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 Frost factor 

 Frost factor calculated from NPR data 

 Relative frost factor 

 Frost factor reference for thaw ground 

 Frost factor calculated from V-polarization data 

   Frost factor reference for frozen ground 

 Receiver gain 

  G-matrix 

  Planck’s constant (6.634 10-34 Js)  

  Boltzmann’s constant (1.38 10-23 J/K). 

,   Complex refractive indices of media 1 and 2 

  Number of measured visibility samples 

 Polarization 

  Power  
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 Input power of the radiometer reduced to the antenna frame 

 Distance 

 Fresnel’s reflection coefficient for horizontal polarization 

 Fresnel’s reflection coefficient for vertical polarization 

 Power density of the target 

  Antenna noise temperature 

 Brightness temperature 

 Brightness temperature at horizontal polarization 

 Brightness temperature at vertical polarization 

 Physical temperature 

  Physical temperature of receivers 

  Receiver noise temperature 

 Pseudo first Stokes parameter (first Stokes divided by two) 

 System noise temperature 

  Sampled brightness temperature of the target in  plane 

  Detection offset voltage 

 Output voltage 

 Visibility of receivers  in the spatial domain 

  Visibility matrix for G-matrix inversion 

 Indicator for frost factor method either NPR or V 

  Receiver locations in spatial plane 
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1. Introduction 

The Earth’s climate is gradually changing due to changes in the planet’s en-
ergy balance. Evidence in the form of records showing periods of climate 
warming and cooling in the past with glacial epochs in both the northern and 
southern parts of the globe has been established (Petit et al., 1999). Natural 
causes for climate change can be for example due to changes in solar radiation, 
or changes in the Earth’s orbit around the Sun. However, in recent years, it has 
become more and more evident that the Earth’s climate is facing an increasing 
rate of global warming and rapid global climate change due to human activity 
(Stocker et al., 2013). The burning of fossil fuels has increased dramatically 
since the beginning of the industrial era, leading to large increases in emis-
sions of carbon dioxide and other greenhouse gases (Le Quéré, 2016). It has 
been shown that climate change is more rapid and severe in the Arctic than in 
the rest of the world, an effect also referred to as “Arctic amplification” (Ser-
reze et al., 2009). The rate of warming in the Arctic is almost twice the global 
average. Furthermore, many other signs are pointing towards climate warm-
ing: an increase in surface air temperature and sea surface temperature, a de-
cline in summer sea ice and terrestrial snow cover extent, the melting of the 
Greenland ice sheet, an increase in Tundra greenness and vegetation changes 
in permafrost regions (Richter-Menge et al., 2016). 

The extensive length of industrial-era surface temperature observation rec-
ords, starting from 1850, has been an excellent source of information for ana-
lysing long-term temperature trends and variations (Brohan et al., 2006). Var-
ious in situ measurements have an important role in monitoring and under-
standing climate change. Nevertheless, even at best, in situ observation net-
works are unable to provide global coverage. The beginning of space explora-
tion in the 1960s opened up completely new possibilities for observing the 
Earth on a global scale. Earth-orbiting satellites, typically referred to as Earth 
Observation (EO) satellites, can be used to monitor various environmental 
parameters, globally and continuously. This is especially useful for monitoring 
vast and sparsely inhabited regions such as Siberia or the Canadian wilder-
ness, as well as the oceans. Satellite observations extend the global spatial cov-
erage of many conventionally conducted in situ observations that are very of-
ten spatially limited, representing or covering only a very small area. EO satel-
lites, with over 30 years of global data, have played a very important role in 
understanding and monitoring the Earth’s climate and climate change (Yang 
et al., 2013). 
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The study within this thesis concentrates on using passive remote sensing at 
a frequency of 1.4 GHz to monitor soil processes in the cryosphere. The annual 
cycle of soil freezing/thawing is an important parameter in understanding the 
Earth’s climate and thus climate change. It has an effect on the energy balance 
between the soil surface and the atmosphere, on surface and sub-surface 
drainage patterns, as well as on the carbon cycle (Skogland et al., 1988, Zhang, 
2003, Langer et al., 2011). Photosynthesis and microbial activity within soils 
are also partially controlled by seasonal soil freezing (Hollinger et al., 1999, 
Liebner et al., 2015). Global and daily information on soil state (freez-
ing/thawing processes) can be used as input or used in state parameterisation 
for weather prediction models, climate models and global circulation models 
as well as for hydrological models in cold regions (high latitudes and/or high 
elevation). 

Approximately half of the Earth’s land area is affected by soil freezing and 
thawing, and about one quarter consists of permafrost regions (Smith and 
Brown, 2009). In permafrost regions, seasonal soil freezing of the active layer 
is one of the factors connected indirectly to the evolution of the permafrost. 
Shorter periods of soil frost and increased active layer depth cause permafrost 
thaw (decrease in permafrost thickness and/or areal extent). Permafrost thaw 
has multiple effects on the environment such as surface deformations due to 
landslides, formations of thermokarst terrain, development of taliks (unfrozen 
ground within permafrost), expansion of thawed lakes and in the long term 
even changes in flora and fauna (Grosse et al., 2016). In boreal forests, delayed 
soil freezing protracts soil respiration periods. Since the main driver for photo-
synthesis in northern latitudes is sunlight, a large part of the boreal forest re-
gion may act as a carbon source instead of a carbon sink during autumn (Piao 
et al., 2008). However, an earlier spring increases plant growth and restores at 
least some of the additional carbon during spring time (Mynemi et al., 1997). 
Furthermore, the spatial and temporal extent of seasonal soil freezing is one 
indicator for climate warming (Peng et al., 2016), and as such an important 
parameter for long-term monitoring. 

