9
10.4
–
9.6
12.7
7.6
10.0

9.2
8.4
11.0
–
8.9
15.2
10.3
10.5

10.6
9.5
11.3
–
9.7
15.6
12.5
12.7

than 0.250 g cm−3 , as well as, the median densities measured
in part of the forested groups towards the end of the campaign
period. The highest variability in snow density was seen in
measurements conducted on 29 February and in the OB during 19 December. The variability in the LR was very large;
the density of this group was lower, and on some days much
higher than in any other land cover group. It was also notable that the variation in density between the different land
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cover groups did not stay constant but as environmental factors changed, snow-bulk density in the different land cover
groups reacted differently; on some days all the measured
densities of the land cover groups were very close to each
other, and on other days large differences existed.
The maximum and minimum error the density simplification could introduce was estimated by comparison of each
sample value with a sample mean. The analysis revealed few
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very high densities which were potentially introduced by error in the sampling procedure. On 10 January one value of
0.619 g cm−3 had been measured in the LR with an average density within the group of 0.251 g cm−3 . This value was
considered false and was removed from the analysis. Also on
19 December three high densities, 2–3 times higher than the
average, one of them in the DFp and two in the OB, were
measured, and were also left out when the final estimates of
the density simplification error were calculated. The minimum/maximum difference (%) for all land cover groups representing (n) number of measurements during the measurement campaign are shown in Table 4. The maximum number
of samples representing density within a land cover group
during a single measurement day was 60, but in most cases
this number varied between 2 to 30 (Table 2).
An example of the autocorrelation of the measured snow
depth over a representative transect is shown in Fig. 6 (top)
for the OB land cover group. The correlation length (in metres) derived from an exponential fit is also displayed, providing a measure of the degree of variability in snow depth
over distance. The mean and standard deviation of Lex and
the RMSD of the fit (%), derived for the different land cover
groups, is summarized in Table 4. The B land cover type represents data collected from the second Saariselkä campaign
(average and standard deviation of Lex from 21 transects). On
average, the DFm exhibited a low correlation length in snow
depth, while values collected over the LR and the OB exhibited correlation lengths in excess of 14 m. Over the B landscape in Saariselkä, the average autocorrelation was in excess
of 20 m. The RMSD of the fit in percentiles remained below
0.15 for all land cover groups. When the average of coefficient of variation for each land cover group, representing the
whole campaign period, was calculated (Table 4), the dispersion of snow depth was highest over the LR and the B and
remained low in the forested land cover groups and over the
FM. Coefficient of variation for the same order of magnitude
(from 0.12 to 0.22) for different types of sites in a boreal
landscape, have been reported by Neumann et al. (2006) and
for forested test sites by López-Moreno et al. (2011).
4.2

Effect of sample size, spacing, and the
measurement protocol

The results from the statistical analysis of the difference of
means in snow depth measured either every 2–10 m by Magnaprobe or approximately every 100 m by the conventional
snow probe, are represented in Table 5. Both of the statistical tests gave similar results and clearly indicated an effect of
sample spacing on the measured mean snow depth (rejecting
the H0 ). Only on 26 February in the DFm did Welch’s test estimate the difference to be significant, whereas the MWU-test
determined it insignificant. During most of the sample days,
the difference between means was significant in the DFm and
the difference remained rather constant, varying between approximately 3 and 6 cm, only increasing slightly towards the
www.geosci-instrum-method-data-syst.net/5/347/2016/
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Figure 6. Top: an example of an exponential fit to the calculated
autocorrelation of snow depth measured over wetlands (OB) on 24
February 2012. Bottom: an example of mean RMSD against “true”
snow depth with increasing sample size n for the same transect.
Number of samples needed to achieve RMSD < 5 and < 1 % indicated.

end of the campaign. During 2 days with measurements from
the LR, the difference in snow depth means was statistically
significant. The observed maximum difference (cm) in mean
snow depths on 23 January represented 18 and 15 % of the
mean snow depth for Magnaprobe and conventional measurements respectively. The results from the comparisons in
the OB were not consistent; during the first two sample days,
the results were not statistically significant but during rest of
the campaign, they were, with the difference between sample spacing protocols clearly increasing along the campaign
period.
The RMSD achieved using an emulation of the nominal
sampling protocol of three adjacent snow depth samples is
summarized in Table 4. The largest errors were apparent for
the B land cover group (Saariselkä site), while the errors remained under 10 % for all other land cover groups except the
LR. The lowest overall errors were estimated for the DFm.
The investigated spatial scale affected results only marginally
(less than 10 % for all land cover groups).
Geosci. Instrum. Method. Data Syst., 5, 347–363, 2016

358

H.-R. Hannula et al.: Spatial and temporal variation of bulk snow properties

Table 5. The statistical difference of mean snow depth (cm) between the Magnaprobe and the sparse conventional measurements within DFm,
OB, and LR. The number of measurements within a group (n), the mean snow depth, the difference in the mean measured snow depths,
degrees of freedom (Df), test statistic (t/MWU), and the p value are presented. The p value is marked with ∗ if the result is statistically
significant at 0.05. The test type considered more appropriate for each individual group, based on the distribution and variance of the data, is
marked in bold.
Date

Land
cover
class

magna
19 Dec
23 Jan
24 Jan
7 Feb
8 Feb
22 Feb
26 Feb

DFm
OB
DFm
LR
DFm
OB
DFm
OB
DFm
LR
DFm
OB
DFM
OB

Mean (cm)

n

71
233
151
305
191
46
54
209
129
173
550
446
94
308

conv
20
98
21
70
27
23
32
72
71
81
37
152
22
72

magna
28.43
23.00
46.37
18.52
44.84
46.21
48.54
48.23
45.62
19.65
69.48
66.10
65.21
57.38

Difference (cm)

Welch’s t test

conv
32.30
22.99
50.30
21.72
47.97
41.70
53.84
45.22
51.64
22.14
70.71
57.38
69.44
50.86

Df
3.87
0.01
3.93
3.2
3.13
4.51
5.3
3.01
6.02
2.49
1.23
8.72
4.23
6.52

29.16
225.34
25.55
88.19
34.04
34.97
68.85
105.87
179.14
153.93
48.99
291.35
53.18
120.08

t statistic
2.596
−0.021
2.547
3.031
2.188
−2.068
3.730
−2.506
5.524
4.559
1.065
−8.591
2.284
−5.317

Mann–Whitney U

p
0.014∗
0.983
0.017∗
0.003∗
0.036∗
0.046
0.000∗
0.014∗
0.000∗
0.000∗
0.292
0.000∗
0.026∗
0.000∗

Df

MWU statistic

89
329
170
373
216
67
84
279
198
252
585
596
114
378

445.5
9993.0
1000.0
8224.0
1841.5
372.0
457.0
5563.0
2545.5
4561.0
9742.5
19 659.5
828.0
6883.0

p
0.011∗
0.073
0.006∗
0.003∗
0.016∗
0.046
0.000∗
0.001∗
0.000∗
0.000∗
0.665
0.000∗
0.148
0.000∗

Table 6. The proportionally weighted averages of snow depth (cm) and SWE (mm) for the 7 km × 10 km land areas in the Sodankylä and the
Saariselkä test sites (italic) for the three different cases of measurement spacing.
Date
19 Dec
23 Jan
23 Feb
29 Feb

Snow depth
Magnaprobe

100 m

500 m

SWE
Magnaprobe

100 m

500 m

25.0
38.5
68.8
50.0

25.0
40.4
66.6
40.7

25.3
43.0
66.6
47.4

50.1
67.4
133.7
135.9

52.6
76.4
129.7
110.3

52.8
84.0
129.7
129.4

An average number of equally spaced samples required to
reach a RMSD of less than 5 and 1 % of the “true” mean
transect snow depth exhibited similar tendencies (Table 4).
Fewer than five samples were required to characterize the
mean snow depth with an RMSD lower than 5 % for most
types of land cover at the investigated scales; an example is
shown in Fig. 6 (bottom) for the OB land cover group on 24
February 2012. This would suggest a general sample spacing larger than that suggested by the Lex . An exception was
the B land cover group at all three scales, represented by
the Saariselkä tundra site. Results of the LR indicated an increase in required sample size, compared to other types of
land cover at the Sodankylä site. Similar kind of results were
shown by Neumann et al. (2006), who estimated the number of samples needed to represent a mean of 100 m snow
depth transects at different sites. In their study, this amount
varied between 1 and 44 but for most test sites during peak
snow accumulation five samples represented the mean within
25 %. The number of samples required to characterize snow
depth with an RMSD of less than 1 % was similarly the highest over the B land cover group, while in particular forested
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areas required the lowest number of samples. The number of
samples required for both RMSD < 5 % and < 1 % typically
increased with the investigated scale, with the exception of
the FM, where the result was possibly affected by the low
number of full 200 m transects sampled. For other types of
land cover groups, increasing the investigated scale from 50
to 200 m increased the required number of samples from 10
to 45 %, or 9 to 63 % for errors of less than 5 % and less than
1 % respectively. The exponential fit used to calculate the 5 %
and 1 % thresholds had, on average, an RMSD less than 0.9
percentiles in all cases.
The weighted averages of snow depth and SWE based
on land cover proportions in the 7 km × 10 km area are presented in Table 6. A consistent effect of the measurement
spacing could not be determined; during the first 2 days investigated, the weighted averages increased slightly as the
sampling spacing was decreased. During 23 February, the
weighted average of snow depth and SWE showed very
small decreases from 68.8 to 66.6 cm, and from 133.7 to
129.7 mm between the most frequent and the 100 m sampling
case respectively. The 500 m sampling case did not introduce
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change in these average values. At the Saariselkä test site,
(29 February), the differences between the three cases were
larger the average snow depth first decreasing ∼ 10 cm and
then increasing ∼ 7 cm along the sparser sampling. Overall,
the averaged SWE values changed more along with the sampling spacing than the values of snow depth. SWE estimated
by using the land cover specific density values represent an
additional source of error.

