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dFp Dense forest on peatland 

DH Depth hoar 

DISORT Discrete Ordinates Radiative Transfer Program for a Multi-Lay-
ered Plane-Parallel Medium 

DMRT-QCA Dense Media Radiative Transfer model based on Quasi-Crystal-
line Approximation 

DMSP Defense Meteorological Satellite Program 

EASE Equal-Area Scalable Earth grid 

EOS Earth Observing System 

ESMR Electrically Scanning Microwave Radiometer 

FC Faceted crystal 

FMI Finnish Meteorological Institute 

FOV Field of view 

H Horizontal polarization 

HUT Helsinki University of Technology 

HUTRAD Helsinki University of Technology Radiometer 

IF Ice formation 

JAXA Japan Aerospace Exploration Agency 

JULES Joint UK (United Kingdom) Land Environment Simulator model 

L Lake 
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MEMLS Microwave Emission Model for Layered Snowpacks 

MF Melt form 

MM Machine made snow 

NASA National Aeronautics and Space Administration 

NIR Near infrared 

NWP Numerical weather prediction 

PP Precipitation particle 

RG Rounded grain 

rms Root-mean-square 

SD Snow depth 

sFm Sparse forest on mineral soil 

SFT Strong Fluctuation Theory 

SH Surface hoar 

SMMR Scanning Multichannel Microwave Radiometer 

SMP SnowMicroPen 

SMRT Snow Microwave Radiative Transfer model 

SodRad 1/2 Sodankylä Radiometer 1/2 

SSA Specific surface area (volume to surface ratio) 

SSM/I Special Sensor Microwave Imager 

SSMI/S Special Sensor Microwave Imager/Sounder 

SWE Snow water equivalent 

TKK Helsinki University of Technology 

TOA Top-of-atmosphere 

V Vertical polarization 

W Wetland 
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List of Symbols 

 Constant,  = 1.59 cm/K 

 Spectral radiance (W/(sr·m2·K)) 

 Constant,  = 0 cm 

 Speed of light in vacuum,  = 2.998·10-8 m/s 

 Measured snow grain size parameter (mm) 

 Grain size parameter modelled with SNOWPACK (mm) 

 Optical grain size (mm) 

 Snow layer thickness (cm) 

 Effective grain size (mm) 

 Traditional snow grain size (mm) 

 Euler’s number,  2.71828 

 Frequency (Hz or GHz) 

 Planck’s constant,  = 6.634·10-34 J 

 Standard deviation of surface height (mm) 

 Wave number (1/m) 

 Boltzmann’s constant,  = 1.38·10-23 J/K 

 Loss factor of layer  

 Correlation length (mm) 

Q Polarization mixing parameter 

 The portion of radiation scattered in the forward direction,  
 = 0.96 

 Fresnel reflection coefficient of layer  at polarization  

 Empirical reflection coefficient at polarization  

 Physical temperature ( C or K) 
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 Brightness temperature (K) 

 Cosmic background radiation,  = 2.7 K 

 Brightness temperature at frequency  and polarization  (K) 

 Fresnel transmission coefficient of layer  

 Forest stem volume (m3/ha) 

 Saturation stem volume of forest transmissivity (m3/ha) 

 

 Upwards (downwards) atmospheric profile factor 

 Scaling factor relating measured and modelled grain sizes 

 Fractional coverage of land cover type  

 Constant,  = 2±1 

 Penetration depth (m) or constant,  = 0.20±0.04 

 Emissivity 

 Permittivity (As/Vm) 

 Real part of relative permittivity 

 Complex part of relative permittivity 

 Relative permittivity compared to the permittivity of vacuum  

 High-frequency limit of relative permittivity for material  

 Low-frequency limit of relative permittivity for material  

 Permittivity of vacuum,  = 8.854·10-12 As/Vm 

 Incidence angle (  or rad) 

 Absorption coefficient (1/m) 

 Extinction coefficient (1/m or dB/m) 

 Scattering coefficient (1/m) 

 Wavelength (m) 

 Magnetic permeability of vacuum,  = 4 ·10-7 Vs/Am 

 Density (kg/m3) 

 Conductivity (S/m) 

 Relaxation time (s) 
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1. Introduction 

Seasonal snow covers approximately 40-50 million km2, or close to 50 %, of the 
Northern Hemisphere land mass every year (Brown and Robinson, 2011), and 
about 98 % of seasonal snow is on the Northern Hemisphere (Armstrong and 
Brodzik, 2001). Seasonal snow cover has a significant effect on the Earth’s en-
ergy balance. Due to its high albedo (0.8-0.9 for fresh snow in the visible wave-
lengths), snow cover reflects a large part of the incident solar radiation back to 
space and therefore cools the Earth’s surface (Armstrong and Brun, 2008). 
Smaller snow covered area for a shorter period of time would cause more solar 
radiation being absorbed into atmosphere and land surface, and would there-
fore accelerate climate change. This positive feedback mechanism has poten-
tially a major role in global warming (Hall and Qu, 2006). Snow also affects the 
heat and moisture fluxes between the ground surface and the atmosphere. Sim-
ilarly to the Arctic sea ice cover (Simmonds, 2015), the extent and duration of 
seasonal snow cover can be used as a proxy for monitoring climate change 
(Derksen and Brown, 2012; Hernández-Henríquez et al., 2015) and to test cli-
mate models (Brutel-Vuilmet et al., 2013). Snow depth and snow cover extent 
are also vital parameters in initializing numerical weather prediction (NWP) 
models (de Rosnay et al., 2014). 

Seasonal snowpack stores the wintertime precipitation and releases it in a rel-
atively short period of time during spring snowmelt. At the same time, melting 
snow absorbs a large amount of energy and therefore delays warming of the 
snow-covered areas (Armstrong and Brun, 2008). The timing and amount of 
released water affect plant growth, local annual carbon balance (Aurela et al., 
2004) and river run-off (Vavrus, 2007), and may cause flooding (Bell et al., 
2016; Vormoor et al., 2015). Because the terrestrial run-off is dominated by 
meltwater from snow and glaciers in a large part of Eurasia and North America, 
a fifth of the Earth’s population is dependent on snow as their source of potable 
water (Barnett et al., 2005). 

All these interactions of snow with the Earth’s water and carbon cycle, radia-
tion balance, weather and climate may change in timing and magnitude due to 
climate change (Räisänen, 2015; Safavi et al., 2017). Therefore accurate infor-
mation of the current state of the cryosphere as well as long-term climate data 
records of the temporal and spatial changes in seasonal snow cover are crucial 
for climate studies and hydrology, among other disciplines. To meet the needs 
of these fields, information of snow cover can be extracted from many sources: 
remote sensing (Dietz et al., 2012), in situ measurements (Kinar and Pomeroy, 
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2015), modelling (Etchevers et al., 2002) and reanalysis (Margulis et al., 2016). 
Unlike temporally and spatially sparse in situ measurements, passive micro-
wave remote sensing from satellite instruments may provide continuous daily 
global observations. Modelling and reanalysis rely on calculating snow data 
from other measured parameters, but they are often used to support remote 
sensing methods. 

Microwave remote sensing is well suited for observations at high latitudes in 
the wintertime, as cloudy or rainy weather conditions and the lack of sunlight 
do not hinder the retrieval of snow information, unlike at optical wavelengths 
where the measured parameter is reflected sunlight (Ulaby et al., 1981, 
chapter 1). Another advantage of microwaves over optical wavelengths is the 
possibility to extract information of the whole snowpack, not just the surface. In 
addition, there exists a relatively long time series of remotely sensed passive mi-
crowave data; continuous multi-frequency spaceborne measurements are avail-
able since 1978, allowing the monitoring of long-term changes in the cry-
osphere. 

However, the spatial resolution of current spaceborne passive microwave sen-
sors and algorithms is in the order of 10-30 km, which is not high enough for 
many applications. In addition, the variability in snow conditions, land cover, 
vegetation and topography in a measured field of view (FOV) may decrease the 
accuracy of snow parameters retrieved from satellite data (Vander Jagt et al., 
2013; Rees et al., 2006). A small-featured mosaic of forests, fields and small 
lakes or the variability of snow depth and slope on mountainous areas restrict 
the accuracy of retrieval. One way of mitigating these problems is the inclusion 
of auxiliary data, such as land cover and topography, in data interpretation.  

Another limiting factor is the depth of snowpack. Depending on used fre-
quency, snow density and grain size, the measured signal saturates at some 
point. Typical upper limit values reported for 36.5 GHz are around 150 mm of 
snow water equivalent (Derksen et al., 2010; Derksen and Brown, 2012; 
Langlois et al., 2012; Santi et al., 2017; Takala et al., 2011). Very shallow dry 
snow (< 5 cm) is transparent at microwave frequencies typically used in snow 
measurements (Foster et al., 2005). The detection of whether there is snow on 
the ground or not is easier using optical wavelengths (e.g. Metsämäki et al., 
2015). 

The most important parameter describing the state of snowpack is snow water 
equivalent (SWE), which describes how much water would be released if all the 
snow melted at once. The extraction of this parameter from satellite measure-
ments requires algorithms and models relating the physical snow properties to 
the measured signal. The first retrieval algorithms (Chang et al., 1987; Kunzi et 
al., 1982) were purely empirical and based on assumed fixed snow properties, 
such as density and grain size, to derive snow depth (SD) from spaceborne 
measurements. Later numerous more advanced algorithms have been devel-
oped for global (e.g. Kelly, 2009; Takala et al., 2011) and regional (e.g. Derksen 
et al., 2010; Sorman and Beser, 2013) applications. 

Two main problems in passive microwave remote sensing of snow were stud-
ied in this thesis: the mixed pixel problem, or the variability of land cover and 
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snow conditions in the satellite instrument’s field of view, and the presentation 
of snow microstructure in a microwave snow model. The mixed pixel problem 
was approached from the point of view of subnivean freshwater bodies, such as 
rivers, lakes and wetlands, typical to the taiga region. The contrast in the elec-
trical properties of water compared to land and the differences of snow covers 
on land and ice may hinder SWE retrieval accuracy around water bodies. This 
problem was studied in Publications 2 and 3, which presented modelling results 
and measurements of snow cover on lakes and wetlands. Publication 3 concen-
trated on a case study of in situ and airborne measurements of different land 
cover types in a small region, while Publication 2 extended the work to space-
borne measurements over all Finland. Publication 3 presented the first micro-
wave modelling results of ice and snow-covered wetlands. The main result was 
that the used snow emission model was able to simulate brightness tempera-
tures of snow-covered water bodies well, even though only a very simple mod-
elling scheme was used. The method presented in Publication 2 for including 
the modelling of lake ice and snow conditions in a SWE retrieval algorithm using 
a microwave snow emission model improved the SWE retrieval accuracy in lake-
rich areas and coastlines notably. 