The European Space Agency (ESA) launched the Soil Moisture and Ocean 
Salinity (SMOS) satellite in November 2009 (Kerr et al., 2010); the first mis-
sion providing measurements at L-band, more specifically, using the narrow 
frequency band reserved for radio astronomy (14oo MHz – 1427 MHz). The 
main objective of the SMOS mission was to provide global soil moisture and 
ocean salinity datasets for the scientific community and for hydrological and 
oceanographic applications. In addition to the main objective, the SMOS 
measurements have made many other innovative applications available; one of 
which is the global freeze/thaw (F/T) detection using L-band datasets (Publi-
cation 5, Mecklenburg et al., 2016). Prior to the SMOS mission, global F/T 
satellite products were based on using measurements at frequencies higher 
than L-band. Compared to these earlier instruments, the main advantages of 
the SMOS payload is the lesser effect from vegetation and snow cover, and the 
larger emission penetration capability into the ground, all of which allow the 
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direct gathering of information from deeper soil layers, which were unreacha-
ble for satellites prior to SMOS. 

The use of a low microwave frequency band comes with its own challenges; 
the most fundamental is the reduction of antenna directivity as a function of 
the measurement frequency – the lower the frequency, the larger the antenna 
beam width and thus the poorer the achievable spatial resolution of observa-
tions. To compensate for this problem, a very large antenna is required – e.g. 
for L-band an aperture size of 10 m would provide a spatial resolution of tens 
of kilometres at low Earth orbit (LEO). Global coverage with a reasonable time 
span requires an imaging instrument conventionally acquired with a scanning 
antenna. One of the key challenges for L-band imaging is acquiring images 
with reasonable spatial resolution and a good repetition time. With the SMOS 
mission, this was resolved by using a two-dimensional aperture synthesis 
technique, adopted from radio astronomy but novel to remote sensing (Brown 
et al., 2008). With aperture synthesis, it is possible to enhance on-ground spa-
tial resolution and to reconstruct an image of the target without any mechani-
cal scanning (Ruf et al., 1988). The payload of the SMOS satellite was the first 
ever launched with a microwave radiometer using the aperture synthesis tech-
nique for the remote sensing of Earth (Kerr et al., 2010). Before SMOS was 
launched, the two-dimensional aperture synthesis technique was demonstrat-
ed with airborne measurements using the HUT-2D (Helsinki University of 
Technology two-dimensional radiometer) instrument in May 2006 (Kai-
nulainen et al., 2007, Publication 1). This was the first time a two-dimensional 
image had been reconstructed successfully from airborne measurements. The 
HUT-2D instrument was developed in close co-operation with the ESA, and 
one of the main objectives was to demonstrate the functionality of the aperture 
synthesis technique and the feasibility of the developed calibration and image 
reconstruction algorithms, all of which were successfully completed within the 
HUT-2D’s maiden flight. 

This thesis combines the pioneering development work of L-band passive 
aperture synthesis technology and the development of geophysical parameter 
retrieval using L-band passive remote sensing instruments for monitoring sur-
face soil freezing. The goal of the work was to improve climate change related 
soil parameter mapping methods based on microwave L-band radiometer 
measurements, concentrating on soil processes in the cryosphere. 

In Publication 1, technical descriptions of the developed airborne HUT-2D 
aperture synthesis radiometer are given with example images from the first 
airborne campaigns. In Publication 2, more detailed analyses of the instru-
ment’s performance are discussed and performance metrics are given. HUT-
2D was developed at a time when the aperture synthesis technique was theo-
retically proved to be a concept capable of meeting the challenging require-
ments for an L-band EO instrument. However, all of the successful demonstra-
tions of the concept were performed by only using a limited number of receiv-
ers, mainly using only two receivers. There were no operational demonstrator 
instruments available and no successfully conducted airborne images had been 
acquired using the 2D aperture synthesis technique. The successful develop-
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ment work of the HUT-2D provided one of the cornerstones in demonstrating 
the new image construction concept for passive remote sensing. 

In Publication 3, passive L-band measurements are analysed at the calibra-
tion and validation (CAL/VAL) test site of the Finnish Meteorological Institute 
(FMI), located in Sodankylä, in Northern Finland. The paper includes tower-
based measurements with the ESA-owned ETH L-Band radiometer for soil 
moisture research (ELBARA-II), airborne measurements with the HUT-2D 
instrument and spaceborne measurements with the SMOS satellite. The focus 
was in the detection of surface soil freezing and thawing at different scales. 
The paper shows clear potential for monitoring soil freezing using L-band pas-
sive radiometers on different spatial scales. The soil frost detection algorithm 
is further developed and presented in Publication 4 using tower-based EL-
BARA-II measurements at two different sites in Sodankylä – a forest opening 
site and a wetland site. The work in Publication 5 concentrates on updating the 
algorithm for the SMOS satellite observations over the Northern Hemisphere 
and on verifying the algorithm using in situ observations gathered from Fin-
land, Siberia, Canada and Alaska. The developed soil surface freeze/thaw algo-
rithm has been later adopted with some modifications for the Soil Moisture 
Active Passive (SMAP) mission launched by NASA (National Aeronautics and 
Space Administration) (Derksen et al., 2017). In Publication 6, the effect of 
snow cover on L-band observations is analysed using experimental data; the 
work shows a new method for retrieving bottom layer snow density and soil 
permittivity under dry snow conditions. Publications 3, 4, 5 and 6 as a whole 
introduce the development path for the global and continuous soil freeze/thaw 
detection algorithm using L-band passive instruments; from the local con-
trolled tower-based observations to the satellite-based measurements. 
Schwank et al. (2004) had shown with a passive tower-based instrument that 
the L-band was sensitive to annual phase changes of the soil surface 
(freeze/thaw). However, the suitability of using L-band observations for global 
monitoring of annual soil freeze/thaw variations had not been demonstrated 
earlier. Global coverage was an important objective to be able to provide a new 
input parameter based on satellite observations to various climate and climate 
change models. 