5

Discussion

The results of this study support the two previous general findings of open areas having more spatially heterogeneous snowpacks due to wind redistribution (e.g. Derksen
et al., 2014; Essery and Pomeroy, 2004) than forested areas,
whereas on the other hand, complicated canopy structure and
small-scale ground topography affects the snow accumulation on the ground and increases the small-scale variability
(e.g. Dobre et al., 2012; Storck et al., 2002); differences in
snow depth and SWE variability (inter-quartile range in box
plots in Figs. 3 and 4) between the land cover groups were
often small, but the bulk snow properties measured at the
Saariselkä test site, characterized by open tundra land cover
type, had consistently higher deviation (inter-quartile range
and minimum and maximum values) than the values at the
mainly forested test site in Sodankylä. The mean values of
coefficient of variation, showed the lowest variability in snow
depth within the forested land cover groups (Table 4). However, the analysis of autocorrelation length (Lex ) presented
in the Sect. 4.1 revealed that the snow properties tended to
vary more on short distances in forests. This implies that although the absolute variation in snow depth was the largest
in the sparsely vegetated areas, this heterogeneity appeared
on scales larger than that in the forested groups. Earlier, Trujillo and Lehning (2015), Deems et al. (2006), and Trujillo et
al. (2007) noted the different lengths of variability for snow
depth over open and forested environments. Snow depth and
SWE have similar spatial tendencies that are different than
snow density due to the fact SWE is more dependent on snow
depth than density as snow depth varies over a larger range
(Sturm et al., 2010). For the same reason, smaller amount of
snow density samples than snow depth samples have been
considered to be adequate to estimate SWE over an area (e.g.
Dickinson and Whitely, 1972).
The analysis of frequently and sparsely (in distance) sampled snow depths indicated that different sample spacing protocols introduced a statistically significant difference in the
mean snow depths within the tested land cover groups. Only
in the OB the results were inconsistent perhaps because as the
snow depth increases, wind redistribution increases the variability in the observed snow depth. In the LR the difference
was significant during both days tested. This could be related to the overall high variation of snow depth on lakes and
rivers (Table 4), which might be related to the fact that lakes
www.geosci-instrum-method-data-syst.net/5/347/2016/
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and rivers (including narrow creeks with typically deeper
snow depths) were considered together. Although the differences were observed to be statistically significant, absolutely,
they reached a maximum difference of approximately 8 cm
against an average snow depth of 66.1/57.4 and 6 cm against
an average snow depth of 45.6/51.6 cm for the OB and the
DFm test groups respectively. This would have introduced a
maximum “error” less than 15 %, and in most cases the error would have remained below 10 %. The success, however,
of the sampling protocol is dependent on the desired scale
to be quantified and the accepted amount of uncertainty. In
the context of the SnowSAR-2 campaign, reasonably well
representative results of mean snow depth characteristics, especially in the forested land cover groups, were achieved
even with the protocol of sampling snow depth every 100 m.
Watson et al. (2006) found that 65 % of the random SWE
variability appeared at scales up to 10 m and 83 % at scales
< 100 m. As such, the sampling protocol of this study can
be considered to catch most of the snow depth variability to
characterize the overall mean, but to determine, e.g., vegetation effects (Trujillo and Lehning, 2015), only the transects
with Magnaprobe measurements would offer sufficiently intensive sample spacing.
In an ideal situation, the sampling should be executed at
least twice more frequently in distance than Lex so that the
apparent variance at the considered scale could be captured.
On the other hand, for the same reason sampled transects
should represent lengths longer than Lex (López-Moreno et
al., 2011). However, the RMSD analysis of the sample spacing (and thus the sample size) in transects of 200, 100, and
50 m, showed that in most of the land cover groups investigated, less than five samples were adequate to describe the
average snow depth with a RMSD error less than 5 %. This,
in turn, would generally mean spacing larger than that suggested by the autocorrelation, especially for the forested land
cover groups. Even to gain RMSD error less than 1 %, the
sampling spacing could generally be larger than that suggested by the Lex . If the desired result is to characterize the
average snow depth (as it is for the aggregated SnowSAR-2
data products), sparser sampling protocol, than suggested by
Lex , can be adequate in most of the land cover types represented in this study (also found by Trujillo et al., 2007). Over
Barren lands (B) and in the LR, a higher number of samples
was required and, as such, it might be reasonable to concentrate measurements in these land cover types. The autocorrelation analysis showed the small-scale snow depth variability
in forests, and if the desired result is to characterize this instead of the mean pattern, sampling spacing suggested by the
autocorrelation analysis would be more appropriate.
The nominal process of snow depth measurements (three
samples taken and averaged) introduced error less than 10 %
in most of the land cover groups when compared to the “true”
average snow depth of the transect. This kind of protocol
may average out the measurement error and filter out very
small-scale variability if it is not in the scope of the study
Geosci. Instrum. Method. Data Syst., 5, 347–363, 2016
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(Skøien and Blöschl, 2006). Averaging has a similar effect
as has the increase of support; it decreases the overall statistical variability. This is why an increase in support, such as
an increase of a footprint of a SAR product, decreases the
amount of unresolved small-scale variability (Beckie, 1996).
To characterize the mean snow depth within a passive microwave grid of 25 km × 25 km over the homogeneous Great
Plains of the USA, “only” a minimum of 10 sample points
was needed for error less than 5 cm (although error was dependent on snow depth) (Chang et al., 2005). In comparison,
for a 10 m × 10 m plot with high snow depth variability, five
samples would be needed to reduce the error of the mean estimate < 10 % (López-Moreno et al., 2011). However, it must
be noted that the transects here represent rather short distances and the number of samples required for low RMSD
error and the unrepresentativeness of a few point measurements naturally increases along the distance and the area to
be characterized as well as along the complexity in terrain,
vegetation variability, etc. (Yang and Woo, 1999). Different
complexity along a different 100 m transect would produce
different results. Because of the low overall variability in
snow depth, few equally spaced samples were likely able
to catch the variance with a reasonably low uncertainty in
forests. In the B, the OB, and the LR more samples would be
needed due to the high sub-interval variability between the
samples (Trujillo and Lehning, 2015); with a small sample
size, the measurements should also be located in the most optimal places to decrease uncertainty (McCreight et al., 2014).
The effect of different sampling spacing on the spatially
averaged snow depth and SWE values over the 7 km × 10 km
areas was not clear (Table 6). The analysis gave some indication that the effect might be more significant in SWE than
in snow depth measurements and that the effect increased as
the snow depth increased along the snow season. Also Sturm
et al. (2010), who used a statistical model to estimate snowbulk density based on the day of the year, climate class of
snow, and snow depth, found that the probable error in SWE
increased along with snow depth, but the relative error decreased along with increasing SWE. From the perspective of
providing remotely sensed information for hydrology applications, the error during the peak accumulation is the most
interesting as it defines the maximum amount of water to be
released from the snowpack (Wetlaufer et al., 2016).
The maximum difference the density simplification was
estimated to introduce against the average value reached
49 % in the FM. Also in the OB and the LR the differences
were clearly larger compared to other land cover groups. This
is well in accordance with other results of the study as the
highest error with such simplifications would occur in land
cover groups with the highest spatial variability. A larger
relative error would be introduced for shallow snow depths
(Bormann et al., 2013) such as those on lakes and rivers.
The number of measurements did not have a connection to
the simplification error; the minimum difference (%) was not
observed for cases of a high number and maximum differGeosci. Instrum. Method. Data Syst., 5, 347–363, 2016

ence for a low number of measurements. These density differences sound large but are mirroring the overall variability
within the land cover groups; averaging over a land cover
class can be considered to give reasonable results for comparison with aggregated SnowSAR-2 SWE products, but for
more spatially detailed comparison this kind of simplification might introduce errors as large as 30–50 %. Even on
a water basin scale, Wetlaufer et al. (2016) noted that although snow density can be considered a conservative parameter, small changes can introduce a substantial error into
estimates of total SWE. In a boreal forest, where snow depth
varies less in space compared to hilly tundra or alpine sites,
snow density may have a more pronounced effect on SWE.
The previous studies, taking advantage of the conservative
characteristic of snow density, have been executed for either
regionally large areas (Sturm et al., 2010), where rather simplified parameterization of snow density introduce relatively
small uncertainty, or for alpine environments (e.g. Wetlaufer
et al., 2016), where the very high distribution of snow depths
can be considered to be more important for SWE estimates.
The results represented here are site and time specific as
data were available only from one winter and it represented
the accumulation period only. Molotch and Bales (2005)
have noted that different statistical characteristics are present
during snow accumulation and ablation periods and as such
distinct observation plans for these two periods are justifiable. However, Liston (1999) and Neumann et al. (2006)
have noted that although the mean values for snow parameters may vary year to year, the variability characteristics for
specific environments are likely to remain the same. To extrapolate the results for larger areas, a larger measurement extent or several smaller measurement areas distributed across
the landscape would be optimal as increasing the number of
measurements within a small sample area will not reduce
the uncertainty introduced by a small measurement extent
(Skøien and Blöschl, 2006).