The micro- and macrostructure of snowpack determine its interaction with 
microwave radiation. The microstructure, or the size, shape and bonding of 
snow grains, mainly defines how microwave radiation is scattered in the snow-
pack. Even though snow typically has a very complex layer structure (Colbeck, 
1991), it is often represented in SWE retrieval algorithms as one homogeneous 
layer, and snow microstructure is simplified to one grain size-related averaged 
parameter. These simplifications increase the retrieval error. Publication 1 com-
pared snow grain size derived from spaceborne measurements through a micro-
wave model to field measurements, and presented an equation for calculating 
an effective grain size from field measurements. This equation reduced the sim-
ulation error notably compared to using the measured grain sizes directly. 

Publications 4 and 5 studied the possibility of combining a physical snow 
model, which calculates snow properties from meteorological data, with a mi-
crowave model to enhance the accuracy of snow parameter retrieval. Publica-
tion 4 compared field snow measurements with physical snow model results, 
and Publication 5 compared measured brightness temperatures to those simu-
lated using snow profiles from a physical snow model. These results showed that 
grain size from a physical snow model corresponds to grain size in a snow mi-
crowave emission model, and that coupling a physical snow model to snow pa-
rameter retrieval algorithm is achievable. 

This thesis is divided into following chapters: Chapter 2 describes the general 
concept of remote sensing of snow and the theory of microwave radiometry. 
Chapter 3 focuses on snow properties. Chapter 4 presents the main results of 
Publications 1-5 and Chapter 5 concludes the work. 
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2. Passive microwave systems for snow 
observation 

This chapter describes the general concept of remote sensing, gives a brief his-
tory of passive microwave remote sensing of snow and introduces the instru-
ments typically used. The theory and principles of microwave radiometry, as 
well as different radiometers used in this work, are presented. 

2.1 Remote sensing concept and instruments 

Remote sensing is the acquisition of information about a target without direct 
contact. Considering snow, it usually means tower-based, airborne or space-
borne observations. Two frequency ranges of the electromagnetic spectrum are 
often used in remote sensing of snow: microwaves (wavelengths between 1 mm 
and 1 m, or frequencies between 300 MHz and 300 GHz) and optical (wave-
lengths between 100 nm and 1 mm). They are used because the atmosphere is 
mostly transparent in these bands. However, unlike microwaves, optical wave-
lengths are obstructed by clouds. Optical wavelengths typically reflect from the 
surface of the target and provide information of the first few centimetres of the 
snowpack. Depending on frequency, microwaves can penetrate through the 
snowpack into ground providing information of the whole snowpack and the top 
soil layer (Lemmetyinen et al., 2016; Zheng et al., 2016). 

Remote sensing instruments can be divided into two categories: active, which 
include a transmitter and a receiver, and passive, which only receive natural 
radiation. An active microwave instrument is called a radar or a scatterometer, 
while a passive system is a radiometer. Spaceborne radars reach better spatial 
resolution than radiometers, but their spatial and temporal coverage is not as 
good as radiometers’ (Dietz et al., 2012). There have been many recent studies 
on applying spaceborne active microwave instruments to snow parameter re-
trieval (Leinss et al., 2015; Pettinato et al., 2013; Rott et al., 2013), but currently 
they are only used in wet snow detection (Nagler et al., 2016). Radiometers are 
typically applied to measure SWE or SD or soil properties such as frost depth 
(Lemmetyinen et al., 2016; Rautiainen et al., 2014). Active optical lidars typi-
cally measure surface height and can therefore be used to monitor snow depth 
(Bhardwaj et al., 2016). Passive optical spectrometers measure reflected sun-
light and are often used to map snow cover extent (Metsämäki et al., 2015) or 
albedo (Williamson et al., 2016). 
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The origin of microwave radiometry techniques is in radio astronomy. The 
first passive microwave measurements of terrestrial snowpack were conducted 
in the 1960’s and 1970’s in the USA (Edgerton et al., 1971), Switzerland (Mätzler 
et al., 1980) and Finland (Tiuri and Hallikainen, 1981). These systems were 
truck or tower-mounted and operated at frequencies between 1 GHz and 
100 GHz (Foster et al., 1984). Spaceborne passive microwave measurements are 
available since 1972 from the Nimbus 5 Electrically Scanning Microwave Radi-
ometer (ESMR) instrument, with a continuous time series of multi-frequency 
data since 1978 from the Nimbus 7 Scanning Multichannel Microwave Radiom-
eter (SMMR). 

In the 1970’s and 1980’s, the application of spaceborne passive microwave 
measurements to snow monitoring was studied using both the Nimbus ESMR’s 
(Chang et al., 1981; Foster et al., 1980) and the SMMR instrument (Chang et al., 
1987; Hallikainen and Jolma, 1986; Kunzi et al., 1982). The first global snow 
depth algorithm was introduced in 1987 (Chang et al., 1987) using SMMR data. 
Later global snow products were developed based on the Defense Meteorologi-
cal Satellite Program (DMSP) series Special Sensor Microwave Imager (SSM/I) 
sensors (Armstrong and Brodzik, 1995; Grody and Basist, 1996) and the Ad-
vanced Microwave Scanning Radiometer – Earth Observing System (AMSR-E) 
instrument on board National Aeronautics and Space Administration (NASA) 
Aqua satellite (Kelly and Chang, 2003). After the AMSR-E failed in 2011, DMSP 
series Special Sensor Microwave Imager/Sounder (SSMI/S) instruments 
(Smith and Bookhagen, 2016; Takala et al., 2017) and the AMSR-2 on board 
Japan Aerospace Exploration Agency (JAXA) GCOM-W1 satellite (Santi et al., 
2012) have been used for remote sensing of snow. 

The first algorithms for the retrieval of snow depth ( ) from spaceborne pas-
sive microwave observations were purely empirical. Chang et al. (1987) sug-
gested a linear relationship 

 
  (1) 

 
where  and  are the brightness temperatures (K) at 18 GHz and 37 GHz 
horizontal polarization, respectively, and  and  are constants  = 1.59 cm/K 
and  = 0 cm. This equation assumes a snow density of 300 kg/m3 and a grain 
size of 0.3 mm (Kelly and Chang, 2003). If snow properties differ from these 
assumptions, the error in the retrieved SD increases (Davenport et al., 2012). 
Therefore Eq. (1) is not reliable in all regions at all times with the given constants 

 and . 
Despite these limitations, similar empirical algorithms were used for several 

applications in regional and global scale (e.g. Foster et al., 1997; Goodison and 
Walker, 1994; Hallikainen and Jolma, 1992) using either H or V polarization. 
Kelly and Chang (2003) recalibrated the coefficients  and  for different re-
gions of the Earth to get a global algorithm for the SSM/I and the AMSR-E in-
struments. Later empirical dynamically adjusting coefficients were applied to 
account for the evolution of snow grain size in the AMSR-E algorithm (Kelly, 
2009). While the earliest algorithms used H polarization (Chang et al., 1987; 
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Kunzi et al., 1982) due to its higher sensitivity to SD and SWE, nowadays V po-
larization is often used, because it is less sensitive to ice lenses in snow (Rees et 
al., 2010). 

In addition to direct empirical algorithms, several other types of retrieval al-
gorithms have been studied. For example, neural networks can be used (Santi 
et al., 2012) to directly retrieve SWE. Neural networks (Davis et al., 1993), ge-
netic algorithms (Tedesco and Kim, 2006a) and numerical inversion (Roy et al., 
2004; Takala et al., 2011) can also be applied to invert microwave emission mod-
els. In situ measurements can be assimilated into the algorithm to calibrate it at 
measurement stations (Margulis, 2006; Takala et al., 2011), and a physical snow 
model can be coupled with a microwave snow emission model to better address 
the evolution of snow parameters (Langlois et al., 2012). Markov Chain Monte 
Carlo methods can be applied to retrieve SWE in a multi-layer snowpack (Pan 
et al., 2017). 

Three types of measurement set-ups are typically used in remote sensing (Fig-
ure 1): a) ground-based, b) airborne and c) spaceborne. Ground-based and air-
borne systems are well suited for development and testing of models, retrieval 
algorithms and instruments. In addition, with ground-based systems it is pos-
sible to measure long continuous time series of one target to detect changes, e.g. 
diurnal and seasonal variation (Macelloni et al., 2005; Meinander et al., 2008; 
Mätzler et al., 1980; Wang and Zender, 2011). Even close-range measurements 
of individual snow labs are possible (Hallikainen et al., 1987; Maslanka et al., 
2016; Wiesmann et al., 1998). The measured target is known and can be char-
acterized with high precision. Airborne systems allow wider spatial coverage, 
while their temporal coverage is often short or infrequent. They are typically 
used in measurement campaigns, not in long-term monitoring. Spaceborne sys-
tems offer the possibility for daily long-term global observations, but suffer from 
poorer spatial and temporal resolution. 

In passive microwave systems, the variation of the measured target is com-
pletely different in these three cases. In ground-based systems, the FOV size is 
metres at most, and can be characterized. In airborne systems, the FOV is tens 
or hundreds of metres. There is typically some variation inside the FOV, but 
often fairly uniform FOVs, such as forest or water areas, can be selected. In 
spaceborne systems the instrument’s FOV is large, even tens of kilometres wide, 
and may contain various different land covers, varying topography and different 
snow conditions. 

A spaceborne radiometer observes radiation from several sources (Figure 2): 
from a) clouds, b) atmosphere, c) solar and cosmic radiation, d) vegetation, e) 
ground attenuated by snow, vegetation and atmosphere, and f) snow attenuated 
by vegetation and atmosphere. In the microwave range, clouds and rain are of-
ten negligible. Only the signal from snow is desired, all the other sources need 
to be removed from the signal, as well as the attenuation by atmosphere and 
vegetation. 
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Figure 1. A conceptual image of the different fields of view of (a) ground-based, (b) airborne and 
(c) spaceborne measurement systems. 

 

Figure 2. Radiation sources measured by a spaceborne radiometer: a) clouds, b) atmosphere, c) 
solar and cosmic radiation, d) vegetation, e) soil and f) snow.  
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2.2 Theoretical background of microwave radiometry of snow 

The terminology related to this work, as well as the basic theory of microwave 
emission of snow, is explained in this chapter. 