This thesis is structured as follows. Chapter 2 gives an overview of the main 
theories in passive remote sensing. The aperture synthesis technique devel-
opment work is discussed in Chapter 3 from the point of view of the HUT-2D 
instrument. Chapter 4 concentrates on monitoring soil processes and on the 
developed F/T algorithm, in particular. Finally, conclusions are drawn. 
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2. Remote sensing of the Earth with L-
band radiometry 

The Earth receives a major part of its energy from the Sun. Even the second 
biggest natural energy source, geothermal energy, accounts for less than 
0.03% of the total energy input (Davies & Davies, 2010). Around 70% of the 
sunlight is absorbed by the Earth; the remaining part of the energy is reflected 
back to space from the atmosphere, clouds and the Earth’s surface. The ab-
sorbed sunlight heats the Earth. As the Earth’s energy system is always reach-
ing for a thermal equilibrium, the total sum of the absorbed energy is equal to 
the total sum of the emitted energy, and the Earth emits the absorbed energy 
back to space. The emitted radiation can be measured by means of remote 
sensing, which by definition is a measurement of a target without any direct 
interaction between the target and the measuring device. Remote sensing can 
be said to be either passive or active, depending on the instrument used. In 
active remote sensing, the instrument generates and transmits a known signal 
to the target under investigation, and receives the reflected signal for analysis. 
In passive remote sensing, also called radiometry, no signal is generated and 
sent by the instrument. The measurement is based on measuring the electro-
magnetic radiation emitted and/or reflected (e.g. sunlight) by the target. A 
passive remote sensing instrument is typically called a radiometer. The meas-
ured radiation is dependent on the electromagnetic properties of the target, 
which may be further interpreted as its geophysical properties e.g. soil mois-
ture content. In theory, any part of the electromagnetic spectrum can be used 
for remote sensing, but in practice, useful information is limited to certain 
bands, depending on the application. This thesis concentrates on the micro-
wave domain, and within that on the low end of the microwave spectrum. The 
microwave frequency range in the electromagnetic spectrum is typically de-
fined as being between 300 MHz – 300 GHz and is further divided into bands 
designated by letters (Hitchcock, 2004). In this thesis, the emphasis is on 1.4 
GHz radiometers, a frequency domain often referred to as the L-band. 

2.1 Passive microwave remote sensing 

In order to relate the remotely sensed data to a target’s geophysical properties, 
the characteristics of the electromagnetic radiation, the interaction between 
the target and the electromagnetic radiation, the characteristics of the measur-
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ing device and the effect of the atmosphere and surrounding environment 
need to be understood. 

2.1.1 Electromagnetic radiation and brightness temperature 

The Encyclopædia Britannica defines electromagnetic radiation as follows: 
 
The flow of energy at the universal speed of light through free space or through 
a material medium in the form of the electric and magnetic fields that make up 
electromagnetic waves … characterized by its intensity and the frequency of the 
time variation of the electric and magnetic fields. 

 
Every object radiates on the electromagnetic spectrum. The spectral brightness 

 [ ] of a blackbody is described by the Planck’s radiation 
law (Planck, 1901) and it states that the spectral brightness of the blackbody 
radiation is dependent on the physical temperature  of the blackbody as 
follows: 

 

,  (1) 

 
where  is Planck’s constant (6.634 10-34 Js),  is the speed of light (2.998 108 
m/s in free space)  is the frequency, and  is Boltzmann’s constant (1.38 10-

23 J/K). 
The blackbody is also called a perfect radiator: it absorbs all the incident ra-

diation on the whole electromagnetic spectrum and emits all the energy it has 
absorbed, staying in thermal equilibrium. 

In the microwave domain at natural target temperature (typically around 
300 K), applies, and Planck’s radiation law can be approximated 
by Rayleigh-Jeans’ law (Ulaby et al., 1981): 

 

,  (2) 

 
where  is the wavelength. In the microwave domain, the spectral brightness 
of the blackbody is therefore nearly linearly dependent on its physical temper-
ature. 

Natural targets are not ideal blackbodies; only a proportion of incident radia-
tion is absorbed by a real target. A fraction of the radiation is reflected and 
scattered from the surface or within the object. Likewise, part of the emitted 
radiation from within a natural object is reflected back from the surface 
boundary. Therefore, the spectral brightness of a natural target is linked to the 
effective brightness temperature of the object, typically only called brightness 
temperature . As  determines unambiguously the brightness of the body, it 
is often used as an equivalent for spectral brightness. 