6

Summary

In this study, an extensive data set of in situ bulk measurement of snow depth, snow density, and SWE, collected in
support of ESA SnowSAR-2 airborne acquisitions in northern Finland during the winter of 2011–2012, was described.
Measurements of snow depth and SWE were taken along the
flight lines to offer ground-truth information. For the comparison with SAR backscatter data, processed into 2 and
10 m resolutions, detailed information of the variability of
these parameters was important. For this reason, the temporal and spatial heterogeneity of bulk snow properties in different types of land cover in tundra and northern boreal test
sites was determined. Because aggregated snow products up
to 500 m will be developed, this gave a motivation to estimate the change of the measured snow information along the
change in scale. The success of the chosen sampling prowww.geosci-instrum-method-data-syst.net/5/347/2016/
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tocol (three snow depths measured every 100 m) to capture
the apparent snow depth variation at an accuracy superior to
the one expected from the retrieved SnowSAR-2 geophysical
data products (i.e. SWE) was estimated. The analysis of the
sample spacing/sample size effect on the mean snow depth
values was made via statistical testing, autocorrelation analysis, and estimating the evolution of RMSD along the change
in sample size. The general findings were as follows.
The highest variability in the bulk snow properties was observed at the tundra test site, open bogs, and lakes/rivers. According to the autocorrelation analysis of snow depth over
distance, snow depth tended to vary more over short distances in forests than in open land cover types.
The analysis of the effect of sample spacing/sample size
on the mean snow depth value (considered as “true”) over
50, 100, and 200 m transects showed that in most cases less
than five samples were needed to estimate the mean snow
depth with RMSD < 5 %. The number of samples increased
along with scale and smaller desired error (RMSD < 1 %).
On average, the chosen sampling protocol (three snow
depth every 100 m) succeeded to describe the apparent mean
snow conditions. However, for equally representative characterization of variability in different land cover types, concentrating the methods allowing for denser sampling, such
as with the Magnaprobe, could be targeted for areas with the
highest absolute variability such as barren lands over tundra,
open bogs, and lakes and rivers.
Using density values averaged over a land cover type offer reasonable mean estimates of SWE. However, within areas of small snow depth variability within the scales considered in this study, spatial variability of density may have a
more pronounced effect on the SWE estimates than it has on
larger regional/continental scales or in alpine environments.
The difference of the single snow density measurement to
the mean value was observed to reach 49 %. As such, careful
consideration of the uncertainty introduced by generalizing
density values should be carried out.
In the future work this extensive snow ground data set will
be further analysed and utilized together with simultaneously
observed airborne and spaceborne remote sensing observations, with the goal of developing a novel retrieval algorithm
for snow geophysical properties.
7

Data availability

The data set described in the paper is available via the ESA
Campaign web page upon registration: https://earth.esa.int/
web/guest/campaigns.
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Abstract. The manual snow survey program of the Arctic Research Centre of the Finnish Meteorological Institute
(FMI-ARC) consists of numerous observations of natural
seasonal taiga snowpack in Sodankylä, northern Finland. The
easily accessible measurement areas represent the typical
forest and soil types in the boreal forest zone. Systematic
snow measurements began in 1909 with snow depth (HS) and
snow water equivalent (SWE). In 2006 the manual snow survey program expanded to cover snow macro- and microstructure from regular snow pits at several sites using both traditional and novel measurement techniques. Present-day snow
pit measurements include observations of HS, SWE, temperature, density, stratigraphy, grain size, specific surface area
(SSA) and liquid water content (LWC). Regular snow pit
measurements are performed weekly during the snow season. Extensive time series of manual snow measurements are
important for the monitoring of temporal and spatial changes
in seasonal snowpack. This snow survey program is an excellent base for the future research of snow properties.

1

Introduction

Snow is an important parameter in meteorological and climatological research because of its high albedo (0.80–0.90 for
fresh snow), thermal insulation properties and water equivalent (Groisman et al., 1994; Cohen and Rind, 1991). Snow
reflects most of the upcoming radiation back to space and reduces significantly the amount of radiation absorbed by the
ground and atmosphere. This surface-albedo feedback (SAF)
is a positive feedback mechanism and has potentially a major
effect in global warming (Hall and Qu, 2006). Snow is a good
thermal insulator. Snow cover slows down soil freezing and
affects the depth of ground frost (Hardy et al., 2001). Snow

cover stores the solid wintertime precipitation and releases it
to water systems during the relative short snowmelt in spring.
Therefore, snow has a large effect on the global water cycle
and ecology, in addition to social aspects, as a water reservoir
(van Dijk et al., 2014; Barnett et al., 2005).
Moreover, seasonal snow cover can be used as a proxy
for monitoring the effects of climate change (HernándezHenríquez at al., 2015). The most important observed snow
cover parameters are snow water equivalent (SWE), snow extent (SE) and snow depth (HS). In many applications, remote
sensing is used for global daily observations. However, automatic weather station observations and manual measurements still have an important role in snow monitoring, especially in numerical weather prediction (NWP) systems (e.g.
de Rosnay et al., 2014), hydrological monitoring and climate
models.
Many snow properties can be measured automatically,
but manual measurements are still vital for exact observations of snow structure. Snow microstructure is defined with
such grain-related properties as size, shape, orientation and
bonding (Fierz et al., 2009). Snowpack consists of horizontal layers having varying micro- and macrostructural properties (Colbeck, 1991). Grain metamorphism changes snow
microstructure, and is driven mainly by varying temperature differences between air and ground, and the pressure
of the upper snowpack (Colbeck, 1982). Therefore, vertical
changes of macrostructural parameters, such as temperature
and density, are related to the evolution of snow microstructure. However, the structure of snowpack is very complex
and spatial variations are large even on a small scale (Rutter
et al., 2014; Derksen et al., 2009). Therefore, manual observations of snow macro- and microstructure have an important
role in the monitoring of temporal evolution and spatial variations of snowpack.
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This paper introduces the manual snow survey program,
the long-standing and present-day manual observations of
natural seasonal snowpack, of the Arctic Research Centre of
the Finnish Meteorological Institute (FMI-ARC). Measurements started in 1909 with HS and SWE observations. The
extent of manual snow measurements has constantly grown.
In 2006 regular snow pit measurements of snow macro- and
microstructure began, at first on a smaller scale and later with
additional modern measurement techniques. The Sodankylä
manual snow survey program aims to study the spatial and
temporal variability of snowpack in varying environmental
conditions typical to the boreal forest zone, including pine
and spruce forests, open bogs and lake ice (e.g. Hannula
et al., 2016; Lemmetyinen et al., 2015; Kontu et al., 2014;
Kontu and Pulliainen, 2010). The data set is also important
as a reference for the development of remote sensing instruments (Lemmetyinen et al., 2016b) and interpretation algorithms and models (Leinss et al., 2015; Schwank et al., 2014;
Rautiainen et al., 2014).
In addition to Sodankylä, regular manual snow measurements are made in few places in Europe. Two measurement sites, Weissfluhjoch in Switzerland (Marty and Meister, 2012) and Col de Porte in France (Morin et al., 2012),
are presented in the literature. Manual snow measurements
have been made at the Weissfluhjoch site since 1936. Regular measurements include daily snow depth and depth of new
snow, bi-weekly ram sonde measurements, definition of layers, grain size, grain type, hardness, temperature profile and
SWE profile (Meister, 2009). Measurements at the Col de
Porte site were made in 1993–2011. Weekly snow pit measurements included penetration resistance with ram sonde,
temperature, density, snow type, LWC and grain size (Morin
et al., 2012).
Both Weissfluhjoch and Col de Porte are located in the
Alps in central Europe, at altitudes of 2540 and 1325 m, respectively. The environment of the Sodankylä measurement
site (altitude 185 m) is very different from the Alpine sites.
At the Alpine sites, the duration of daylight is longer and the
Sun’s elevation angle is higher than in Sodankylä, especially
during polar night. Thus, increased solar radiation and higher
air temperature lead to more frequent melting and refreezing events and a shorter snow cover period. The unforested
Weissfluhjoch site has additional effects of wind and slope
compared to Col de Porte and Sodankylä sites. Additionally,
the FMI-ARC data set includes measurements in several sites
in Sodankylä with different land cover types including pine
forest on mineral soil, open peat bog and lake ice, while the
Weissfluhjoch site has gravel cover and the Col de Porte site
has grass cover. However, both of these sites have a longer
time series of snow pit measurements than the Sodankylä
site. All of these sites also have automatic snow and weather
observations.
The measurements of the Sodankylä manual snow survey
program have been exploited in several studies. Leppänen et
al. (2015) compared manual snow microstructure measureGeosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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ments to a snow model. Snow pit data were used in the development and validation of a new method to measure SWE
by differential interferometry (Leinss et al., 2015) and a new
ground-snow radiative transfer model at L-band (Schwank
et al., 2014). They were also applied in the monitoring of
soil processes (Rautiainen et al., 2012), in the retrieval of
snow density and ground permittivity from L-band radiometry (Lemmetyinen et al., 2016a) and in the study of seasonally and spatially varying snow cover brightness temperature (Lemmetyinen et al., 2015). Cheng et al. (2014) applied
lake ice measurements to validate buoy-based measurements
of lake snow and ice thicknesses. Moreover, snow pit and
lake ice measurements were applied by Kontu et al. (2014)
to study the effect of snow and ice-covered lakes and wetlands to microwave brightness temperature simulation accuracy. In addition, Kontu and Pulliainen (2010) used the snow
pit measurements to simulate a time series of brightness temperatures and compared the results to spaceborne microwave
radiometer measurements. Salminen et al. (2009) studied the
reflectance spectra of snow-covered ground in different snow
conditions in order to assess the feasibility of satellite sensors
to mapping of snow-covered area in boreal forests. Meinander et al. (2008) found a diurnal decrease in snow UV albedo,
and explained this by daily metamorphosis of the snow surface.
The measurement sites as well as the measurement techniques, instruments and error sources of each parameter are
described in Sect. 2. Section 3 presents the data sets, lists the
measurements and sites in each set and describes the measurement protocols. In addition, some examples of the data
are shown. Section 4 summarises the data availability, and
Sect. 5 is the summary of the paper.