2.2.1 Microwave emission 

All natural matter emits electromagnetic radiation caused by the thermal mo-
tion of particles. The emitted radiation is usually defined using a blackbody, an 
idealized object which absorbs all incident radiation and emits all of its thermal 
energy. The energy emitted by a blackbody, or its spectral radiance  
( ), can be expressed with Planck’s law (Planck, 1901) 
 

  (2) 

 
where  = 6.634·10-34 J is Planck’s constant,  is frequency (Hz), 

 = 2.998·108 m/s is the speed of light in vacuum,  = 1.38·10-23 J/K is Boltz-
mann’s constant and  is the physical temperature of the radiator (K). In the 
microwave range, , and the Rayleigh-Jeans approximation can be 
used instead of Planck’s law (Ulaby, Moore and Fung, 1981, chapter 4): 
 

  (3) 

 
where  is wavelength (m). Therefore the radiated power is linearly de-
pendent on physical temperature. 

The equations (2) and (3) hold for blackbodies, but natural targets are not per-
fect radiators or absorbers. Their brightness temperature , or the physical 
temperature of a blackbody that would emit the same amount of energy as the 
target at temperature , is 

 
  (4) 
 

where  is the emissivity of the target. It depends on used frequency ( ), polari-
zation ( ) and incidence angle ( ), as well as on the electromagnetic properties, 
such as permittivity ( ) and permeability ( ), of the target. By measuring the 
brightness temperature with a radiometer and deducing the physical tempera-
ture of a target, its emissivity can be calculated. 

The physical properties of a target, such as snow water equivalent and struc-
ture, determine its electromagnetic properties, including emissivity. Theoreti-
cal, empirical or semi-empirical models can be used to relate the physical prop-
erties to the measured signal. Since emissivity often varies with frequency, po-
larization and observation angle, more information about a target can be re-
trieved by combining multiple observations. 
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2.2.2 Emission, extinction, absorption and scattering 

As radiation travels, it interacts with a medium through two processes: emission 
and extinction. Emission is the addition of energy from a medium, and extinc-
tion is the loss of energy in a medium. There are two ways for extinction of ra-
diation: absorption, or the transformation of energy to other forms such as heat, 
and scattering, or energy that is diverted from the direction of the incident ra-
diation. (Ulaby et al., 1981, chapter 4) 

2.2.3 Relative permittivity 

The electrical properties (such as absorption and scattering coefficients) of a 
medium depend on one fundamental property, permittivity , which is often 
expressed as relative permittivity  compared to the permittivity of vacuum 

 = 8.854·10-12 As/Vm. Relative permittivity is complex ( ); the real 
part  describes the material’s resistance to electric fields and the complex part 

 is related to dielectric losses in the medium. The relative permittivity of air is 
almost equal to that of vacuum. (Ulaby et al., 1981, chapter 4) 

2.2.4 Penetration depth 

Penetration depth defines how deep electromagnetic radiation can penetrate 
into a material. At depth , the radiation is 1/  part of the original value. For 
time harmonic fields, such as propagating microwave radiation (Sihvola, 1999),  

 
  (5) 

 
where  is frequency (Hz),  = 4π·10-7 Vs/Am is the magnetic permeability of 
vacuum. Relative permittivity  and penetration depth  are both frequency 
sdependant. Lower frequencies penetrate deeper into a medium than higher fre-
quencies enabling the retrieval of information from the whole snowpack in the 
microwave range. (Ulaby et al., 1982, chapter 11) 

2.2.5 Polarization 

The electric and magnetic fields of electromagnetic waves oscillate in directions 
perpendicular to each other and to the propagation direction of the wave. The 
orientation of the oscillation of the electric field is called polarization. Radiation 
from many natural sources, such as the Sun, is a random mixture of different 
polarizations and is therefore unpolarised. However, most targets monitored 
with microware remote sensing have strongly polarized emission. Microwave 
radiometers often measure two orthogonal radiation components, horizontal 
(H) and vertical (V) polarization. Any polarization can be expressed as a combi-
nation of these two. Microwave polarization difference can be applied to meas-
ure, for example, plant phenology (Shi et al., 2008), snow parameters (Santi et 
al., 2017) and soil freezing processes (Rautiainen et al., 2014). 
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2.2.6 Fresnel reflection 

The transmission and reflection of radiation moving through an interface be-
tween two media are described with Fresnel equations. The reflection coeffi-
cients  and  for V and H polarization for radiation coming from above are 

 
 

 (6) 

 

 (7) 

 
where  and  are the relative permittivities of the lower and upper layer, re-
spectively, and  is the incidence angle (rad). These equations assume that the 
interface is flat, which is not the case in the interfaces between soil and snow or 
water and ice. Therefore empirical modifications to these equations are often 
used in applications (Chapter 3.2.2). 

2.2.7 Considerations for snow cover 

Relative permittivity of liquid water ( ) depends on frequency and tempera-
ture and can be written as (Debye, 1929) 

 
  (8) 

 
where  is the high-frequency limit,  is the low-frequency limit,  is the 
frequency (Hz) and  is the relaxation time of water (s). The high-frequency 
limit is  4.9, but  and  depend on temperature. For water at temper-
ature  = 0°C,  88.045 and  1.8 s. The real part of relative permittiv-
ity  is above 70 at frequencies below 10 GHz and decreases to 4.9 at frequen-
cies above 100 GHz (Ulaby et al., 1986, appendix E). The complex part  has a 
peak of approximately 40 around 10 GHz, but its location depends on tempera-
ture. 

For permittivity of pure or freshwater ice ( ), the same Eq. (8) can be applied. 
The low-frequency limit for ice  is between 90 and 100 and the high-fre-
quency limit is  3.17, which are quite similar to liquid water. However, the 
relaxation time of ice is  10-5 s (Mätzler, 1987; Mätzler and Wegmüller, 1987), 
resulting in a frequency and temperature independent  3.15 in the micro-
wave range (Ulaby et al., 1986, appendix E). The complex part  10-3, but it is 
difficult to measure because of the low value (Matsuoka et al., 1996). The meas-
ured values of  do not agree with Eq. (8) (Ulaby et al., 1986, appendix E). 

Since dry snow is mainly a mixture of ice and air, its relative permittivity  
can be calculated from permittivity of ice  e.g. using Polder-Van Santen mixing 
formula (Polder and Van Santen, 1946) 
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  (9) 

 
where  and  are the densities (kg/m3) of snow and ice, respectively. Empiri-
cal measurements of dry snow agree with this equation (Hallikainen et al., 1986; 
Mätzler, 1996). As the dielectric constant of water is very high compared to ice 
or air, the presence of any liquid water in snow changes its relative permittivity 
significantly. For wet snow, the Polder-Van Santen model can be used, if a mix-
ture of dry snow and water is considered (Hallikainen et al., 1986). 

The relative permittivity of soil depends on its composition, structure and es-
pecially its liquid water content. When soil freezes, some water may still remain 
in liquid form even in very cold temperature (He et al., 2016). Typical values for 
relative permittivity of frozen soil are  between 3 and 8 and  between 0 
and 1 (Hallikainen et al., 1985), which differ notably from the permittivity of 
liquid water. 

2.2.8 Interaction of microwaves with snowpack 

All three parts of the radiative transfer equation (Chandrasekhar, 1960), namely 
emission, absorption and scattering, are needed to describe the interaction of 
microwave radiation with natural snowpacks. The effect of snow cover on 
brightness temperature is two-fold: 1) snow emits radiation and 2) the 
upwelling radiation from the layer below snow (soil or ice and water, or other 
snow layers) is absorbed and scattered in the snowpack. 

The basis for microwave remote sensing of snow parameters is that as the scat-
tering volume (i.e. the amount of snow, or SWE) increases, the measured bright-
ness temperature decreases (e.g. Mätzler, 1987), because more radiation is scat-
tered away from the sensor. The inhomogeneities of snowpack (or snow grains) 
act as scatterers, and the scattering properties of snowpack depend on their ge-
ometry and size. However, above a certain limit in SWE, the emission from 
snowpack itself masks out the scattered radiation, and the measured brightness 
temperature increases with increasing SWE. At 36.5 GHz, this limit is ~150 mm 
SWE (Derksen et al., 2010; Derksen and Brown, 2012; Langlois et al., 2012; 
Santi et al., 2017; Takala et al., 2011). Therefore higher SWE results in ambigu-
ities in the retrieval, if no independent source of auxiliary data is used. Lower 
frequencies penetrate deeper into snowpack and therefore the limit is higher. 
Frequencies around 10 and 18 GHz have been used and are proposed for future 
missions (Rott et al., 2010), even though their sensitivity to changes in SWE is 
lower than at 36.5 GHz (Mätzler et al., 1982). 

Generally, at low frequencies (below 20 GHz), absorption is the dominating 
extinction mechanism, but at higher frequencies scattering becomes dominant 
(Ulaby et al., 1986, chapter 19) due to the size of scatterers compared to radia-
tion wavelength. However, in practice the situation is more complex. Snow 
properties such as grain size and density affect the absorption and scattering 
coefficients separately, and the magnitude of their effect depends on frequency 
(Santi et al., 2017). 



Passive microwave systems for snow observation 

31 
 

Typically two frequencies, one in the absorptive region and another in the 
scattering region (such as 18.7 and 36.5 GHz), are used in snow parameter re-
trieval algorithms to separate the background from the emission of snowpack. 
Comparison of two frequencies also removes a major part of the effect of snow 
physical temperature to the measured brightness temperature. 

The interaction of electromagnetic radiation with a medium is described with 
Maxwell equations (see e.g. Ishimaru, 2013). For a strongly scattering random 
medium, such as snow, there are some approximations for the interaction of 
microwaves with the scattering particles, the most common being Rayleigh scat-
tering and Mie scattering. Rayleigh scattering assumes that the scattering par-
ticles are small compared to the radiation wavelength (Ishimaru, 2013). This is 
generally not true in microwave remote sensing, as both snow grains and the 
used wavelengths are in the order of millimetres. Mie scattering is an exact so-
lution to the scattering by isotropic homogenous spheres (Ishimaru, 2013). 
There are no limitations to the size of the scatterers, but they must be spherical. 

2.3 Radiometer systems 

A radiometer typically consists of an antenna (to receive radiation from a certain 
direction), bandpass filters (to limit the signal to a certain frequency band), am-
plifiers (to amplify the received signal), an oscillator and a mixer (to mix the 
signal from the receiver bandwidth to the detector bandwidth) and a detector 
(to convert the received signal to voltage). Direct detection without mixing to 
lower frequency is also possible. Radiometers are highly sensitive, as the re-
ceived signal is typically below the local thermal noise level. A good overview of 
radiometer systems and their operation is given by Skou and Vine (2006). 

Calibration is needed to convert the detector voltage to brightness tempera-
ture. By measuring sources whose brightness temperature is known, a calibra-
tion curve between voltage and brightness temperature can be established. 
Common calibration sources include liquid nitrogen-cooled absorbers, ambient 
temperature absorbers, and noise sources (i.e. a terminated load or a noise di-
ode). The measurement accuracy and the stability of a radiometer are highly 
dependent on the quality of its calibration. External calibration targets (absorb-
ers) are typically applied once per campaign or a few times a year, while internal 
targets (loads and diodes) can be applied every integration cycle, typically sev-
eral times a minute, by switching the received signal between the antenna and 
the calibration target. (Ulaby et al., 1981, chapter 6) 

Three different radiometers were used in this work. They are briefly described 
in the following. 