Remote sensing of the Earth with L-band radiometry 

25 

Natural targets are not ideal blackbodies, but they can be described by black-
body approximation, called greybody. The ratio between the target’s physical 
and brightness temperatures is the emissivity of the target : 

 
.   (3) 

 
Emissivity describes the degree of interaction between the electromagnetic 
field and the media, and it is usually dependent on the measurement frequen-
cy and the electromagnetic properties of the target, described by the electric 
permittivity , magnetic permeability , and electric conductivity , all of 
which are complex values. In practical remote sensing, the only parameter that 
needs to be considered is the permittivity, since typically natural targets are 
neither magnetic nor conductive. Permittivity is given as a product of the per-
mittivity of free space (  ≈ 8.854187817×10−12 F m−1) and the relative permit-
tivity of a material ( ). The emissivity and thus the brightness temperature of 
the target is the source of information on the target properties which affect 
permeability. Therefore, with passive microwave remote sensing techniques, 

 can be observed and further linked to target properties affecting permeabil-
ity, such as soil moisture content or soil frost depth. 

In remote sensing applications, the interacting electromagnetic field is often 
approximated as a propagating plane wave; it is composed of oscillating elec-
tric and magnetic field components perpendicular to each other and both or-
thogonal to the direction of the propagation. The oscillation of the electric field 
defines the polarisation plane, which in general is elliptical and can be de-
scribed by the sum of two orthogonal, linearly polarised components – the two 
axes of the elliptical polarisation plane. The two special cases for elliptical po-
larisation are linear and circular (ellipticity = 1 and 0, respectively). Typically, 
radiometers measure the target at two linear polarisations perpendicular to 
each other, usually in vertical (V) and horizontal (H) orientation in respect to 
the geophysical target. These sampled components are not the same as the 
axes of the elliptical polarisation plane. The information on the polarisation of 
the emitted signal in microwave radiometry is described by the so-called 
Stokes parameters (Ishimaru, 1978). 

The remote sensing applications considered in this thesis are based on 
measuring the surface of the Earth with a microwave radiometer using two 
linear polarisations – horizontal and vertical. The parameter of interest to be 
solved from the measurements is the brightness temperature of the target sur-
face, which in turn is dependent on the emissivity of the target. It is important 
to understand the relationship between the reflectivity and emissivity of an 
object and different factors affecting them. For greybody targets, the sum of 
the reflected and emitted radiation equals one. The reflectivity ( ) of the target 
is simply: 

 
.   (4) 
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Kirchhoff’s law of thermal radiation states that at thermodynamic equilibrium, 
the absorption and emission of a body are equal in all wavelengths and direc-
tions. Macro-scale bodies can be regarded to be in a local thermodynamic 
equilibrium (LTE) and Kirchhoff’s law applies. For natural targets in LTE, the 
emissivity of a body is not affected by the incident radiation. Similarly, the 
absorption of a body is not dependent on the amount of incident radiation. 
Nor does any imbalance between the body and its environment have an effect 
on the emissivity or absorption of a body. 

Fresnel’s reflection coefficients for two linear polarisations (  and ) de-
scribe the behaviour of the plane wave at the boundary of two media having 
different electromagnetic properties (Ulaby et al., 1981): 

 

,  (5) 

  

,  (6) 

 

where H and V denote the horizontal and vertical polarisation, respectively;  
and  are the angle of incident and transmitted plane wave; and  and  are 
the complex refractive indices of the two different media. The refractive index 
( ) depends on the electromagnetic properties of the media as follows: 

 
,   (7) 

 
where  is the relative permeability of a material. 

Fresnel’s equations apply for smooth boundaries providing specular reflec-
tion; the rougher the boundary, the more diffuse the reflection. The boundary 
condition is dependent on the wavelength of the incident electromagnetic ra-
diation. At the low end of the microwave spectrum, natural targets can often 
be regarded as smooth surfaces. However, when modelling the propagating 
plane wave within media, more complex interaction is required, including 
scattering effects from surface boundaries, volume scattering from particles in 
different media (soil, vegetation, the atmosphere, etc.) and multiple reflections 
and scattering within media and boundaries (Kerr & Njoku, 1990; Wegmüller 
& Mätzler, 1999). 

From equations (5) and (6) it follows that the Fresnel’s reflection coefficients 
depend on the electromagnetic properties of the two media and the angle of 
incidence. The effect is different for the two linear polarisations, which means 
that the emissivity and brightness temperature of the target are different for 
the two linear polarisations and also vary as a function of the incidence angle. 
In typical remote sensing applications, the boundary from which the main part 
of the measured signal is composed is between the surface of the Earth and the 
atmosphere. Additional information from the target can be acquired through 
multiangular dual polarisation measurements. 

Equations (5) and (6) also state that if the permittivity of the media above 
the target changes, the emissivity of the target itself changes, yielding different 
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brightness temperature measurements. A practical example of such a case is 
the onset of snow cover. The soil-snow boundary has a different reflection for 
microwave frequencies compared to the soil-air boundary (Schwank et al., 
2015; Publication 6). 

2.1.2 Microwave radiometers 

Hereafter, unless otherwise noted, “radiometer” in this thesis refers to a mi-
crowave radiometer. A radiometer is a receiver that measures the power of the 
electromagnetic field induced in the antenna. The received power ( ) is linear-
ly dependent on the area of the antenna aperture ( ) and the target power 
density ( ), which in turn is a ratio between the target radiation intensity ( ) 
and the distance to the square between the target and the antenna ( ). If the 
antenna is totally surrounded by the blackbody, the fundamental equation of 
the microwave radiometry relating to the physical temperature and the meas-
ured power becomes (Ulaby et al., 1981): 

 
,  (8) 

 
where  is the bandwidth of the measurement (frequency range). Conse-
quently, for lossless antenna surrounded by a blackbody target, the detected 
power is independent of the antenna gain and the distance from the radiating 
target. The detected power is linearly proportional to the target physical tem-
perature and to the bandwidth. For real targets and real antennae, the antenna 
efficiency and the shape of the antenna voltage pattern need to be accounted 
for in order to relate the measured power to the target properties. 