2

Measurement sites and methods

2.1

FMI-ARC station

Sodankylä is located above the Arctic Circle in the boreal
forest zone, and its snow conditions fall in the taiga class
(Sturm and Holmgren, 1995). The FMI-ARC station is located in 67.368◦ N, 26.633◦ E, 7 km south of the Sodankylä
town centre. A map of the research station area and surroundings, including the manual snow measurement sites, is shown
in Fig. 1. The station is a member of the WMO (World Meteorological Organization) Global Cryosphere Watch network.
The manual snow measurement sites, with short listings
of their automatic measurements, are presented in more detail in this section. FMI-ARC also hosts other snow-related
automatic measurement sites, which are presented in more
detail in this special issue, such as the micrometeorological
mast (Kangas et al., 2016), the road weather station (Sukuvaara et al., 2016), the UV measurement field (Meinander et
al., 2016; Mäkelä et al., 2016), the distributed soil moisture
and frost stations (Ikonen et al., 2015) and the optical labwww.geosci-instrum-method-data-syst.net/5/163/2016/
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oratory (Lakkala et al., 2016). In addition, a 7-year data set
for driving and evaluating snow models has been collected
by Essery et al. (2016).
In the 100 km × 100 km area around FMI-ARC (Fig. 1a,
referred to as “the Sodankylä area” later on), the most common land cover types in Corine Land Cover 2006 (Törmä
et al., 2008) are coniferous forest on mineral soil (32 %),
open peat bogs (23 %), and coniferous forest on peatland
(8 %). The FMI-ARC (Fig. 1c) station area covers coniferous forests and open areas on mineral soil, as well as open
peat bog.
Based on the 30-year (1981–2010) meteorological statistics (Pirinen et al., 2012), the first snow typically falls in
Sodankylä in October, while snow melt-off takes place in
mid-May. The snow maximum of 79 cm in average occurs
in late March. Monthly mean air temperature is below 0 ◦ C
from November to April, and the yearly mean temperature is
−0.4 ◦ C. Measured air temperature varies between −49.5 ◦ C
(January 1999) and +30.9 ◦ C (July 1988). Mean yearly total
precipitation is 527 mm and monthly mean wind speed above
treetops is between 2.5 and 2.9 m s−1 .
In addition to the 30-year wind speed averages, a wind
sensor (WAA25 by Vaisala, Helsinki, Finland) at 18 m height
(above treetops) at the micrometeorological mast site about
170 m from the intensive observation area (IOA) area measured an average wind speed for 10-year period (2006–2015)
of 2.2 m s−1 with a standard deviation of 1.26 m s−1 . Another
sensor (Ultrasonic Anemometer 2-D by Thies Clima, Göttingen, Germany) at 1.5 m height in a forest opening about
500 m from the IOA area measured a 2-year (2014–2015)
mean value during the snow season from mid-September to
mid-May each year of 1.17 m s−1 with a standard deviation
of 0.56 m s−1 . These measurements highlight the very low
wind speeds in the forested areas and the forest openings of
the FMI-ARC station.
Synoptic weather observations have been made in Sodankylä since 1908 (Tietäväinen et al., 2010), first in the town
centre and since 1913 at the current research station area. Today two institutes share the station: Sodankylä Geophysical
Observatory (SGO), which was established in 1913 as Magnetic Observatory and is presently part of the Oulu University, and FMI observatory, which was established in 1949 and
continues the meteorological data records at the site.
2.2

( a)

( b)

( c)

Measurement sites

This section describes the manual measurement sites in alphabetical order. Maps with locations of all the measurement
sites are in Fig. 1. Photos from most of the measurement sites
are in Fig. 2.
2.2.1
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Airport

The airport site is an open area on mineral soil located on the
premises of Sodankylä airport about 3 km north of FMI-ARC
www.geosci-instrum-method-data-syst.net/5/163/2016/

Figure 1. Maps of (a) the 100 km × 100 km area around FMI-ARC
station, (b) the FMI-ARC station and surroundings, and (c) a closeup of the FMI-ARC station area with the manual measurement sites.
In (b) and (c), individual measurement locations of the snow course
are marked. The legend and colour scale of maps (a) and (c) are
the same as in (b). All the maps are in orthographic projection. The
background of the maps is Corine Land Cover 2006 aggregated into
five general classes.
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( a)

( d)

( b)

( c)

( e)

Figure 2. Snow measurement sites: (a) airport, (b) bog site, (c) forest site, (d) IOA, (e) Lake Orajärvi.

(∗ in Fig. 1b). The vegetation on the area is heather, crowberry and lichen, which are sparse and typically 10–15 cm
high (Fig. 2a). There are no automatic measurements on this
site. HS (from fixed stakes) and SWE have been measured
every 5 days in January and March since 1972. The site was
chosen for measurements since it is one of the few large open
areas on mineral soil closed from public in the vicinity of
FMI-ARC.

Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016

2.2.2

Bog site

Open peat bogs are the second most common land cover type
in the Sodankylä area with a coverage of 23 % (Corine Land
Cover 2006). The manual snow measurement site was established in 2009 on an area that already hosted automatic UV
measurements. The bog site (+ in Fig. 1b, c) is located about
1 km northeast from the main snow measurement site IOA.
The bog site is a moss-covered peat bog with low vegetation
(grass and twigs) as shown in Fig. 2b. The water level varies
www.geosci-instrum-method-data-syst.net/5/163/2016/
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due to precipitation and time of year; every spring during and
after snowmelt the bog site is completely submerged, but the
autumn conditions might range from completely submerged
to completely dry. Typically snow accumulates over a smooth
ice layer, which is infrequently penetrated by low vegetation.
Wind redistributes snow and levels the snowpack surface.
With direct sunlight it adds evaporation from the snowpack
and hard crust layers are formed easier to the snowpack surface than in forested areas.
Automatic observations of HS (SR50 by Campbell Scientific Inc., Logan, Utah, USA), SWE (Gamma Water Instrument by Astrock, Sodankylä, Finland), broadband albedo
(CMA11 by Kipp & Zonen, Delft, Netherlands), snow
temperature profile (13 pcs. 107-L by Campbell Scientific
Inc., Logan, Utah, USA), air temperature (PT100, Vaisala,
Helsinki, Finland), relative humidity (HMP155, Vaisala,
Helsinki, Finland), soil frost (15 pcs. of SEC sensor by LISTEC, Isen, Germany) and soil dielectric constant, electric
conductivity and temperature (9 pcs. of 5TE by Decagon Devices, Pullman, Washington, USA) are made. More details
about instrumentation (description, coordinates, sensor types
and data availability) can be found from http://litdb.fmi.fi/
peatland.php. Manual snow pit measurements were made
regularly (2–4 times per month) in 2009–2015. After 2015
SWE is measured manually only occasionally for calibration
of automatic measurements.
2.2.3

Sodankylä snow course

The Sodankylä snow course (dots and circled dots in Fig. 1b
and c) is a 4 km route in the vicinity of the FMI-ARC station
crossing forested and open areas on mineral and organic soil.
The Sodankylä snow course has 80 HS measurement locations, out of which 5 are in forest opening, 10 in pine dominated forest, 23 in spruce dominated forest, 5 in broadleafdominated forest and 37 in bog. The snow course has been
measured regularly since 1959.
2.2.4

Forest site

The forest site is in a sparse pine forest on mineral sandy
soil located in the FMI-ARC station area (◦ in Fig. 1b
and c). Coniferous forest on mineral soil is the most common land cover type (32 %, Corine Land Cover 2006) in the
Sodankylä area. The ground is covered with lichen (Cladonia rangiferina), lingonberry, cloudberry and moss as shown
in Fig. 2c. The area has been fenced since 1958 allowing
the lichen to grow undisturbed by reindeer. HS (from fixed
stakes) and SWE have been measured every 5 days in January and March since 1972. There are automatic soil temperature (109-L by Campbell Scientific Inc., Logan, Utah, USA)
and short- and longwave radiation (CNR4 by Kipp&Zonen,
Delft, The Netherlands) measurements at the site. Until 2014
there were automatic flux measurements of CO2 (LI840 from
Li-Cor, Lincoln, Nebraska, USA) and CH4 (G1301 from
www.geosci-instrum-method-data-syst.net/5/163/2016/
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Picarro Inc., Santa Clara, California, USA). More details
and data of the automatic measurements can be found at
http://litdb.fmi.fi/lichen_fence.php.
2.2.5