2.3.1 AMSR-E 

The AMSR-E instrument (Figure 3) was developed by JAXA and flew on board 
NASA EOS Aqua satellite on a sun-synchronous polar orbit. The instrument op-
erated in 2002-2011. It measured at 6.9, 10.65, 18.7, 23.8, 36.5 and 89.0 GHz 
frequencies at H and V polarization at an incidence angle of 55°, and covered a 
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swath of 1445 km. The FOV ranged from approximately 6 km at 89.0 GHz to 
approximately 75 km at 6.9 GHz. 

The AMSR-E data were used because it was one of the few high-quality space-
borne microwave radiometers available at the time. Compared to earlier SMMR 
and SSM/I instruments, AMSR-E had much better spatial resolution and more 
frequency channels. The data are also freely available. 

In Publication 1, a one-winter time series of AMSR-E observations in one lo-
cation were compared to brightness temperature modelled using field measure-
ments inside the same data grid cell. In Publications 2 and 3, the AMSR-E meas-
urements were compared to field and airborne measurements in several places 
across Finland. 

 

 

Figure 3. The AMSR-E instrument. Photo: NASA. 

2.3.2 HUTRAD 

The airborne HUTRAD (Helsinki University of Technology Radiometer, Figure 
4, Hallikainen et al., 1996) was built and operated by the Helsinki University of 
Technology (TKK). HUTRAD used the same frequencies and polarizations as 
the AMSR-E. The FOV depended on the flight altitude, but was typically about 
40 m x 80 m.  

In Publication 3, HUTRAD was used in a flight campaign with two long trans-
fer flights across Finland in the north-south direction. The flight route crossed 
several lakes and rivers, where in situ measurements of snow and ice conditions 
were available. In addition, a dedicated campaign in the vicinity of Sodankylä in 
Northern Finland targeted different land covers, such as boreal forests, wet-
lands and lakes. An extensive field campaign of snow and ice conditions in dif-
ferent land cover types was conducted simultaneously. The field measurements 
were used to study how well the response of different land cover types could be 
modelled with a microwave snow model. The airborne HUTRAD measurements 
were used as a reference for the model. The HUTRAD data and the modelled 
brightness temperatures were also upscaled and compared to AMSR-E meas-
urements. 
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Figure 4. The HUTRAD radiometer installed in the TKK Short SC7 Skyvan aircraft. Photo: Jaakko 
Seppänen. 

2.3.3 SodRad 1 

SodRad 1 (Sodankylä Radiometer, Figure 5) is the model RPG-8CH-DP manu-
factured by Radiometer Physics GmbH, Meckenheim, Germany. It measured a 
2D pattern, but only observations at an incidence angle of 50°  H and V polari-
zation at 10.65, 18.7, 21.0 and 36.5 GHz frequencies were used. The SodRad 1 
radiometer was installed in a 4-m tower enabling a multi-year time series of 
measurements of the same forest opening every 3 hours. The measurement site 
was equipped with numerous automated reference measurements and manual 
in situ snow measurements were performed weekly. 

In Publication 5, the reference data enabled the modelling of snow structure 
with a physical snow model, and the results were used as input to a microwave 
model, which in turn was compared with the SodRad 1 measurements. The 
multi-year data set made it possible to study the differences in snow conditions 
between the winters. 
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Figure 5. Three radiometers in a tower. From left, ELBARA-II (1.4 GHz), SodRad 1 (10.65, 18.7, 
21.0 and 36.5 GHz) and SodRad 2 (89.0 and 150 GHz). 
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3. Snow microstructure and microwave 
emission 

In the retrieval of SWE and other snow properties from microwave radiometer 
measurements, it is important to understand all the parameters that affect the 
radiation emitted by the measured target. Therefore microwave emission mod-
els are needed to describe the relationship of emitted radiation to different elec-
trical and physical properties of snow. The properties of snow depend on cur-
rent and past meteorological and environmental conditions, and meteorological 
observations can be applied in the modelling of snow properties using a physical 
snow model. 

This chapter describes the formation, structure and evolution of a natural 
snowpack, the modelling of snowpack properties from meteorological data with 
a physical snow model, and the presentation of snow properties in microwave 
models. The work focuses on seasonal snow, which melts completely every year, 
contrary to perennial snow, which stays on the ground for several years. 

3.1 Snowpack structure 

Snow consists of a continuous ice matrix and pore space (Fierz et al., 2009), and 
may contain ice, air, liquid water, water vapour and impurities such as soot, dust 
or algae. Snow falls in separate precipitation events, and each of these events, 
as well as other meteorological phenomena, form separate layers (Colbeck, 
1991). An example of the layer structure is shown in Figure 6. Typically in a 
snowpack grain size increases downwards and with time. New layers of fine-
grained snow are added on top of the old ones, but in addition, the existing lay-
ers evolve through different metamorphism processes which change the shape, 
size and bonding of snow grains. As snow ages it settles, i.e. the air pores get 
smaller and snow compacts. 

Since weather and climate control the accumulation, melting and metamor-
phism processes in the snowpack, snow cover is not similar everywhere. One 
widely used classification system is presented by Sturm et al. (1995). They divide 
seasonal snow into six climatological classes: tundra, taiga, alpine, prairie, mar-
itime and ephemeral, which differ by snow density and depth, typical grain 
shapes, layer structure and the number of layers. In addition to the six classes, 
mountainous areas have a highly spatially variable snow cover. The Sodankylä 
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area in Northern Finland is in the taiga class, which is characterized by moder-
ate depth and low density, and composes of 50-80 % of depth hoar covered with 
new snow. The number of layers is high (>15). (Sturm et al., 1995) Southern 
Finland is mostly maritime, where melt features and wet snow are common. On 
the coastal area of Finland snow cover is ephemeral, which means that snow 
often melts after each snowfall completely. (Rasmus, 2005) 

Snow properties vary in scales from millimetres to kilometres. In the smallest 
scale, snow is composed of bonded ice grains. Their size, shape and bonding 
changes between layers, but also inside a layer. In a metre scale, natural obsta-
cles such as vegetation or rocks affect their surroundings by changing the local 
topography, radiation balance and wind conditions, which affect the accumula-
tion and metamorphism processes of snow. Solar radiation and wind cause fea-
tures such as crust layers or dunes in the metre scale. In a kilometre scale, the 
changes in land cover, vegetation type (forested or open area), soil type and to-
pography affect snow structure. 

The overall microwave signature of a snowpack is not just a weighted average 
of all the layers, but depends on the sequencing of the layers (Colbeck, 1991). 
The effects are also frequency and polarization dependent. Grain shape is rele-
vant for microwave scattering, as scattering models typically assume spherical 
or some other simplified shape of scatterers. The further the actual grain shape 
differs from sphere, the higher is the inaccuracy of the scattering model. 

3.1.1 Snow metamorphism 

Snow metamorphism is driven by the energy, mass and momentum exchanges 
in the snow-atmosphere interface (Bartelt and Lehning, 2002; Rasmus, 2005). 
The mass and energy fluxes between snow and atmosphere include sensible heat 
(change in temperature of snow), latent heat (phase changes, such as melting, 
freezing, sublimation and deposition) and radiative energy (longwave and 
shortwave radiation). In practice, the energy, mass and momentum fluxes are 
controlled by meteorological conditions. Sensible and latent heat fluxes are gov-
erned by changes in air temperature. Sun elevation and cloudiness determine 
the incoming radiative flux. Incoming longwave radiation is affected by the ex-
istence of tree canopy. A detailed overview of snow metamorphism processes 
can be found from Rasmus (2005). 

In the metamorphism processes, parts of the ice grains sublimate, while new 
ice is deposited on other parts of the grains changing their size and shape. Local 
environmental conditions, mainly temperature gradient and vapour pressure in 
the snowpack, determine whether the grains grow or shrink and also govern the 
shape of the resulting grains. Natural snow is close to its triple point, and there-
fore water transitions between ice, liquid water and water vapour phases easily. 
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Figure 6. Near infrared (NIR) photo of a snowpack showing the layer structure on March 1, 2016 
in Sodankylä, Finland. The darker layers have larger grain size, and the darkest ones are ice 
crusts. Snow depth is 99 cm. Photo: Tom Watts. 

 

Figure 7. The evolution of snow grain size ( ) in Sodankylä, Finland, in the winter of 2012-2013 
modelled with SNOWPACK. Based on Figure 6b of Publication 4. 

 

Figure 8. Weekly measurements of manually determined grain shape profiles in Sodankylä, Fin-
land, in the winter of 2012-2013. Grain shapes are defined in Table 1. 
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Table 1. Snow grain shape classes according to Fierz et al. (2009). 

Class Code 
Precipitation particles PP 
Decomposing and fragmented precipitation particles DF 
Rounded grains RG 
Faceted crystals FC 
Depth hoar DH 
Surface hoar SH 
Melt forms MF 
Ice formations IF 
Machine made snow MM 

 

   
   

   

Figure 9. Six examples of snow grains on a 1-mm grid from top left: broken dendrites and other 
precipitation particles (PP), rounded grains (RG), faceted crystals (FC), depth hoar crystals 
(DH), melt-refreeze crust (MFcr) and melted polycrystals (MFpc). First five pictures are from 
different layers of one snow pit on February 4, 2014. The melted crystals are from May 14, 
2014. 

The most widely used classification system for grain shape is the International 
Classification for Seasonal Snow on the Ground (Fierz et al., 2009). It defines 
nine classes for grain shape presented in Table 1. All the classes are further di-
vided into subclasses for more accurate characterization of grain shapes and 
their history. A modelled time series of snow grain size  (see Chapter 3.1.3 for 
definition) for one winter is shown in Figure 7. Figure 8 shows the manually 
determined layers and their grain shapes for the same winter. 

New snow consists of precipitation particles (PP) whose shape depends on en-
vironmental conditions on their path through the atmosphere. New snow grains 
often have complex shapes and they are characterized by high specific surface 
area (SSA, see Chapter 3.1.3) and low density. One possible form is a dendritic 
particle (Figure 9 top left). 