In the microwave domain, following Rayleigh-Jeans’ law (2) and equations 
(3) and (8), the measured power of natural greybody targets are linearly linked 
to brightness temperature. This naturally emitted power is extremely weak, 
which defines fundamental requirements for the radiometer design. Typically, 
the main parameters describing the performance of the radiometer in addition 
to the measurement accuracy are radiometric sensitivity – the minimum de-
tectable variation in the received power – and radiometric stability. 

The received power reduced to the antenna frame ( ) is expressed as (Ula-
by et al., 1981): 

 
,  (9) 

 
where  is the radiometer receiver noise temperature, and  is the receiver 
noise bandwidth. For ideal filters it is the same as ; by definition, it is a 
bandwidth of a perfect rectangular filter that passes the same amount of power 
as the real filters in the receiver channel. Typically, the power is converted into 
voltages using square law detectors, and thus the output voltage ( ) relates 
to the brightness temperature of the measured scene as follows (Ulaby et al., 
1981): 

 
 ,  (10) 
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where  is the receiver gain and  is the detection offset voltage. The param-
eter of interest for remote sensing applications is , as it can be linked to the 
emissivity of a target and further possibly to various environmental parame-
ters of a target such as different soil and snow properties. Typically, radiome-
ters are designed so that a linear dependency between  and  can be as-
sumed. The accuracy of the linearity is dependent on the power detector. In 
most applications, the uncertainty due to this assumption is insignificant.  is 
solved simply by calibrating the unknown terms of the first degree linear equa-
tion (10). The calibration requires the careful measurement of two known in-
put sources. For spaceborne instruments, these may be external targets such 
as near perfect absorbers of known physical temperature and deep space tar-
gets, or internal targets, such as noise sources. Typically, the best calibration 
result is achieved with external targets, as the whole instrument (antenna, ca-
bles and receiver components) is included in the calibration process. The use 
of internal sources may be the only feasible option, due to the instrument con-
figuration or large size of the antenna. In such cases, the antenna needs to be 
characterised and taken into account in data processing separately. The accu-
racy of the radiometer measurement is naturally highly dependent on the ac-
curacy of the calibration of the instrument. The stability of the radiometer is 
the main factor that defines how often calibration needs to be performed. The 
dominating components regarding instrument stability are the amplifiers re-
quired to increase the input noise power to a detectable level before conversion 
to voltages. These amplifiers are very sensitive to ambient temperature and 
source voltage variations. 

Radiometric sensitivity ( ) is dependent on system noise temperature 
( ), bandwidth and integration time (  as follows (Ulaby et al., 
1981): 

 
,  (11) 

 
where  is a constant dependent on the design solution (for the most simple 
total power radiometer,  = 1). 

2.1.3 Effects of the atmosphere and the surrounding environment 

In EO applications the target is located far from the measuring instrument. 
This poses challenges for radiometer measurements. The measured  does 
not entirely originate from the target of interest but is partially composed of 
the surrounding environment and the atmosphere. Typically, the measure-
ment is the sum of the following components: (a) upwelling emitted radiation 
from the Earth’s surface, (b) upwelling emitted radiation from vegetation or 
other objects above the Earth’s surface, (c) downwelling emitted radiation 
from the surrounding objects reflected by the surface or the atmosphere, (d) 
upwelling emitted radiation from the atmosphere, (e) downwelling emitted 
radiation of the atmosphere reflected by the atmosphere or the Earth’s surface 
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or other objects, and (f) downwelling cosmic background and/or solar radia-
tion reflected by the atmosphere, the Earth’s surface or other objects. These 
typical components are illustrated in Figure 1. In addition, the emitted radia-
tion is always attenuated by the objects and the atmosphere between the radi-
ometer antenna and the emitting source. 

The effect of the various components is highly dependent on the selected 
measurement frequency. The wavelength of the electromagnetic radiation is 
inversely proportional to the frequency. The interaction between the electro-
magnetic field and the target depends on the target scale with respect to the 
wavelength. Thus, for example, the atmosphere attenuates and reflects more at 
the higher-frequency end of the microwave spectrum. Atmospheric gases also 
have specific absorption/emission frequencies within the microwave domain, 
e.g. water vapour (H2O) at 22 GHz (Gaut, 1968) and Oxygen (O2) at 60 GHz 
(Meeks, 1961). The emission frequencies are typically used for monitoring at-
mospheric gases, whereas those frequencies are naturally avoided in terrestrial 
EO applications. 

At the low-frequency end of the microwave domain, the effect of the target 
surface’s roughness and, particularly, the absorption and scattering in the at-
mosphere can often be neglected. Likewise, attenuation and scattering due to 
the vegetation and biomass layer have a lesser affect compared to higher mi-
crowave frequencies. These are the main reasons why the L-band frequency 
range is highly interesting for monitoring soil processes. 