Intensive observation area

The main present-day measurement site is the IOA (square in
Fig. 1b and c). The IOA consists of a forest clearing (diameter about 40 m) and the sparse pine forest around it as shown
in Fig. 2d (lower). Vegetation in the opening is mainly very
low lichen (< 2 cm) and some heather (∼ 10 cm) as shown in
Fig. 2d (upper). Pine saplings are removed from the measurement area. The soil is composed of sand (70 %), silt (29 %)
and clay (1 %) with a thin organic layer on top. The opening is shaded from most of the direct sunlight and protected
from the wind by the forest surrounding it. As described in
Sect. 2.1, mean wind speed on a similar forest opening at
1.5 m height is only 1.17 m s−1 . Wind has a minimal effect
on snow accumulation, and there is almost no snow redistribution by wind.
The measurement site was established in 2006 and today
it hosts numerous automatic measurements: snow temperature profile (13 pcs. of 107-L by Campbell Scientific Inc.,
Logan, Utah, USA), HS (2 pcs. of SR50 by Campbell Scientific., Logan, Utah, USA), precipitation from distrometer
(Thies Clima, Göttingen, Germany), brightness temperature
with microwave radiometers (1.4 GHz from ELBARA-II by
GAMMA Remote Sensing and Consulting AG, Gümligen,
Switzerland (Schwank et al., 2010) and 10.6, 18.7, 21, 36.5,
89 and 150 GHz from RPG-8CH-DP and RPG-4CH-DP radiometers by Radiometer Physics GmbH, Meckenheim, Germany), broadband albedo (CMA11 by Kipp & Zonen, Delft,
The Netherlands), spectral albedo (Field Spec pro JR by Analytical Spectral Devices, Boulder, Colorado, USA), SWE
(SSG-1000 by Sommer Messtechnik, Koblach, Austria), air
temperature (2 pcs. of PT100, Vaisala, Helsinki, Finland), air
humidity (2 pcs. of HMP sensor, Vaisala, Helsinki, Finland),
soil moisture and temperature (8 pcs. of Hydra Probe by
Stevens Water Monitoring Systems, Portland, Oregon, USA),
soil moisture (5 pcs. of ThetaProbe by Delta-T Devices,
Cambridge, UK), soil temperature (2 pcs. of QMT103 by
Vaisala, Helsinki, Finland) and soil dielectric constant, electric conductivity and temperature (9 pcs. of 5TE by Decagon
Devices, Pullman, Washington, USA). More details about
instrumentation (description, coordinates, sensor types and
data availability) can be found at http://litdb.fmi.fi/ioa.php.
Snow pit measurements have been made regularly (2–4 times
per month during the snow season) since 2006. The IOA
snow course (HS from fixed stakes) has been measured together with the snow pit since 2009. Most of the automatic
measurements, as well as the manual snow pits, are located
in the forest clearing. In addition, several measurement campaigns have been performed at the IOA with variable instrumentation for snow measurements.
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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Lake Orajärvi

Water courses and water bodies cover 3 % the Sodankylä area
(Corine Land Cover 2006). Lake Orajärvi is located 10 km
east from FMI-ARC (Figs. 1b, 2e) and it is the closest lake
to FMI-ARC. The measurement site on the lake is fixed, it is
400 m from the nearest shore and away from the snow mobile
tracks crossing the lake.
Times of freezing and melting of the lake depend on air
temperature; the lake usually freezes in December and melts
in April, but the dates are not recorded. Freezing depends on
the amount of snow fall during the process; if air cools before any heavy snowfall, the ice gets thick quickly, but heavy
snowfall on thin ice slows down the ice formation. Typically
water rises through cracks in the ice during the winter and
refreezes over the solid ice. Snow is affected by strong sunlight in the springtime, strong (compared to e.g. the IOA)
wind, the large temperature gradient between ice and air due
to very shallow snowpack and water on ice. Snow on lake ice
is quite heterogenic: wind-driven dunes, snow mobile tracks
and water on ice are quite common. Thus, the representativeness of the snow stratigraphy measurements is problematic.
The site has no automatic measurements. Ice measurements (ice depth, ice layers and HS) have been made regularly (once or twice per month) from three fixed sites since
2008. Snow pit measurements were made regularly (once or
twice per month) in 2008–2014.
2.2.7

Sounding station

The sounding station was built in 1949 when the FMI observatory was established, and it is the heart of meteorological
observations in FMI-ARC (× in Fig. 1b and c). The area is
mostly open with some sparse coniferous trees on mineral
soil. Manual surface synoptic observations (SYNOP) observations, including daily snow depth, have been performed
at the weather station next to the sounding station since
1949. Today there are numerous automatic measurements at
the site, including an automatic weather station, solar radiation measurements and greenhouse gas column observations,
which are described at http://litdb.fmi.fi/soundingst.php.
2.2.8

Tanhua snow course

Tanhua area is located 50 km northeast of FMI-ARC
(Fig. 1a). The land cover is similar to FMI-ARC station with
coniferous forests on mineral soil and open peat bogs. Tanhua snow course has 80 measurement locations, out of which
6 are in forest opening, 41 in pine dominated forest, 4 in
spruce dominated forest and 29 in bog. In 2009–2014, FMI
measured a 4 km long snow course in Tanhua monthly during
a measurement campaign related to ESA CoReH20 satellite
mission preparation. The area was chosen from the planned
satellite flight track.
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016

2.3

Measurements and instruments

This section defines the measurement protocols for each parameter and instruments used in each measurement. The
measurement locations and years are listed for each parameter in Table 1. The availability of each data set is listed in
Table 3.
2.3.1

Density and SWE

Bulk density and SWE
Bulk SWE and density is measured with a Finnish type snow
tube (originally Melander and Korhonen, 1923; more details
in Finnish in SYKE, 2015). It is made of black plastic tubing,
and is 70 cm high and 10 cm in diameter. There is a removable lid with a handle on one end of the tube, and the other
end is re-enforced with a sharpened metal ring. Each tube is
paired with a scale and the pair is calibrated to show SWE
directly. A centimetre scale on the outside of the tube allows
for the measurement of HS for density calculation.
The tube is first weighed empty to check the calibration
(e.g. if several measurements are performed, some snow
might be stuck in or on the tube and cause an offset). The
tube is pushed vertically into snow until it hits the ground.
Snow depth is recorded. Snow is removed from around the
tube to allow a small flat shovel to be slid below the tube
and used to seal the bottom when the snow sample is extracted. The tube is turned upside down, cleaned of any snow
on the outside and vegetation inside, and weighed (Fig. 3b).
The scale shows SWE directly. The offset is subtracted from
the measured SWE. If there is more than 70 cm snow, several
samples are taken on top of each other and weighed separately.
Vegetation and ground surface clearly affect the accuracy
with which all the snow and only the snow (i.e. no vegetation
or soil included) can be sampled. This can be minimised by
the selection of the measurement site. The systematic error of
the tube and scale is minimised by regular calibration measurements using standardised weights. In calibration measurement, the zero position of the scale can be tuned with
a screw. The tube and scale are calibrated as a pair.
Profile with samplers
Density profile is measured similarly, but using a smaller
sampler. Until 2014, the wedge-shaped RIP 2 cutter (Snowmetrics, Fort Collins, Colorado, USA) was used (Fig. 3c).
Since 2015, a self-made box sampler (Fig. 3c) has been used.
The self-made box sampler is a rectangular frame open at
both ends. It has a handle on one end. Both samplers are
10 cm × 10 cm × 5 cm (total height of the box sampler, maximum height of the wedge sampler).
Density profile is measured in 5 cm steps beginning from
the closest 5 or 10 cm below the snow surface. The bag or
bucket used in snow weighting is first weighed empty. The
www.geosci-instrum-method-data-syst.net/5/163/2016/
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sampler is inserted into snow pit wall horizontally and perpendicular to the wall. The sampler is sealed; the RIP 2
cutter has a flat metal plate lid, while the box sampler has
a rectangular frame that seals both ends. Snow sample is
extracted and all snow is cleaned from the outside of the
sampler. The snow sample put in a plastic bag or a small
bucket, and weighed. Either mechanical or digital scale can
be used. The mechanical spring balance (Pesola AG, Schindellegi, Switzerland) is more reliable in very cold conditions,
while the digital one (OCS-1, Shenzhen West-Boao Science
& Technology Co., Shenzhen, China) is easier to use. The
whole snow profile is sampled and weighed in this manner.
Successive samples are not taken directly on top of each
other, as snow might be disturbed from previous sampling,
but the samples form a checkerboard pattern. Vegetation affects the measurement accuracy of samples from close to
the ground. Problems with sampling occurs also in light new
snow at top of the snowpack. Hard crust layers are difficult
to penetrate with the sampler. On the other hand, keeping
large coarse grains inside sampler is tricky. In those cases,
occasionally successful sampling is not possible. With the
RIP 2 cutter, snow escapes easily from the sampler especially
if there are thin ice layers mixed with soft snow in the sampled layer. In addition, the pit wall has to be very smooth and
the sampler needs to be inserted absolutely perpendicular to
the wall to extract a good snow sample. These error sources
are much smaller when the box sampler is used. Another possible error source is not weighting all the sampled snow (e.g.
some of it stays in the sampler). This could be avoided by
weighting the whole sampler with the snow, but in this case
there is a bigger possibility of weighting additional snow that
is, e.g., stuck on the sampler. One possible error source is
having some snow from previous measurements already inside the sampler. These error sources are minimised by carefully cleaning the sampler and weighting bag or bucket between and during the measurements.
There is a difference between densities from the wedge
and box samplers arising from the fact that snow is not homogeneous. Both of the samplers are 5 cm high, but when the
box sampler gives an average density for the sampled snow,
the wedge-shaped one gives a weighted average: most of the
sampled snow is from the bottom of the sampled layer. In a
homogeneous snow layer the difference is small, but as the
vertical variation in the snowpack increases (i.e. the thinner
and more varied the layers are), the difference between the
samplers increases.