The most important factor in snow metamorphism is the temperature gradi-
ent between ground and atmosphere (Colbeck, 1982). Temperature cycling at 
snow surface due to changes in atmospheric temperature e.g. between day and 
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night may increase the speed of the processes (Ebner et al., 2016). If the tem-
perature gradient in snow is small (<5 K/m), ice crystals and water vapour in 
snow are in equilibrium, and grain growth is very slow. This is called equi-tem-
perature metamorphism. Despite the equilibrium, there are small temperature 
variations between different parts of snow grains, which cause destructive met-
amorphosis: the small details, such as dendrites, disappear and the grains round 
(Figure 9 top middle). At the same time, snow grains experience sintering, in 
which ice bridges and bonds grow between individual grains (Rasmus, 2005). 
Equi-temperature metamorphism transforms the beautiful dendritic shapes of 
new snowflakes to rounded grains (RG). 

When the temperature gradient is 5-15 K/m, both equi-temperature and ki-
netic growth processes happen, and faceted crystals (FC, Figure 9 top right) 
grow but slowly (Rasmus, 2005). Fast kinetic growth occurs when the tempera-
ture gradient exceeds 20 K/m. Water sublimates from the warmer top of snow 
grains and deposits on the cold bottom surfaces of the grains in the layer above. 
Hexagonal striated shapes grow downwards forming typical depth hoar (DH) 
shapes (Figure 9 bottom left). 

Wind, rain, solar radiation and melt-refreeze cycles may form hard crust lay-
ers on snow surface (Figure 9 bottom middle). Wet snow metamorphism (Brun, 
1989) occurs when liquid water is present, typically late in the spring when snow 
is melting. This is one of the equi-temperature metamorphism processes, and 
the grains are round and either in clusters or as single crystals in liquid (Figure 
9, bottom right). 

3.1.2 Physical snow models 

The determination of snowpack structure is mainly manual work (Kinar and 
Pomeroy, 2015; Leppänen et al., 2016); there are no automated measurement 
equipment for snow stratification. The traditional method requires digging a 
snow pit, like the one in in Figure 6, to determine snow structure manually form 
differences in snow hardness, wetness and grain sizes and shapes. New semi-
automatic equipment such as the SnowMicroPen (SMP) can determine layer, 
density and SSA profiles without snow pits (Proksch et al., 2015), but they are 
still manual tools. Therefore physical snow models offer an enticing possibility 
to model snow micro- and macrostructure from automated measurement data. 
An example of the output of a snow model is shown in Figure 7. Compared to 
manual measurements in Figure 8, the temporal and vertical resolutions are 
much better. However, the accuracy of the output profile depends on the quality 
of the model and input data used. 

There are several physical snow models of differing complexity, which predict 
various parameters of the snowpack such as thickness, density, volumetric 
moisture, grain size and temperature of each layer from the history of meteoro-
logical and radiation observations at a site. The most detailed models are Crocus 
(Brun et al., 1992; Vionnet et al., 2012) and SNOWPACK (Bartelt and Lehning, 
2002; Lehning, Bartelt, Brown and Fierz, 2002; Lehning, Bartelt, Brown, Fierz, 
et al., 2002). Crocus was developed for the French and SNOWPACK for the 
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Swiss avalanche warning systems. These models calculate the macro- and mi-
crostructural processes and output detailed snowpack structure and various pa-
rameters for numerous layers. An example of a simpler snow model is the Joint 
UK Land Environment Simulator (JULES) model (Best et al., 2011), which mod-
els snow as part of a complete land surface system. It can be coupled with NWP 
or climate models. It is possible to include several snow layers in JULES, but 
snow physics and structure are not modelled in as much detail as in Crocus or 
SNOWPACK (Vionnet et al., 2012). 

The SNOWPACK model was applied in Publications 4 and 5 of this thesis, be-
cause it is widely used and actively developed. It solves numerically the 1-D par-
tial differential equations of mass, energy and momentum conservation from 
snow. SNOWPACK was used as a proof of concept to study whether grain size 
parameters from any physical snow model could be coupled with the HUT snow 
emission model. SNOWPACK was chosen for its complexity; it includes most of 
the processes governing the evolution of snowpack and is therefore quite accu-
rate. At the same time it requires many input parameters which are often not 
available in the large scale, especially in real time. Further work will have to rely 
on some simpler snow model, which does not require so many input parame-
ters. SNOWPACK grain metamorphism and the equations governing grain 
growth rate are explained in detail in Publication 5 and in Bartelt and Lehning 
(2002) and Rasmus (2005). 

3.1.3 Snow microstructure parameters 

Snow microstructure is the key variable affecting the scattering of microwave 
radiation in snow. The microstructural variations of snowpack (“snow grains”) 
are about the same size as the microwave electromagnetic wavelength in snow, 
and even small variations in grain size alter the microwave response of snow 
significantly. Snow grains in a natural snowpack are bonded and form a contin-
uous ice matrix. In addition, each layer contains a distribution of snow grain 
sizes and shapes. Despite this complexity, typically one grain size-related pa-
rameter for the whole snowpack is used as a proxy for scattering particle size in 
microwave models. This simplification does not take into account the bonding, 
shape or size distribution of the grains or snow stratification. 

Several different snow microstructural parameters have been defined: Corre-
lation length ( ) is the slope of the autocorrelation function (Mätzler, 2002). It 
is arguably the best method to describe the scattering of microwave radiation is 
snow, but determining correlation length from structural snow samples 
(Wiesmann et al., 1998) is slow and not suitable for large-scale use. A novel 
method for determining correlation length from SMP measurements has been 
developed (Proksch et al., 2015), but suffers from calibration problems. 

Optical grain size ( ) is the diameter of identical ice spheres that have the 
same optical properties as the snow in question, i.e. the same surface area to 
volume ratio or specific surface area (SSA, Grenfell and Warren, 1999). Corre-
lation length, optical grain size and SSA are theoretically defined and can be 
objectively measured, although there might be differences between values 
measured with different techniques. SSA is becoming the most widely used 
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snow microstructure parameter, because it is theoretically defined and fairly 
easy to measure in the field using various techniques, even though it is not nec-
essarily the best parameter in the microwave region; as the largest grains scatter 
the most radiation, the distribution of different grain sizes in a natural snow 
layer cannot be represented with identical ice spheres in the microwave region 
(Roy et al., 2013). As the name optical grain size suggests, the properties of the 
identical spheres are the same as the original snow sample only at optical wave-
lengths. 

The traditional measure of snow grain size ( ) is the average of the greatest 
extension of individual grains in a layer (Fierz et al., 2009), and is defined on 
the field by comparing snow grains to a mm-grid (Figure 9). This method is sub-
jective, as it requires the separation of single snow crystals, which might be 
tightly bonded, and the estimation of average size of a distribution of grain sizes. 
Empirical relationships between  and  can be established (Durand et al., 
2008; Hallikainen et al., 1987), but they may not hold for the whole range of 
natural snow types. The equation for the scattering of radiation in snow used in 
the HUT snow emission model is based on snow grain size . 

3.2 Microwave modelling 

Several snow microwave emission models with differing complexity have been 
presented in the literature, including the Helsinki University of Technology 
(HUT) snow emission model (Pulliainen et al., 1999), the Microwave Emission 
Model for Layered Snowpacks (MEMLS, Wiesmann & Mätzler 1999), Strong 
Fluctuation Theory (SFT, Wang et al. 2000), the Dense Media Radiative Trans-
fer model based on quasi-crystalline approximation (DMRT-QCA) (Tsang et al., 
2000), a parameterized multiple-scattering model by Jiang et al. (2007) which 
is based on the DMRT model, and the newly developed Snow Microwave Radi-
ative Transfer (SMRT) model (Sandells et al., 2016). They range from purely 
theoretical to empirical, have different input and output parameters and differ-
ent methods to model snow-microwave interactions (Maslanka et al., 2016; Pan 
et al., 2016; Tedesco and Kim, 2006b). However, comparison of different mod-
els is difficult, as they use different microstructural parameters (Tedesco and 
Kim, 2006b). 

One of the main differences between the models is whether they consider scat-
tering inside snowpack to be mainly coherent or incoherent; incoherent scatter-
ing includes only the average power scattered by randomly distributed particles, 
while coherent scattering takes into account the small random fluctuations in 
amplitude and phase (Ishimaru, 2013). The HUT model is incoherent, while 
DMRT-QCA, SFT and SMRT are coherent. MEMLS includes tuned combination 
of coherent and incoherent scattering. Another major difference is the parame-
terization of snow microstructure; SFT treats snow as a continuous random me-
dium with permittivity fluctuations, while the other models consider snow as a 
collection of discrete spherical scatterers. This thesis focuses on the HUT snow 
emission model, which was applied in Publications 1, 2, 3 and 5. 
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3.2.1 The HUT snow microwave emission model 

The HUT snow emission model (Lemmetyinen et al., 2010; Pulliainen et al., 
1999) is a semi-empirical radiative transfer-based model. Compared to theoret-
ical models, it is relatively simple, which enables direct iterative inverse solving 
of the model. The main snow parameters needed for the calculation of bright-
ness temperature are grain size , temperature, density and SWE of each snow 
layer. Snow wetness is also an important input parameter, but this work focuses 
on dry snow. 

For a homogeneous snow layer with a thickness , the brightness temperature 
at the snow-air boundary is (Pulliainen et al., 1999) 

 
 

 (10) 

 
where  is the propagation angle of the radiation (rad),  is the 
upwelling radiation from soil (K), ,  and  (1/m) are the extinction, scat-
tering and absorption coefficients, respectively, and  is the physical snow tem-
perature (K). The main assumption in the HUT snow emission model is that the 
scattering of propagating radiation is mostly concentrated in the forward direc-
tion. This assumption leads to the empirical parameter  = 0.96 in Eq. (10). The 
first term describes the radiation from below the snow layer and the second is 
the emission of the layer in question. An empirical equation is used to relate 
snow extinction coefficient  (in dB/m) to frequency (in GHz) and snow grain 
size (Hallikainen et al., 1987) 

 
  (11) 
 

where  is snow grain size  (mm). 
The original model version (Pulliainen et al., 1999) assumes one homogeneous 

snow layer, but later a multi-layer version of the model (Lemmetyinen et al., 
2010) was developed. The same two-flux approximation that was used in the 
one-layer model is applied for each layer of the multi-layer version. The up- and 
downwelling brightness temperatures of layer  are (Lemmetyinen et al., 2010) 

 
  (12) 

  (13) 

 
where ,  and  are the Fresnel transmission and reflection coefficients and 
the loss factor of layer , respectively, and  is the geometric sum of multiple 
reflections in layer : 

 
  (14) 
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In addition to snow, ice or water layers can be included in the multi-layer sys-
tem, enabling its use in the case of snow on lake ice (Publications 2 and 3). Only 
incoherent effects are considered when reflection and refraction at layer inter-
faces are calculated. All interfaces except the lowest are considered ideally 
smooth. Only small random variations in the surface height of the lowest 
snow/soil or ice/water interface (  in the following) are considered. The lowest 
layer (soil or water) is considered semi-infinite. (Publication 2) 

3.2.2 Scene brightness temperature 

As discussed in Chapter 2.1, the brightness temperature observed from space 
(the top-of-atmosphere brightness temperature ) is not just the contribu-
tion of snow; the subnivean medium, vegetation, atmosphere and cosmic back-
ground need to be included. In the HUT snow emission model, this is taken into 
account with (Pulliainen et al., 1999) 
 

 
 (15) 

 
where  is the atmospheric transmissivity,  is the brightness tempera-
ture of the ground scene (including subnivean layers, snow and vegetation, K), 

 and  are the up- and downwelling atmospheric brightness tempera-
tures (K),  is the emissivity of the ground scene and  = 2.7 K is the cosmic 
background radiation. 