 
Figure 1. Schematics of a typical microwave radiometer measurement. The total radiation in-
cludes: (a) upwelling radiation from the Earth’s surface, (b) upwelling radiation from the vegeta-
tion or other objects above the Earth’s surface, (c) downwelling radiation from the surrounding 
objects reflected by the surface or the atmosphere, (d) upwelling radiation from the atmosphere, 
(e) downwelling radiation of the atmosphere reflected by the atmosphere or the Earth’s surface 
or other objects, and (f) downwelling cosmic background and/or solar radiation reflected by the 
atmosphere. 
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2.2 Applications of passive L-band measurements 

Microwave radiometers are used in numerous EO applications. The meas-
ured  data is used for retrieval of, for example, the following environmental 
parameters: sea surface salinity (Reul et al., 2014), ocean wind vectors (Brown 
et al., 2006), sea surface temperature (Wentz et al., 2000), soil moisture 
(Jackson, & Schmugge, 1989), snow water equivalent (Foster et al., 2005), and 
snow cover extent (Kelly & Chang, 2003). This thesis concentrates on L-band 
applications, specifically on the monitoring of soil processes. Global and con-
tinuous observations of the Earth using L-band radiometers were started with 
the SMOS satellite in early 2010. The main geophysical variables the SMOS 
satellite was designed to monitor were soil moisture (SM) and sea surface sa-
linity (SSS): both variables are essential for understanding climate change and 
ocean circulation, and in improving weather and hydrological forecasting 
(Kerr et al., 2010). SMOS observations have also proven to be highly useful for 
monitoring many other environmental parameters such as thin ice thickness 
(Kaleschke et al., 2016), severe winds (Reul et al., 2016) and soil freezing (Pub-
lication 5; Derksen et al., 2017). The L-band radiometer on-board SMOS and 
the following NASA missions, Aquarius (Le Vine et al., 2010) and SMAP 
(Entekhabi et al., 2010), all use the narrow L-band frequency range (1400 – 
1427 MHz) reserved for radio astronomical observations (21 cm spectral emis-
sion line of Hydrogen). The band is theoretically protected from any broad-
casting or man-made radio interferences by radio regulations agreed in the 
International Telecommunication Union (ITU). 

The effect of various geophysical parameters on the observed brightness 
temperature as a function of measurement frequency over land surfaces is 
shown in Figure 2 (Handbook of Frequency Allocations, 2015). The superiority 
of low-frequency measurements for observing the soil moisture is obvious. In 
the L-band, soil moisture is by far the most dominant parameter. The attenua-
tion due to the atmosphere and clouds is minimal, as is the effect of typical 
surface roughness. Even the second most affecting parameter, vegetation bio-
mass, has low scattering in the L-band (Jackson & Schmugge, 1989). However, 
it needs to be taken into account when retrieving soil moisture (Kerr et al., 
2012). The challenge of vegetation is highest over densely vegetated areas e.g. 
rain forest. The effect of vegetation increases with higher measurement fre-
quencies and starts to dominate at around 10 GHz. 
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Figure 2. Relative sensitivity of brightness temperature to geophysical parameters over land 
surfaces as a function of frequency (Handbook of Frequency Allocations, 2015). 

Another important factor favouring L-band frequencies in the monitoring of 
soil processes is the capability of obtaining information from beneath the soil 
surface. The emission depth (a layer of soil from which 67% of the signal pow-
er originates) increases inversely proportional to the measurement frequency 
(Ulaby et al., 1982). In the L-band, the observations contain information from 
the top surface layer from several to a couple of tens of centimetres, depending 
on soil permittivity and vegetation cover (Kerr et al., 2001). The observation 
depth for SMOS is at least four times deeper than, for example, for the Ad-
vanced Scatterometer (ASCAT) operating in the C-band (Bartalis et al., 2007). 
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3. HUT-2D microwave radiometer 

In this section, first, the basic principles of synthetic aperture radiometry are 
given, followed by the development history of the HUT-2D aperture synthesis 
radiometer and its main design and implementation schemes. Finally, the per-
formance of the HUT-2D instrument is discussed based on empirical meas-
urements of natural targets. 

3.1 Principles of synthetic aperture radiometry 

The aperture synthesis technique for passive microwave remote sensing of the 
Earth was introduced in the 1980s (Le Vine and Good, 1983). The first demon-
strator instrument, the Electronically Steered Thinned Array Radiometer (ES-
TAR), was developed for airborne measurements in the early 1990s at the 
Goddard Space Flight Center (GSFC) and the University of Massachusetts. 
ESTAR was an L-band radiometer using one-dimensional aperture synthesis 
for image reconstruction. The along-track resolution was achieved with long 
real aperture antennae (arrays of horizontally polarised dipoles), and the 
across-track resolution was based on using aperture synthesis of these real 
aperture antennae (Le Vine et al., 1994). The idea of using two-dimensional 
aperture synthesis in the L-band for the global and operational retrieval of soil 
moisture and sea surface salinity became more and more appealing in the ear-
ly 1990s. After many studies, ESA accepted the SMOS mission as the second 
Earth Explorer Opportunity Mission in 1999. 

One of the great advantages of the 2D aperture synthesis technique is the ca-
pability of producing an image of the field of view with a single snapshot. Nei-
ther scanning nor movement of the instrument along its track is required. This 
is based on measuring the target with many identical receivers distributed at 
well-known locations in the spatial domain (typically on the same plane), with 
antennae pointing towards the same direction. Each snapshot is composed of 
the cross-correlation measurements of all pairs of receivers; one such meas-
urement is also called a visibility function. Each visibility function samples the 
target with an interferometric pattern determined by the antenna locations in 
the spatial domain. The image of the target is reconstructed by the inverse 
Fourier transformation of these visibility functions. Aperture synthesis has 
been a known technique in radio astronomy since the 1950s for observations 
of narrow targets with antennae far apart from each other (Ryle, 1952). In re-
mote sensing, the antennae are in close vicinity and the observable area typi-
cally fills the entire field of view. Originally in radio astronomy, image recon-
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struction was based on the Van Cittert-Zernike theorem (Goodman, 1985). 
This is not exactly valid for remote sensing applications due to the large field 
of view and close antennae. The fundamental modifications to the visibility 
function that were required were introduced by Corbella et al. (2004). The 
Corbella equation is as follows: 

 

, (12) 

 
where is the frequency component in the spatial domain using receivers 

,  are the receiver locations in the spatial plane given in wave-
lengths,  are direction cosines,  is the so-called fringe-washing func-
tion, determined by the frequency responses of the receivers ,  is the 
central frequency of the measurement band,  is the time delay of the signal 
from direction  defined as ,  is the brightness tem-
perature of the scene,  is the physical temperature of the receivers,  is the 
normalised antenna voltage pattern, and  is the antenna’s solid angle. 