Temperature profile

Stratigraphy

SSA profile

HS

LWC profile

Ice layers

Profile with SnowFork

Ice thickness

Grain size and type profile

Manual

1972–
Density/SWE bulk

Density profile

2008–

2009–2014
2009–
2009–2015

2008–

2008–

2008–2014
2006–
2009–2015

2008–2014

1909–1953
2009–2015
SnowFork

2009–

2015
Box sampler

1972–

2007–

2009–2014
2009–

2015–

2009–2014
2009–2014
2009–2014
Wedge sampler

Airport
Parameter

Table 1. Manual snow measurements of FMI-ARC.

Bog site

Forest site

IOA

Lake Orajärvi

Magnetic Obs.

1959–

Sodankylä course

1949–2008

Sounding station

2009–2014

2009–2014

Tanhua course

L. Leppänen et al.: Sodankylä manual snow survey program

www.geosci-instrum-method-data-syst.net/5/163/2016/

Measurement with the SnowFork is described in Sect. 2.3.4.
2.3.2

Grain size and type

Grain size E of a layer is defined as “the average size of its
grains”, and the size of a grain is “its greatest extension meaGeosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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(a)
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(e)

(f)

(g)
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(i)

(j)

(k)

Figure 3. Photos of snow pit measurements: (a) tool for ice thickness measurements, (b) bulk SWE measurement with SWE tube, (c) box
sampler and wedge sampler for density profile, (d) camera and stand for macro-photography, (e) two examples of snow grains on 1 mm grid,
(f) SnowFork, (g) IceCube, (h) snow sample preparation for IceCube, (i) temperature measurement, (j) determining layers with brush and
(k) definition of grain size and type in field.

sured in millimetres” in Fierz et al. (2009). Grain type describes shape and/or origin of a snow grain. Both parameters
are defined for each layer in the field according to definitions
by Fierz et al. (2009). In addition, macro-photographs of
snow grains of each layer are taken against a 1 mm reference
plate (by Sear) using a digital camera (resolution 3648×2736
and focal length 28 mm or resolution 3072 × 2304 and focal length 10 mm) and self-made illuminated stand (Fig. 3d)

Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016

from every layer in the snowpack. Layer detection is described in Sect. 2.3.7. Typical grains from each layer are photographed so that the grains are separated on the clean and ice
free plate as well as possible without breaking them (Fig. 3e).
Three photographs are taken from every layer to ensure success of photography and to have mildly differently orientated
grains in all photographs. Photographs of different layers are
separated by an empty photo.
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Post-processed grain size and type are estimated visually
from the photographs on computer screen. Largest extent of
an average grain and average largest grain (snow grain size E
and size of the largest grains Emax , Fierz et al., 2009) are estimated with 0.25 mm resolution. It is possible to measure
the size of a single grain with a much higher resolution, but
practise has shown that error arising from multiple observers
defining the average value for a layer is of this magnitude.
Grain type estimation is based on classification by Fierz et
al. (2009). Mostly used morphological grain classes are precipitation particles, decomposing and fragmented precipitation particles, surface hoar, rounded grains, faceted crystals,
melt forms and depth hoar. The subclasses are listed by Fierz
et al. (2009).
Main error sources are related to choosing and setting up
the grains from snowpack to the plate and visual estimation of the snow grains. Estimation of grain size from the
photographs is exposed to error from separating grains from
clusters and positioning grains so that it is possible to estimate the largest extent. Visual estimation is also sensitive
to observer-related bias. Advantages of post-processed grain
size related to direct visual estimation of grain size and grain
type in the field are the possibility of having a more accurate image than the with bare eye or magnifying lens, and the
repeatability of the estimation. The measurement errors are
described more closely by Leppänen et al. (2015).

Fork horizontally and perpendicularly inside the smoothened
snow pit wall to the desired height. Output values (attenuation, 3 dB bandwidth and resonant frequency) are recorded
from the screen, and subsequently the instrument is ready for
the next measurement. It is also possible to get density and
LWC directly from the SnowFork, but the equations it uses
are less accurate than the full equations by Sihvola and Tiuri
(1986).
The equations used in deriving the density and LWC from
the dielectric measurement assume that the surrounding material is homogeneous. There are two frequent cases, where
this assumption is not valid: (1) at the surface and bottom
of the snowpack close to air, ground or vegetation, and (2) if
there is air around the rods (from the user moving the rods too
much especially in very fluffy surface snow or large depth
hoar crystals). Any metal objects (e.g. thermometer) close
to the SnowFork cause errors, and must be removed before
measurements. Another small error source is the fact that
snow densifies when the rods are inserted. A comparison of
the SnowFork and sampler densities (unpublished) showed
that on average, the SnowFork gives 40 kg m−3 lower densities than the wedge sampler. In addition, the frequency measurement accuracy of the SnowFork is not enough to determine very low moisture contents (less than ∼ 1 %). An error
in the measured height depends on the horizontal levelling of
the SnowFork during the measurement.

2.3.3

2.3.5

Ice thickness

Ice thickness is measured with a wooden snow depth probe
(Sect. 2.3.5), which has a small metal plate attached perpendicular to the probe at the 0 cm level (Fig. 3a). Thickness is
measured by inserting the probe in a drill hole, attaching the
metal plate below the ice, and reading the height of the ice
surface level from the centimetre scale (Fig. 2e).
If the water surface level is higher than the ice surface, it
is very difficult to read the ice thickness from the probe accurately. However, this situation is very rare. Another source
of measurement errors is a bent metal plate, but this problem
is easy to check and fix before performing the measurement.
2.3.4

Liquid water content

Liquid water content (LWC) describes the amount of liquid water in the snowpack, and can be derived, e.g., from
the electrical conductivity of snow. The SnowFork instrument (Toikka Ltd., Engineering, Espoo, Finland) (Sihvola
and Tiuri, 1986, Fig. 3f), measures the dielectricity of snow
between two metal rods. The resonant frequency, attenuation
and 3 dB bandwith are recorded, and inserted into equations
by Sihvola and Tiuri (1986), which are used to derive density
and LWC through real and imaginary parts of permittivity.
Measurement procedure includes calibration measurement
in air and measurements from snowpack every 10 cm. Snowpack is measured by pushing the metal rods of the Snowwww.geosci-instrum-method-data-syst.net/5/163/2016/

Snow depth

HS can be measured either by a fixed stake or using a manual probe. In both cases, the instrument is the same wooden
stake with 1 cm graduated scale (Figs. 2c, 3j). The cross section of the stake is 3 cm × 3 cm. A fixed stake is fastened
in a vertical position with the 0 cm mark at ground surface
to another smaller stake that is pushed into ground. Typical
measurement errors are induced by a small pit or a pile of
snow formed around the stake. This is minimised by removing the possible pile and estimating the true snow surface
depth around the stake. Another error source is vegetation
growing around the stake. However, lichen and moss grow
very slowly and the error can be reduced by removing them
from the stakes.
If the stake is used manually, the probe is pushed through
the snow until it hits ground. Ground is recorded as 0 cm for
HS. Measurement errors are caused by hard ice layers or vegetation that prevent the probe from hitting ground. These are
minimised by repeating the measurement 3 times.
2.3.6

Specific surface area

Microstructural parameter specific surface area (SSA) is
the ratio between surface area of ice and its mass in the
snow sample (Legagneux et al., 2002). The IceCube instrument (A2 Photonic Sensors, Grenoble, France) (Fig. 3g, h)
(Zuanon, 2013) is similar to DUFISSS presented by Gallet
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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et al. (2009), but it uses only 1310 nm wavelength laser for
reflectance measurements. Measurement procedure includes
calibration, snow sampling, measurement of the snow samples with the instrument, and conversion of measured values
to SSA with software. Calibration is made by measuring six
differently shaded calibration standards; results are inserted
afterwards to the software with measurement results.
Measurements are made from every 3 cm from whole
snowpack. Snow is collected from certain height of the snowpack to 2.45 cm high and 6 cm diameter sample holder with
a spatula or a sampling tool provided with the instrument.
Very light snow (e.g. fresh snow) needs compaction to avoid
reflection from the bottom of the sampler holder instead of
the snow. The surface of the sample is smoothed and broken
grains are removed with a spatula to avoid additional scattering of the laser. Sampling of very coarse grained snow or ice
layers is difficult, because the sample surface should be even
and smooth. The outside of the sample holder has to be clean
of snow. The measurement is made by inserting the prepared
snow sample into the instrument under the laser, and reading the corresponding voltage from a screen. Afterwards a
software provided by the instrument manufacturer is used to
convert the measured values to SSA. A logger, which records
and shows SSA values directly in the field, is also available
from the manufacturer, but it is not in use at FMI-ARC.
Measurement errors originate mainly from the sample
preparation (e.g. packing of the snow to sample holder,
smoothing of the sample surface, and height of the sample).
The orientation of snow grains in the sample affects the observed reflectance; therefore, slightly different results can be
measured by rotating the sample during measurement. Successful calibration measurements are also needed for accurate results. A further discussion of error sources is presented
by Leppänen et al. (2015).
2.3.7