One way of coping with the mixed pixel problem is to take into account the 
fraction of different land cover types inside a FOV, e.g.  

 
 

 (16) 

 
where  is the fractional coverage of land cover type ,  is the brightness 
temperature originating from the land cover type  (K), and . This 
method was applied in Publications 2 and 3. 

Ice 
For ice layers between or below snow layers, it is assumed that  = 1, and 
Eq. (10) becomes (Lemmetyinen et al., 2010) 

 
  (17) 

 
where  is the physical temperature of ice (K). 

Soil 
The Rough bare soil reflectivity model (Wegmüller and Mätzler, 1999) was ap-
plied in Publications 1, 2 and 3. However, as this model was later found to be 
inaccurate with frozen soil, it was replaced with another model (Wang and 
Choudhury, 1981) in Publication 5.  
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The Rough bare soil reflectivity model describes the reflectivity of soil at po-
larization   with 

 
  (18) 
  (19) 
 

where  is the Fresnel reflectivity at polarization  (Eqs. (6) and (7)),  is the 
wave number (1/m), and  is the standard deviation of the surface height (m). 
The Wang and Choudhury model is 
 

  (20) 
  (21) 

 
where  is a parameter for polarization mixing due to surface roughness. 

Soil parameters are often considered empirical fitting parameters and opti-
mized for the used data set or location (as in Publications 2 and 3), or typical 
fixed values are used (as in Publication 1). Publication 5 used measured permit-
tivity values, but the parameters  and  were still optimized. 

Water 
The emissivity of the bottom water layer is considered by calculating the dielec-
tric constant of water according to Klein and Swift (1977), which takes into ac-
count water salinity. The reflectivity of polarization  at ice-water interface is 
calculated with  

 
  (22) 

Forest 
Even though taiga, or the boreal forest zone, covers about 25 % of the Northern 
Hemisphere land mass, retrieval of snow parameters in forests is problematic 
due to attenuation and emission by the canopy cover. There are some studies 
about remote sensing of SWE in forests (Cai et al., 2017; Cohen et al., 2015; 
Derksen et al., 2005; Goïta et al., 2003; Vander Jagt et al., 2015; Kruopis et al., 
1999), but this is still mostly an unresolved problem. Several on-going measure-
ment campaigns, e.g. NASA SnowEx, focus on this issue. 

Publications 1, 2 and 3 applied the vegetation model by Kruopis et al. (1999). 
Forest transmissivity is modelled with 
 

  (23) 
  (24) 

 
where  is the empirical frequency dependent saturation value of forest 
transmissivity,  is frequency (GHz) and  is the forest stem volume (m3/ha). 
In addition, the emission from forest, both up- ( ) and downwelling ( ), needs 
to be taken into account: 
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  (25) 
  (26) 

 
where  is the physical temperature (K) of vegetation and  is the emis-
sivity of snow. The Kruopis et al. model was later found to be inaccurate. Now-
adays a better model for boreal forests has been published (Cohen et al., 2015). 

Atmosphere 
Two models for atmospheric effects, a statistical (Ascbacher, 1989; Pulliainen et 
al., 1993) and a physical model (Ulaby et al., 1981, chapter 5), were compared in 
Publication 1. The statistical model was applied in Publications 2 and 3. 

In the statistical model, the up- and downwelling atmospheric brightness tem-
peratures  are modelled with the equation (Pulliainen et al., 1993) 
 

  (27) 
 
where  is the surface air temperature (K) and  are the approximate atmos-
pheric profile factors for determining the effective temperature  of the at-
mosphere: 
 

  (28) 
  (29) 

 
The physical model calculates the upwelling brightness temperature and 

transmissivity of atmosphere from measured pressure, temperature and humid-
ity profiles using equations presented in (Ulaby et al., 1981) for scattering and 
absorption of cloud liquid water and ice particles, water vapour and oxygen. 
This model requires e.g. balloon-borne radio sounding measurements or mod-
elled reanalysis data of atmospheric profiles. 

3.2.3 SWE retrieval with the HUT model 

The HUT snow emission model is used in an operational global SWE retrieval 
scheme (Takala et al., 2017). There are three main steps in the retrieval: 

1. The snow depth measured at weather stations and a fixed snow density 
value are used as input to the HUT model. Snow grain size at the 
weather stations is optimized by minimizing the difference in bright-
ness temperatures between a satellite measurement and the HUT 
model at the frequency difference . 

2. The optimized snow grain sizes and the measured snow depths at the 
weather stations are interpolated to the satellite data grid using spatial 
Kriging interpolation. 

3. The snow depth and grain size fields, as well as the fixed snow density 
value, are used as input to the HUT model. SWE is optimized by min-
imizing the difference between satellite measurement and the HUT 
model at the frequency difference , taking into account the 
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error estimates for the snow depth and grain size parameters. In addi-
tion, the land cover is considered, and mountainous areas are filtered 
away and canopy cover is taken into account in forested areas. 

The result is a SWE grid for the area where satellite data are available, typically 
for the Northern Hemisphere. 
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4. Improving model-based snow param-
eter retrieval 

Publications 1-5 focus on two persisting problems in passive microwave remote 
sensing of snow: the modelling of snow microstructure properties and the mixed 
pixel problem. This chapter presents the study problems and the main results 
of the Publications. 

4.1 Snow microstructure and scattering 

4.1.1 Extinction coefficient 

In the HUT snow emission model, the effect of snow microstructure on the scat-
tering of microwave radiation is modelled using an empirical equation (Eq. 
(11)). The parameters of the equation were chosen based on laboratory meas-
urements of snow slabs at 18-60 GHz frequency range in Southern Finland 
(Hallikainen et al., 1987). Grain size  of the slabs varied between 0.2 and 
1.6 mm, and their density varied between 0.172 and 0.390 g/cm3. Grain shape 
was not characterized. 

The empirical equation (11) is only valid for the types of snow that were meas-
ured in the experiment, and is not necessarily applicable to different grain 
shapes or density and grain size values outside the measured ranges. For taiga 
snow, the covered densities are usually sufficient, but grain sizes up to 5 mm are 
common in depth hoar layers. In addition, as the grain shape was not charac-
terized, it is difficult to estimate if enough different snow types were included, 
even though the samples ranged from new to refrozen snow. 

Similar empirical equations for extinction coefficient have been formulated 
based on measurements in other locations. For example, Roy et al. (2004) sug-
gested another semi-empirical equation based on their field measurements in 
Canada: 

 
  (30) 
 

where  and  are empirical constants,  = 2±1 and  = 0.20±0.04,  is snow 
grain size (mm) and  is frequency (GHz). In their data set, the average grain 
size of a snowpack varied between 1 mm and 3 mm. The  dependence is 
based on Rayleigh scattering theory, but as can be seen from the small value of 
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, Rayleigh scattering is not directly applicable to snow without correction for 
multiple scattering effects. 

Snow conditions in Turkey are quite different from Finland and Canada, as it 
is classified as maritime, which has many melt features and wet snow, or prairie, 
which is characterized by thin and hard snow cover severely affected by wind. 
Turkey is also mountainous, meaning that snow cover has high spatial variabil-
ity. (Sturm et al., 1995) Therefore the empirical coefficients of Eqs. (11) and (30) 
are not necessarily directly applicable there. The equation used in the Middle 
East Technical University (METU) in Turkey is similar to Eq. (11), but has dif-
fering coefficients (Publication 1):  

 
  (31) 
 

where  is frequency (GHz) and  is snow grain size (mm). 
The effect of grain size on the extinction coefficient of snow using the three 

equations is shown in Figure 10. In addition, the extinction coefficient of Eq. 
(11) with the effective grain size correction (Eq. (32), Chapter 4.1.2) is depicted. 
The extinction coefficient calculated with Eq. (30) differs from the other two, 
while Eqs. (11) and (31) behave quite similarly, which was expected as they have 
only small differences in the constants. 

In Publication 1, the three models for extinction coefficients were compared 
in the Sodankylä area in Northern Finland. Brightness temperatures calculated 
with the HUT snow emission model from bi-weekly snow pit measurements 
during the winter of 2006-2007 were compared to AMSR-E data. None of the 
three equations were found to be substantially better than the others; the results 
depended on frequency and polarization (Figure 11). Overall in the 6.9-90 GHz 
range, Eq. (11) had the lowest unbiased rms (root-mean-square) error on most 
channels for the whole winter and for dry snow periods only, and was therefore 
determined to be the best for the snow types in question. 

 
 

 

Figure 10. The effect of grain size on extinction coefficient  at 36.5 GHz V-pol simulated with 
the three extinction coefficient models (Eqs. (11), (30) and (31)) and the effective grain size 
correction (Eq. (32)). 
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Figure 11. The biases and rms errors of one-winter time series of brightness temperature com-
pared to AMSR-E measurements. Based on Tables IV and V of Publication 1. 

4.1.2 Effective grain size 

Effective grain size ( ) is the grain size which minimizes the brightness tem-
perature difference between measurements and modelling results. It is a purely 
empirical fitting parameter and used to correct for simplifications in the presen-
tation of snow microstructure in a microwave scattering model. In addition, all 
other modelling inaccuracies are included in the effective grain size. However, 
if measured or modelled grain sizes correspond with the effective grain size, they 
are suitable for characterizing snow microstructure in a microwave emission 
model. Grain size parameters used in this section are explained in Table 2. 

In Publication 1, the effective grain size at  was retrieved using 
AMSR-E measurements and HUT model simulations, which applied the in situ 
data of one bi-weekly snow pit. The relationship between  (mm) and the 
layer-thickness weighted average of manually measured grain size  (mm) 
was found to be 

 
  (32) 
 

This frequency-independent equation scales down grain sizes larger than 
1.5 mm and therefore removes grain sizes outside of the validity range of 
Eq. (11). It also changes the response of extinction coefficient as a function of 
grain size to be similar with Eq. (30) (Figure 10). This equation for effective 
grain size improved the rms error of brightness temperature simulations in Pub-
lication 1 by 20 % at 36.5 GHz V-pol. It was later used by Gunn et al. (2011), who 
concluded that this equation reduces errors in simulated brightness tempera-
ture substantially. 