Before the launch of SMOS, the 2D aperture synthesis technique was tested 
in practice with several different test setups and breadboards. The first on-
ground breadboards consisted of two receivers and a correlator. The receivers 
were moved along the  plane to provide the wide set of different visibility 
functions required for the image reconstruction. The 2D aperture synthesis 
concept was proven with such two receiver demonstrators by research groups 
at the Technical University of Denmark (DTU) (Laursen et al., 1995, Laursen & 
Skou 1998), the German Aerospace Center (DLR) (Peichl et al., 1998) and the 
Technical University of Catalonia (UPC) (Camps 1996). The first complete 2D 
aperture synthesis instrument was built by Matra Marconi Space (MMS). The 
instrument was called MIRAS-11 as it had 11 antenna elements. MIRAS-11 was 
flown twice in 1997, but due to technical problems, no images were obtained. 
MIRAS-11 was mounted on a crane boom by CNES (Centre National d’Etudes 
Spatiales) and CESBIO (Centre d’Etudes Spatiales de la BIOsphère) in March 
1999. As a result, the first 2D image by aperture synthesis was successfully 
made over a set of fields in Avignon: the quality was poor, but it was, however, 
possible to retrieve and distinguish different test fields and open water regions 
from the observations (Bayle et al., 2002). 

3.2 Design and implementation of the HUT-2D airborne instru-
ment 

The development of the HUT-2D instrument (Helsinki University of Technol-
ogy two-dimensional radiometer) was started in late 1997 (Publication 1). ESA 
took over the funding of the instrument development in 2000. At that time, 
the HUT-2D instrument was the only 2D aperture synthesis breadboard for 
airborne use that was under development. The objective was to acquire the 
final proof of the aperture synthesis concept for remote sensing with airborne 
measurements and to verify the chosen calibration technique and the image 
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reconstruction approach. The instrument was planned for SMOS calibration 
and validation activities in the retrieval of soil moisture and sea surface salini-
ty. The design of the instrument was kept as close to the SMOS design as pos-
sible. Some differences were introduced for two main reasons: (1) at the be-
ginning of the HUT-2D project, the SMOS design was not frozen, and (2) the 
platform differences between spaceborne SMOS and airborne HUT-2D. HUT-
2D was designed to be mounted on board the HUT research aircraft Short SC7 
Skyvan on the bottom of the fuselage. HUT-2D was the first instrument to 
provide successful airborne images using two-dimensional aperture synthesis 
in May 2006 (Kainulainen et al., 2007, Publication 1). Soon afterwards, the 
two other demonstrators, AMIRAS (Martin-Neira et al., 2008a) and 2D-STAR 
(Le Vine et al., 2007) provided further proof with their own airborne cam-
paigns. The main differences between the HUT-2D and SMOS designs were 
the number of antenna elements, the shape of the antenna array, and the 
strategy for the measurement of the average brightness temperature of the 
scene. HUT-2D has 36 antenna elements in a U-shape geometry (see Figure 3 
and Figure 4), while SMOS has 76 in a Y-shape geometry. In SMOS, there are 
three dedicated noise injection receivers to measure the average scene bright-
ness temperature. In HUT-2D, the scene is measured with each receiver and 
an average of all these measurements is applied to obtain the scene infor-
mation. 

In aperture synthesis, for ideal cases, if all antennae voltage patterns and re-
ceivers’ frequency responses are identical and known, an estimate of the 
brightness temperature image of the target can be retrieved by the inverse 
Fourier transformation of the measured visibilities. In practice, this is not pos-
sible due to many non-idealities. Instead, a G-matrix image reconstruction has 
been introduced for synthetic aperture radiometers. Equation (12) can be ex-
pressed as a matrix multiplication (Corbella et al., 2004, Publication 1): 

 
,  (13) 

 
where  is the visibility matrix,  is a sampled brightness temperature of the 
target,  is the physical temperature of the receivers and  is the G-matrix. 
The G-matrix includes the impulse responses of each different receiver pair, 
taking into account the non-idealities in the antenna voltage patterns and the 
receiver frequency responses. The G-matrix can be measured with the aperture 
synthesis radiometer instrument itself by applying a known impulse into the 
instrument’s field of view to all resolution cells within the image. The G-matrix 
can also be calculated if the antenna patterns and the receiver frequency re-
sponses are known. The brightness temperature distribution of the target sce-
ne is finally retrieved by inversion of the matrix multiplication of (13) (Good-
berlet, 2000, Picard & Anterrieu, 2005). 