Stratigraphy

Horizontal layers of the snowpack are defined from
smoothened snowpack wall from visual appearance and differences of hardness, wetness, grain size and grain type with
the help of a paintbrush (for removing very soft layers,
Fig. 3j) and tooth picks (for detecting thin hard layers). Grain
size and type, hardness and wetness are estimated with a
hand scale for every layer as described by Fierz et al. (2009).
Grain size and type are estimated visually against the same
1 mm reference grid, which is used for macrophotography
(Sect. 2.3.2 and Fig. 3k). Upper heights of the layers are
recorded with accuracy of 5 mm and marked with toothpicks.
Completed layer profile in snowpack is photographed.
Most of the errors related to the stratigraphy originate
from inhomogeneities of the snowpack. Layer interfaces are
not always clear, instead the snow structure might change
gradually. Occasionally, layers are not continuous or a layer
includes inhomogeneous spots inside it, which cannot be
recorded as separate layer. Errors are also related to the
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016

used accuracy, very thin layers might not be recorded separately. There are also observer-related biases in layer definition and estimation of layer properties with hand scale. Especially, hardness is related to power, which is used for pushing
hand, four fingers, one finger, pen or blade to the snowpack.
Grain size estimation also depends on the observer. Therefore, stratigraphy is defined by one person for a snow pit.
The discussion of error sources is presented by Leppänen et
al. (2015).
2.3.8

Temperature

Temperature is measured with TH310 thermometers (Milwaukee Electronics Kft., Szeged, Hungary). The thermometer is first cooled in air and air temperature is recorded. The
∼ 10 cm long probe of the thermometer is inserted completely horizontally and perpendicularly into snowpack and
left to reach thermal equalisation for a few minutes until the
reading does not change anymore (Fig. 3i). Measurements
are made every 10 cm from snowpack starting from snow
surface towards ground, also ground surface temperature is
recorded. Snow surface temperature is measured by inserting the thermometer probe under the uppermost ∼ 5 mm of
snow.
One error source is the height and angle at which the thermometer is inserted into the snowpack. Surface temperature
has an error related to amount of covering snow. When the
Sun’s elevation is high enough, solar radiation may have an
effect on the temperature in the uppermost measurements.
Ground surface temperature has an error related to the position of the thermometer tip, as measurements inside vegetation (lichen and moss) or soil are different from snow. Thermometer needs to be calibrated for correct results.
3

Data sets

This section describes the data sets and lists their measurements and sites.
3.1

Snow pit

Snow pits have been measured at the IOA, the bog site and
Lake Orajärvi (Sect. 2.2.5, 2.2.2 and 2.2.6, and Fig. 2). The
observation years with different instruments and measurement sites are presented in Table 1. Main problems in measurements are the duration of day light in mid-winter during
the polar night, very cold air temperature in mid-winter and
positive air temperature in spring. Measurements are made
usually in the morning (while it is still cold) or midday (to
have enough light). Air temperature limit for measurements
is −25 ◦ C; if the weather is colder, measurements are shifted
to another day. The bog site and Lake Orajärvi become impassable in the melting period, and therefore those measurements are usually finished before the measurements at the
IOA.
www.geosci-instrum-method-data-syst.net/5/163/2016/
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Procedure

At the beginning of the measurement day, instruments that
need thermal stabilisation are moved outside for cooling. All
equipment is gathered on a sledge and transferred to the measurement site where they are kept in the shade to avoid warming. Snow pit measurements are made by 2–3 observers at
a time. Snow pit observations are made on same fixed areas to allow for the comparison of measurements between
years. Snowpack is disturbed as little as possible, and passage to the measurement areas is limited to one track. A new
snow pit is dug at least ∼ 50 cm away from the old ones to
avoid changes in the snow structure due to previous pit measurements. This introduces spatial heterogeneity in the measurements, but is unavoidable due to the destructive nature of
the measurements. Spatial variability is unaccounted, but the
snow pit sites were chosen to be flat without large vegetation
or topography variations. The removed snow is placed on already used areas, and the snow surface is levelled after the
measurements.
The examined snow pit wall is in the shade to avoid temperature changes and melting caused by solar radiation. The
wall is smoothened with a shovel or a metal plate. Measurements are commenced immediately after digging the pit to
avoid additional metamorphism. A snow pit measurement
includes photography of the surroundings (landscape, sky,
snow pit area, ground), temperature profile (10 cm interval)
simultaneously with the definition of horizontal layers and
stratigraphy, density and LWC profile (10 cm interval) with
the SnowFork, density profile (5 cm interval) with a sampler,
bulk SWE, SSA profile (3 cm interval) and HS in presented
order. The number of measurements included in the snow pit
has increased; in 2006 only HS, temperature profile, grain
sizes and stratigraphy were recorded. In 2015 a new protocol
defining the order and placement of the different measurements in the pit was defined (Fig. 4). This insures that grain
size and SSA measurements are made next to each other, as
well as SWE and density measurements. At the end of the
measurements, a photograph of the filled notebook is taken.
Afterwards all equipment are dried, batteries are reloaded
and data is digitised and stored.
Detailed description of the parameters, used instrumentation and measurements are in Sect. 2.3. Photographs of measurements and equipment are presented in Fig. 3. For all measurements, 0 cm HS is the ground.

Figure 4. Snow pit measurements have been made with this plan
since 2015. Measurements are made in numbered order.

sampler does not necessarily include the whole snowpack,
as the surface layer of < 5 cm thickness is not measured, and
some snow types are very difficult to sample with the cutter (e.g. hard crust layers, fragile depth hoar, soft fresh snow
or slush). This explains some of the differences between the
SWE tube and density sampler. In a typical temperature profile, the warmest snow is at the bottom (0 cm). However, the
temperature of the snow surface is highly dependent on air
temperature. Typically the coldest point is close to the surface (30 or 50 cm depending on HS).
HS and SWE from the three pit sites in 2006–2015 are
presented in Fig. 6a and b, respectively, and compared to the
snow course measurements. HS and SWE are largest at the
IOA and smallest at Lake Orajärvi. Maximum yearly HS varied 65–106 cm at the IOA, 54–80 cm at the bog site and 23–
44 cm at Lake Orajärvi. The HS and SWE at the bog site typically fall between the error bars of standard deviation of the
measurements at the snow course, while the IOA has more
snow and Lake Orajärvi has less snow than the snow course.
3.2
3.2.1

3.1.2

Snow courses
Long snow courses

Example data

There is a large amount of data from snow pit measurements
from the last 10 winters. Therefore, only some examples of
the data set are presented here. Density measurements and
temperatures from different snow heights are presented in
Fig. 5 from the IOA in 2013–2014. Density measurements
with the SnowFork are usually smaller than measurements
with the sampler or SWE tube. The average from density
www.geosci-instrum-method-data-syst.net/5/163/2016/

Finnish Environment Institute (SYKE) maintains a network
of 140 snow courses in Finland. Snow course measurements
of SYKE and FMI began in the 1930s. Usually, there are 80
HS measurements made at regular intervals (50 m) along a
4 km course, and, in addition, 8 of these locations are chosen for SWE measurements so that each land cover type has
at least one SWE measurement, and the most common have
several measurements. The locations of the courses are seGeosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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Figure 5. Example data from 2013 to 2014 snow pits at the IOA. (a) Densities from different instruments (average of density sampler profile,
average of the SnowFork profile, and SWE tube). (b) Temperatures from different depths.

Figure 6. Time series of (a) HS and (b) SWE measurements from 2006 to 2016 from the Sodankylä snow course and from the three snow
pit sites. Mean values of all measurements from the snow course with error bars of standard deviation are shown. For snow pits, the mean of
three measurements is shown.
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lected for good coverage of the terrain, vegetation and land
covers typical to the area. The main use for the snow course
data is river runoff forecasting, and therefore the courses are
located in the major watersheds. The measurement locations
are classified into six categories: open area, forest opening,
pine-dominated forest, spruce-dominated forest, broadleafdominated forest, and open bog. The classification of each
location is made on the field when the course is established
(or when there are major changes in land cover, e.g. a forest is cleared). The snow course measurements represent the
variation in general snow conditions on the area and in each
category.
One snow course has been located around FMI-ARC station in Sodankylä (Sect. 2.2.3) and measured by FMI personnel since 1959. The snow course is measured in the middle
of each month; before 1991 only in January and March, and
beginning in 1991 every month during the snow season. In
1991–1996 the course was additionally measured at the turn
of the month. Moreover, in 2009–2014 FMI-ARC measured
the Sodankylä snow course and an additional course in Tanhua (50 km northeast of Sodankylä, Sect. 2.2.8) at the turn of
the month during a measurement campaign.
Both the Sodankylä snow course and the Tanhua snow
course include 80 HS and 8 SWE measurements at fixed
sites with regular intervals along a 4 km course. The course is
measured using a snowmobile, skis or snowshoes, and measurements are made as described in Sect. 2.3.1 and 2.3.5 from
the sites marked in GPS and in the field.

when the ice is thick enough to allow for safe passage. Thus,
the first ice in the autumn and the melting ice in the spring
are not measured.