In Publication 5, the effective grain size was retrieved similarly from tower-
based microwave measurements using automated snow measurements with the 
HUT snow emission model, and compared to SNOWPACK modelling results 
(Figure 12). SNOWPACK was found to model the evolution of effective grain size 
well, but there were large winter-dependent biases, which were attributed to 
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snow structure. Because the retrieved grain size is an average value for the whole 
snowpack, it includes the effects of stratification. The grain sizes in Figure 12 
are layer SWE-weighted averages of modelled profiles. Especially the winter of 
2010-2011, which differs from the others with much lower biases in both grain 
size parameters, was characterized by shallow snowpack and cold air tempera-
tures, which lead to significant grain size growth and depth hoar formation com-
pared to the other studied winters. Since the trend of modelled grain sizes fol-
lowed the effective grain size, the main conclusion of Publication 5 was that 
grain sizes modelled with SNOWPACK are usable with the HUT snow emission 
model, but the biases must be taken into account. 

 

 

Figure 12. Time series of the effective grain size ( ) compared to  and  values modelled 
with SNOWPACK in Sodankylä, Finland for four winters 2009-2013. Based on Figure 4 of 
Publication 5. Grain size symbols are explained in Table 2. 
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Table 2. Explanations of snow grain size parameters. 

Parameter Symbol Explanation 
Effective grain size  The grain size which minimizes the TB difference between 

measurements and modelling results. 
Optical grain size  The diameter of identical ice spheres that have the same sur-

face area to volume ratio as the snow in question. 
IceCube optical 
grain size 

 Average optical grain size  in snowpack measured using the 
IceCube instrument 

SNOWPACK opti-
cal grain size 

 Average optical grain size  in snowpack modelled with 
SNOWPACK. 

Snow grain size  The average of the greatest extension of individual grains in a 
layer. 

Manual grain size  Average grain size  in snowpack from manual measure-
ments. 

SNOWPACK grain 
size 

 Average grain size  in snowpack modelled with SNOWPACK. 

4.1.3 Grain size from a physical snow model 

Even though optical and traditional grain sizes have been clearly defined, there 
might be differences in the calibrations of different field measurement methods 
or the interpretation of the parameters in microwave and physical snow models. 
Therefore the grain size values modelled with SNOWPACK were rigorously 
compared with field measurements in Publications 4 and 5. A similar compari-
son for Finnish snow has already been made by Rasmus (2005), but since then 
the SNOWPACK model has been developed further. 

Publication 4 compared two winters 2011-2013 of field measurements of tra-
ditional grain size  and optical grain size  (  and ) to SNOWPACK 
output (  and ) using  average snowpack values (Figure 13). The  values 
were on the same level, but manual measurements had much more variability 
from one measurement to another probably due to the subjective nature of the 
measurement. On the other hand, the difference between  values was notable; 
the modelled  was almost twice the measured  value. It is not clear if 
the measured or modelled values are more accurate. There are numerous 
sources of inaccuracies in both. For example, the IceCube instrument actually 
measures reflectivity of the snow sample surface, and  is calculated from 
SSA, which in turn is derived from reflectivity with the help of the radiative 
transfer model DISORT (Discrete Ordinates Radiative Transfer Program for a 
Multi-Layered Plane-Parallel Medium) assuming disconnected spherical scat-
terers (Gallet et al., 2009). However, grain shape has an effect of 25 % on re-
flectivity (Picard et al., 2009). 

Based on these results, scaling factors between measured and modelled values 
were determined so that 

 
  (33) 
 

where  is the measured parameter (mm),  is the modelled parameter (mm) 
and  is the scaling factor. For the two-winter data set shown in Figure 13, val-
ues of  = 1.24 and  = 2.11 were determined. 

The resulting scaling factors  are only valid for the data set used in Publica-
tion 4. Because only snowpack average values were used, the scaling factor is in 
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fact a means to describe the effect of typical snow structure. Therefore it is de-
pendent on location, time, and meteorological conditions. 

 

 

Figure 13. Time series of grain sizes  and  measured in the field (  and ) and modelled 
with SNOWPACK (  and ) for 2011-2012 and 2012-2013 in Sodankylä, Finland. 
Based on Figure 8 of Publication 4. Grain size symbols are explained in Table 2. 

In Publication 5, the SNOWPACK-modelled grain size profiles were compared 
to weekly manual measurements of four winters 2009-2013 using agreement 
score (Lehning et al., 2001), which is a means to compare measured and mod-
elled values with differing vertical resolution. In this method, corresponding 
layers are searched for from the measured and modelled profiles, and values are 
compared layer by layer. The equations for agreement score calculation are pre-
sented in (Lehning et al., 2001) and overviewed in Publication 5. The results are 
summarized in 0 as mean values for each winter, and show a fairly good agree-
ment (0.85-0.91) for . Reflecting the results of Publication 4, the agreement 
score for  is lower (0.74-0.75). Time series of the agreement scores are shown 
in Figure 14. The scores for  are lower in the beginning of each snow season 
than later in the winter. This can be explained by the inhomogeneity of the early 
shallow snow cover. For , a similar trend is not obvious. 

The comparisons of SNOWPACK grain sizes with manual measurements show 
that SNOWPACK is able to simulate the evolution of  with reasonable accu-
racy. However, the simulated  values exhibit a large positive bias, which pos-
sibly originates from the definition of grain sizes in the SNOWPACK model;  
is calculated from  and two theoretical parameters, sphericity and dendricity 
(Publication 5), and  on the other hand is a mapping of sphericity and den-
dricity to field observations. 
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Table 3. Mean agreement scores for each winter. Based on Table 1 of Publication 5. 

Parameter 2009-2010 2010-2011 2011-2012 2012-2013 
 0.85 0.87 0.88 0.91 
 - - 0.75 0.74 

 

 

 

Figure 14. Time series of agreement scores for grain sizes  and  between SNOWPACK pro-
files and manual measurements in Sodankylä, Finland in 2009-2013. Based on Figure 2 of 
Publication 5. 

4.1.4 SWE retrieval using modelled snow parameters 

The goal of Publication 5 was to find out if SNOWPACK or some other simpler 
physical snow model could be coupled with the HUT snow emission model in 
order to retrieve SWE from spaceborne brightness temperature measurements, 
providing ancillary information especially on snow microstructure. SNOW-
PACK was chosen because it includes most of the processes governing the evo-
lution of snow. On the other hand, it requires many input parameters which 
often are not available in the large scale especially in real time. This study used 
the best data and models available, but future work focusing on operational 
SWE retrieval must rely on some simpler physical snow model.  

The results were promising in the sense that the grain size parameter in the 
HUT snow emission model had a connection with the grain size of a physical 
snow model despite all the modelling inaccuracies. 

SNOWPACK grain sizes, temperature and density profiles were used in SWE 
retrieval from tower-based radiometer measurements to test their applicability 
in a case where the radiometer footprint is well-known. Averaged snow profiles 
were used in the retrieval. The results are compared to SWE modelled directly 
by SNOWPACK  and to manual field measurements in Figure 15. The compari-
son shows that SNOWPACK was able to model total SWE very well,  in part due 
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to use of measured snow depth as a driving parameter in SNOWPACK instead 
of precipitation. However, the retrievals from microwave radiometer measure-
ments were not as successful. Especially the difference between the two retriev-
als with SNOWPACK grain size parameters  and  highlighted the effect 
of small changes in the scattering particle size to brightness temperature. There 
was also considerable difference between the first two and the last two winters: 
during the first two winters, the retrieval applying  had very low bias and rms 
error (Table 4), while in the last two winters the retrieval applying  per-
formed better. The most probable explanation is the structure of the snowpack; 
in the first two winters, the effective grain size (Figure 12) was between 1 mm 
and 1.5 mm, while in the last two winters it was mostly below 1 mm, indicating 
a smaller portion of large depth hoar crystals in the snowpack. Therefore, when 
grain size growth was substantial, the retrieval with grain size  performed 
better. 

The results show that if SNOWPACK succeeded in the modelling of snow 
properties, the SWE retrieval had a bias of <15 mm and an rms error of about 
20 mm. However, the conditions in which SNOWPACK modelled all relevant 
snow parameters  well could not be determined based on the measurements of 
four winters. Therefore direct application of snow parameters from SNOW-
PACK or any other physical snow model  in SWE retrieval requires further 
study. 

Table 4. The biases and rms errors of two SWE retrievals using SNOWPACK-modelled tempera-
ture, density and grain size (either  or ) and SWE modelled by SNOWPACK. Based on 
Table 4 of Publication 5. 

Winter Bias (mm) Rms error (mm) 
   SNOWPACK   SNOWPACK 
2009-2010 68 4 27 76 43 32 
2010-2011 108 -12 -1 123 21 16 
2011-2012 -15 -68 17 19 71 21 
2012-2013 1 -76 -12 22 83 17 
2009-2013 48 -33 10 78 58 24 
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Figure 15. Time series of SWE from two retrievals using SNOWPACK profiles with  and  
compared to SWE modelled with SNOWPACK and measured manually. Based on Figure 7 
of Publication 5. 

4.2 Mixed pixel problem 

In Finland and in the boreal forest region in general, small lakes and wetlands 
are common features in the landscape. Their effect on the microwave brightness 
temperature is two-fold. First, the contrast in the relative permittivity of water 
and soil decreases the brightness temperature in lake areas (Figure 16). As the 
penetration depth of microwave radiation into snow is frequency dependent, 
the effect of lakes is higher at lower frequencies. Second, snow depth, density 
and microstructure on lake ice are different from the surrounding land areas. 
One example of snow depth every 100 m on lake and the surrounding land area 
is shown in Figure 17. On lake ice the total snow depth and its variation were 
much smaller than on the land area with varying forest cover. The effect of snow 
structure on brightness temperature is visible in Figure 16 as well; the 36.5 GHz, 
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which is most sensitive to snow but penetrates less into ice and water, has the 
lowest brightness temperature on lake. 

 

 

Figure 16. Brightness temperature of a snow- and ice-covered lake (marked with blue vertical 
lines) and the surrounding land areas from airborne HUTRAD observations. Small islands 
(points 230-250) and nearby shoreline (points 300-350) cause variability in the measured 
brightness temperature. Based on Figure 3 of Publication 3. © 2014 IEEE. 

 

 

Figure 17. Snow depth on lake ice (the first 1 km) and in sparse forest (from 1.1 to 2.1 km) in the 
vicinity of Lake Orajärvi in Sodankylä, Finland on February 22, 2010 measured every 100 m. 
Mean +/- standard deviation of three measurements are shown. 