3.2.2

3.4

Short IOA snow course

A short HS course with fixed stakes is located at the IOA.
The snow course consists eight stakes in open area and nine
stakes in forest. The snow course has been measured together
with the IOA snow pit (2–4 times per month) since 2009 at
open area and since 2011 at forest. The reading of a fixed
stake is described in Sect. 2.3.5.
3.2.3

Example data

The averages and standard deviations of HS and SWE measurements of the Sodankylä snow course in 2006–2016 are
shown in Fig. 6 together with the snow pit measurements.
The measurements are analysed in Sect. 3.1.2.
3.3

Lake ice observations

Lake ice observations are made in Lake Orajärvi (Sect. 2.2.6)
and measurements include ice thickness, ice layers and HS
on ice. The measurements were began in 2008, and in 2008–
2014 an additional snow pit was measured at the first drill
site. However, due to the high variability of snow depth and
stratification on lake ice, the snow pit measurements were
finished because of issues with representativeness. A photograph from the ice thickness measurements on Lake Orajärvi is shown in Fig. 2e. Lake ice observations are only made
www.geosci-instrum-method-data-syst.net/5/163/2016/

3.3.1

Procedure

Ice thickness and HS are monitored around three permanent
spots 20 m apart. Each time, a new drill site with untouched
snow is chosen close to the marked spot. Three HS measurements are made at each spot with a manual probe around the
drill site (see Sect. 2.3.5). Then snow is removed from the
drill site. A hole is drilled almost through the ice. The thicknesses of layers of hard ice and softer snow-ice (frozen slush
and snow), as well as possible water layers inside the ice, are
detected by testing the hardness of the layers with the metal
plate of the ice thickness probe and by visual inspection. The
hole is drilled completely through the ice, and ice thickness is
measured, as described in Sect. 2.3.3. Also the level of water
surface from the bottom of the ice is recorded.
3.3.2

Example data

Ice thickness and HS on ice observations are summarised in
Table 2. Maximum measured ice thickness varied between
60 and 76 cm, while maximum measured HS varied between
19 and 43 cm.
Daily HS time series

A daily time series of HS in Sodankylä has existed since
1 January 1911, with the exception of the year 1913 (move
to the research station area), autumn 1941 (World War II)
and autumn 1944 (World War II), which are missing. These
data have been collected from several measurement sites:
in 1911–1912 all the meteorological measurements were
made in the town of Sodankylä. Since 1913, the establishment of the Magnetic Observatory, the measurements have
been made at the current research station area, but the exact location of HS measurements before 1949 is unknown.
Since 1949 HS has been measured at the Sounding station
(Sect. 2.2.7 and Fig. 1). However, the coordinates of the measurement site in the meteorological yearbook did not change
in 1949, so the previous location was not far away from the
current site. Despite the changes in measurement location,
the data set represents the best knowledge of snow depth conditions in Sodankylä. The earliest measurements have been
digitised from meteorological yearbooks.
Last manual synoptic observations were made in December 2008, and afterwards there are only automatic HS measurements available (SR50 by Campbell Scientific Inc., Logan, Utah, USA) from the Sounding station. The HS time
series, as well as some other automatic and manual measurements, is available at http://litdb.fmi.fi/luo0016_data.php.
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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Table 2. Summary of the lake ice observations.
Year

Ice thickness in

Maximum measured

mid-January
(cm)

mid-March
(cm)

ice thickness
(cm)

snow depth
(cm)

39
45
50
26
34
37
51

64
67
67
53
62
60
76

70
68
70
60
70
60
76

19
43
29
28
32
23
30

2008–2009
2009–2010
2010–2011
2011–2012
2012–2013
2013–2014
2014–2015

Table 3. Availability of the data during the time of the paper’s preparation. Different properties of data sets are marked under the data set
column. The updated version of this table with direct links to the data sets can be found in http://litdb.fmi.fi/manual_measurements.php.
Data set

Electronically available

Availability

Snow pit

2006–

On request

IOA snow course

2009–

On request

Middle of month

1991–

http://www.syke.fi/openinformation (averages),
on request (full data set)

Beginning of month

2009–2014

On request

Tanhua snow course

2009–2014

On request

Lake ice observations

2009–

On request

Sodankylä snow course

Daily HS

SWE and HS

3.4.1

Magnetic Observatory

1911–1949

Sounding station

1949–2008

Magnetic Observatory

1914–1917, 1920–1927, 1941,
1945, 1948, 1951–1953

On request

Airport and forest

1972–

On request

Procedure

Snow depth is read from a fixed HS stake as described in
Sect. 2.3.5. Until May 1960, one value per day at 06:00 UTC
was recorded. From June 1960 to December 2008, two values at 06:00 and 18:00 were recorded, but the 06:00 value
is the daily snow depth. From February 2008, an automatic
acoustic measurement (SR50 from Campbell Scientific Inc.,
Logan, Utah, USA) is recorded every 10 min (10 min average), with the 06:00 measurement still recorded as the daily
snow depth.
3.4.2

Example data

The daily HS time series is shown in Fig. 7 together with the
HS measurements from the airport and the forest site. Continuous snow has fallen the earliest on day 261 (year 1998)
and latest on day 348 (year 2000). The last day of snow on
the ground in spring has varied from day 114 (year 1937) to
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016

http://litdb.fmi.fi/luo0016_data.php

day 166 (year 1911). The absolute maximum HS in this data
set is 119 cm (on 6 April 2000).
3.5

SWE and HS time series

There are two long time series of snow density, depth and
SWE measured in Sodankylä: (1) between years 1909 and
1953 at a single measurement site and (2) an ongoing data
set starting in 1972 at two sites. Until 2002, measurements
were performed on the morning of 5th, 10th, 15th, 20th, 25th
and the last day of every month, if there was snow on the
ground. From 2002 onwards there are measurements only in
January and March. The data set from 1909 to 1953 was measured by the Magnetic Observatory and the exact measurement site is unknown. Measurements from years 1914–1917,
1920–1927, 1941, 1945, 1948 and 1951–1953 are available
in digitised form. The second data set from 1972 onwards is
measured by FMI from two measurement sites: the airport
(an open area, Sect. 2.2.1 and Fig. 2c), and the forest site
www.geosci-instrum-method-data-syst.net/5/163/2016/
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Figure 7. Time series in (a) and (b) HS measurements in 1911–2015, and (c) SWE measurements every 5 days (only in January and March
from 2002) in 1972–2015.

(Sect. 2.2.4 and Fig. 2d). All SWE and HS measurements
from 1972 onwards have been digitised.
3.5.1

Procedure

Two SWE samples are taken at each site. Until January 1924,
SWE was measured by coring a cylindrical sample of snow
with a tube of 100 cm2 cross sectional area, melting the snow
in a covered bucket and measuring the volume of meltwater. From 1924, a special scale calibrated to show SWE (see
Sect. 2.3.1) has been used to weight the cored snow sample
(Fig. 4e). HS from a centimetre scale on the outside of the
sampling tube is recorded; snow density can be calculated
from HS and SWE.
Since 1976, HS at five fixed stakes (see Sect. 2.3.5)
has been recorded at both sites. In 1972–1976, there were
9 stakes and two SWE measurements at the airport, and 25
stakes and four SWE measurements at the forest site.
3.5.2

Example data

at the forest site and the airport is 8.6 cm. However, SWE at
the two sites is about the same, the forest site has on average
a 5.9 mm larger value. This means that snow at the airport is
denser than at the forest site.
4

Summary

The Sodankylä manual snow survey program includes manual measurements of natural seasonal snowpack in the northern Finland. Measurements are performed at several diverse
measurement sites at FMI-ARC. The station is equipped
with a comprehensive set of tools for the manual measurements of snow and extensive reference instrumentation for
automatic snow measurements and meteorological measurements. Measurements of HS and SWE have been made since
1909 (available since 1911 and 1914, respectively), and exact
observations of snow macro- and microstructure have been
made and available since 2006 from the snow pits. This paper presents a summary of the collected data sets.
Data availability

The HS and SWE from the airport and the forest site are
shown in Fig. 7. The HS at the forest site is comparable to the
daily snow depth measurements, while the HS at the airport is
typically lower; the mean difference between measurements
www.geosci-instrum-method-data-syst.net/5/163/2016/

The availability of the data is described in Table 3. The details on how to download the data can be found in http://
litdb.fmi.fi/manual_measurements.php. The digitising of the
Geosci. Instrum. Method. Data Syst., 5, 163–179, 2016
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earliest measurements is ongoing and details will be updated to http://litdb.fmi.fi/manual_measurements.php. The
averages of the SYKE snow course data are available from
SYKE database (http://www.syke.fi/openinformation), and
full measurement data from SYKE on request (details in
http://litdb.fmi.fi/manual_measurements.php).
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