Different snow conditions on lake and land areas originate from the differences 
in snow accumulation and freezing. Often the water areas freeze later than land 
areas, so that there is already accumulation of snow on land while the water 
areas are still open. This results in a deeper snowpack on land than on ice. Dur-
ing the winter, water percolates through small cracks in the congelation ice 
layer. When the wet snow refreezes, a layer of less dense snow ice is formed. 
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This process further reduces snow depth on lake and causes spatial variability 
in snow and ice thicknesses. On wide open areas such as lakes, wind and solar 
radiation alter the snowpack. Solar radiation may cause sublimation of snow, 
and wind enhances this process. On the other hand, wind breaks snow crystals 
and packs them to hard and dense dunes (Pomeroy and Gray, 1995). The result 
of these processes is a shallow and dense snowpack, which often has melt-re-
freeze features. 

4.2.1 Forward modelling 

Publication 3 studied the brightness temperatures of lakes, wetlands and for-
ested and open land areas with simulations and airborne HUTRAD measure-
ments. Lakes and wetlands were modelled as a three-layer system of water, ice 
and snow. In wetlands, the vegetation below and inside ice was ignored, as the 
first attempt to model wetlands similar to lakes as a water-ice-snow system 
proved to be accurate enough. Forested and open areas were simulated using 
equations presented in Chapter 3.2.2.  

Figure 18 shows a summary of the measured and modelled response of differ-
ent land cover types as a function of frequency. These results are based on long 
transfer flights and the selected areas all over Finland. The largest differences 
between the measured and modelled values were on lakes, where the simula-
tions overestimated the brightness temperature. One possible explanation is 
water on ice, which was not accounted for in the simulations or included in the 
manual observations. Besides, there was only one in situ measurement site on 
each lake, and spatial variability between different parts of a lake may be signif-
icant. On wetlands, forests and open land areas the simulations and measure-
ments agree. This is partially due to treating grain size as an empirical fitting 
parameter, i.e. values that minimized the sum of squared error for all selected 
areas of each land cover type were chosen. This approach was chosen because 
no in situ grain size data was available. 

A more detailed in situ data set including six snow pits was available from the 
Sodankylä area, where there were 15 flight lines on an area of approximately 
10 km x 10 km. A summary of the airborne measurements and simulations is 
shown in Figure 19. The variability of both brightness temperature and snow 
conditions in forests especially at 36.5 GHz was notable, and the mean values 
didn’t fall on the 1:1 line. The simulation underestimated the forest brightness 
temperature roughly by 30 K. As simulation errors in wetland and lake areas 
were much smaller, it is probable that the bias was caused by the forest model 
(Chapter 3.2.2, Kruopis et al., 1999).  
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Figure 18. Airborne measurements and simulation results for four land cover types: lake, forest, 
open and wetland. In total 42 lakes, 39 forested areas, 14 open areas and 7 wetlands were 
measured and simulated. Each gray line represents one simulated transect. Mean +/- stand-
ard deviation of all measured transects of each land cover type  are shown. Based on Fig-
ure 10 of Publication 3. © 2014 IEEE. 
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Figure 19. Airborne measurements and simulation results from the Sodankylä area for forests 
(sFm = sparse forest on mineral soil, dFm = dense forest on mineral soil, dFp = dense forest 
on peatland), wetlands (W) and lakes (L). Mean simulated or measured value +/- standard 
deviation is shown. Based on Figure 15 of Publication 3. © 2014 IEEE. 

Upscaling is a method to transform small scale data into large scale. It is widely 
used for example to compare sparse in situ data with spaceborne measurements 
(Clewley et al., 2017; Greifeneder et al., 2016; Liu et al., 2016; Wu et al., 2017). 
In Publication 3, a simple weighted areal average (Eq. (16)) was used to trans-
form airborne measurements of different land cover types into satellite grid 
scale. The results presented in Figure 20 show that the aggregated airborne 
measurements agreed with the spaceborne measurements and therefore vali-
dated the used approach. However, there were large discrepancies between the 
satellite-scale simulation from in situ data and the AMSR-E measurement. This 
was probably due to the forest emissivity model, as the earlier simulations (Fig-
ure 19) showed worst underestimation in forests. If the grain size in forests was 
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set to 1.0 mm instead of the measured 1.57 mm, the simulation error was re-
duced substantially, except at 10.65 GHz, which is least affected by snow. This 
approach is similar to using an optimized effective grain size in the retrieval, as 
all simulation errors were compensated with a modified grain size value. 

 

 

Figure 20. AMSR-E observations, aggregation of airborne measurements and simulation from in 
situ data. Mean values of five AMSR-E grid cells in the Sodankylä area +/- standard deviation 
are shown. Figure 16 of Publication 3. © 2014 IEEE. 

In Publication 2, the mixed pixel problem was studied by forward modelling of 
brightness temperature in the satellite scale for the whole area of Finland. First 
the scene was simulated as land and then the water and ice layers and the dif-
fering snow conditions on lakes were included. The coverages of lakes, forests, 
open areas and other areas (mainly urban) were considered using Eq. (16). 
Measurement data of snow depth on lake ice and land areas were applied, but 
snow density was assumed to be constant everywhere. 

Figure 21 presents the simulation results for AMSR-E grid cells with lake cov-
erage >30 % at frequency difference  at V and H polarizations. The 
brightness temperature , most often used in SWE retrieval, was 
overestimated with a bias of 10.6 K when lakes were not included. When lakes 
were considered, the bias was only 2 K. This suggests that even a simple model 
for lakes would improve the SWE retrieval results.   
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Figure 21. Time series of observed and simulated brightness temperature over lake-rich areas 
(lake fraction >30 %) in Finland during the winter season 2006-2007. Average of five AMSR-
E EASE grid cells presented. Top: Simulation without lakes. Bottom: Lakes included. Based 
on Figure 7 d) and h) of Publication 2. © 2011 Elsevier Inc. 

4.2.2 SWE retrieval 

In Publication 2, SWE was retrieved from AMSR-E observations for the whole 
Finland for the winters of 2005-2008 both ignoring lakes (the normal method) 
and with lakes considered. With two independent parameters, SWE on land and 
SWE on lake, there exists an unlimited number of possible solutions to the re-
trieval problem. Therefore when lakes were included, their SWE was estimated 
to be half of the SWE on land, limiting the number of free parameters effectively 
to one. In situ measurements of lake ice thickness were used in the retrieval, but 
in an operational real-time application, data from climatology or a physical lake 
ice model could be used instead. 

Figure 22 presents the retrieval results for one day, January 1, 2006. The in-
clusion of lakes modified the SWE especially in the lake-rich area in Southern 
Finland, where the changes in SWE were up to 50 mm. Comparison to in situ 
measurements revealed that for the three studied winters, the SWE estimate 
improved in 57-69 % of cases. The bias for the whole retrieved area decreased 
from -20 mm to -1.7 mm and rms error from 37.9 mm to 33.3 mm. In addition, 
the probability of detection of snow increased. However, on areas with signifi-
cant lake cover (>30 %), the results deteriorated in some cases. This indicates 
that a more accurate model is needed for wide lakes. Despite this, in most cases 
the improvement in retrieved SWE was notable. 
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Figure 22. Gridded maps of SWE estimates (mm) for Jan 1, 2006 by a) ignoring lakes and b) 
including lakes in the retrieval algorithm. Difference between a) and b) is depicted in c). Fig-
ure 8 of Publication 2. © 2011 Elsevier Inc. 
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5. Conclusions 

Passive microwave remote sensing provides an excellent means for monitoring 
vital elements of the Earth. Information on soil frost and snow water equivalent, 
among other parameters, can be extracted from spaceborne radiometer meas-
urements. Passive microwaves are especially suitable for observing the Arctic in 
the wintertime and therefore essential in measurements of seasonal snow cover. 

The objectives of this dissertation were 1) to find ways to mitigate the effect of 
subnivean water bodies on the snow parameters retrieved from spaceborne pas-
sive microwave measurements and 2) to study the usefulness of snow micro-
structure parameters modelled with a physical snow model in conjunction with 
a microwave snow emission model. 

Publications 2 and 3 concentrated on modelling the microwave signatures of 
lakes and wetlands and including this information in the retrieval of snow water 
equivalent from spaceborne radiometers. Publication 3 presented the first mod-
elling results of snow-covered frozen wetlands and found that the HUT snow 
emission model was able to model the airborne microwave signatures of lakes, 
wetlands and open terrain well. Forest simulations had higher bias suggesting 
that the used forest model was inaccurate. This was reflected in the satellite 
scale simulations, where similar underestimation as in simulations of airborne 
measurements over forested areas was seen. A new forest model (Cohen et al., 
2015) was later developed. 

Publication 2 applied the HUT snow emission model in satellite-scale simula-
tions over all Finland to model the brightness temperature effect of snow-cov-
ered water bodies and their impact on retrieved SWE. A method for inclusion of 
lake effects in the retrieval algorithm was developed. It improved the probability 
of snow detection and the accuracy of retrieved SWE in moderately lake-covered 
areas. The implementation of a similar lake model in an operational SWE re-
trieval scheme is foreseen in the near future. 

Publications 1, 4 and 5 studied the effect of snow microstructure and different 
microstructure parameters on brightness temperature. Special attention was 
paid to the use of parameters modelled with SNOWPACK together with the HUT 
snow emission model. SNOWPACK was found to model the evolution of grain 
size accurately. The seasonal trend in grain size agreed with both the manual 
field measurements of traditional grain size  and the effective grain size  
derived from microwave radiometer measurements with the help of the HUT 
snow emission model. However, there were large winter-dependent biases in 
the modelled grain size values, which were attributed to snow structure. Rapid 
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growth of thick depth hoar layer, related to cold air temperature and shallow 
snowpack, might be the cause for the variable biases. As only average values for 
the whole snowpack were used, the information of snow layer structure is lost 
in the process. Future work should focus on inclusion of a more detailed snow 
structure in the retrieval, possibly with the Monte Carlo method of Pan et al. 
(2017), or a simpler method using e.g. two layers for small-grained surface snow 
and large depth hoar crystals. In addition, as SNOWPACK requires too much 
measurement data for effective global use, a simpler model for grain growth 
should be studied.  

Publication 1 presented an equation for calculating the effective grain size 
needed in a microwave snow emission model from field observations of tradi-
tional snow grain size. The presented equation reduces error of simulated 
brightness temperature notably. However, it is an empirical fix to an empirical 
model for the scattering of microwave radiation by snow. A more theoretical 
approach using more detailed measurements of snow structure and its micro-
wave response, such as Maslanka et al. (2016), should be used. 

The results of this thesis work improve the accuracy of SWE products, which 
in turn can be applied in monitoring of climate change related phenomena in 
the Arctic and for validation of climate models. The work further refines the un-
derstanding of snow microstructure parameters and their interpretation in mi-
crowave remote sensing of snow. 
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