For HUT-2D, the two-dimensional spatial frequency domain forms a rectan-
gular grid. Likewise, the inverse Fourier transformation creates an image in 
the antenna frame that forms a rectangular grid. This grid in the antenna 
frame is defined with direction cosines � � . The image needs to be further 
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rectified into the ground reference, which requires information on the position 
of the platform with respect to the target. The image in the antenna frame and 
rectified image in the ground reference frame for a flight altitude of 1 km are 
shown in Figure 5 (left and right panel, respectively). The antenna spacing 
determines the sampling frequency. For practical reasons – due to antenna 
coupling and the physical size of the antennae – the spacing in HUT-2D is 0.7 

, which does not fulfil the Nyquist criterion of 0.5 . The instrument is thus 
undersampling the scene in the spatial domain, creating alias images to the 
frequency domain. The unambiguous area within the image is called the alias-
free field of view. It is shown for HUT-2D in Figure 5 (left panel). The retrieved 
image provides the brightness temperature distribution within the image. In 
order to obtain the correct level of the image, the separately acquired average 
brightness temperature of the scene needs to be applied. 

The platform, the HUT research aircraft, posed some physical restrictions for 
the HUT-2D instrument. The bottom of the aircraft fuselage was chosen for 
accommodating the instrument. The attachment points were selected to be as 
close to the aircraft nose as possible to maximise the total allowable weight for 
HUT-2D without hindering the capability of simultaneously operating other 
remote sensing equipment installed in the aircraft rear cargo bay. As a result, 
the maximum total weight was 100 kg, the maximum width was 2 m and the 
maximum thickness including wind shields, supporting structure and antenna 
radome was 20 cm. For a single antenna/receiver unit including electronic 
circuitry (detection, digitising, controls, etc.) this meant that the maximum 
allowable area was 150 mm × 150 mm and the maximum height was 50 mm. 
Due to size distractions, some compromises had to be accepted during the in-
strument design and development phase. 

 

 

Figure 3. HUT-2D radiometer block diagram (Publication 1) ©2008 IEEE. 
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Figure 4. HUT-2D attached to the bottom of the aircraft fuselage before the installation of the 
antenna covers (Publication 1) ©2008 IEEE. 

The antenna element of HUT-2D is a dual-polarised aperture coupled mi-
crostrip patch providing the wide antenna beam width required for aperture 
synthesis. The receiver only has one RF channel due to the size requirements. 
The two linear polarisations are measured sequentially and controlled by the 
front end switch. The low nominal speed of the aircraft (25 m/s) ensures over-
lapping of the pixels within the two subsequently retrieved images. It is thus 
possible to rectify these two successively retrieved images from the antenna 
reference frame into the same grid in the ground reference frame. In the an-
tenna reference frame, the two linear polarisations are named according to the 
instrument spatial coordinates the X- and Y-polarisations. After rectification, 
it is possible to either sum the measurements of the two polarisations to obtain 
an image of the target described by the first Stokes parameter or divide the 
data into vertical and horizontal polarised brightness temperatures, i.e. obtain 
two separate brightness temperature images at two linear polarisations. In the 
latter case, for HUT-2D configuration, data in diagonal pixels within the image 
are lost due to the issue of ambiguity; separation into V- and H-polarisations 
would require additional information on the polarisation properties, which 
could be obtained by measuring all of the Stokes parameters. 

 

Figure 5. Illustration of the imaging area of HUT-2D in the (ξ,η)-frame, (left) for the antenna 
reference frame, and (right) for the ground reference frame from a flight altitude of 1 km. In both 
figures, the alias-free field of view area is enclosed in the centre between the bold asymptotes. 
The circles in the right figure indicate the incidence angles of the measurement geometry (Pub-
lication 2) ©2011 IEEE. 
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Each HUT-2D receiver provides one-bit two-level digitised in-phase and quad-
rature outputs. The outputs of all combinations of the two receivers are corre-
lated in the digital correlator to acquire the visibility functions required for 
image reconstruction. The calibration procedure is adopted from the SMOS 
design; receiver phase errors are corrected using centralised noise injection to 
all receivers. For the receiver amplitude error calibration, two noise injection 
levels, of which the relative difference is accurately known, are used. In order 
to suppress the antenna errors (differences in antenna patterns, coupling ef-
fects) so-called flat target transformation (FTT) is utilised during the image 
reconstruction phase. In FTT, the radiometer measures a target that is a) un-
polarised, b) constant in every direction, and c) constant over time. A particu-
larly good target is the open sky, which exhibits a low and stable brightness 
temperature at low microwave frequencies. The effect of the antenna errors on 
the measured visibilities can be reduced by applying the response of the meas-
ured and modelled flat target to the image reconstruction process (Martin-
Neria et al., 2008b). 
 

3.3 Synthetic aperture measurements of natural targets 

The performance of HUT-2D has been analysed in (Publication 2) using data 
obtained from ground-based and airborne measurement campaigns. The fig-
ures of merit applicable for the synthetic aperture radiometers used for the 
analysis were the radiometric resolution, image bias, pixel-to-pixel random 
error and temporal stability. The measurements consisted of well-known natu-
ral targets such as cosmic background radiation and open water scenes. With 
respect to other radiometer systems, the conclusions for the HUT-2D perfor-
mance in (Publication 2) are as follows: 

a) low radiometric resolution, 
b) moderate pixel-to-pixel random error, 
c) slight image bias, 
d) reasonable stability. 

 
For conventional radiometers, the radiometric resolution depends on the total 
noise (sum of the antenna  and the receiver  noise temperatures), 
measurement bandwidth  and integration time . With careful design, it 
is possible to achieve a very good radiometric resolution. The complexity of the 
aperture synthesis radiometer system means that there are more affecting pa-
rameters when considering the radiometric resolution (� � � ). This can be 
approximated as follows (Camps et al., 1998): 

 
� � � �

� �
, (14) 
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where  is the antenna solid angle,  is the area of one pixel in the visibility 
domain,  is an efficiency factor of a digital correlator,  is the number of 
measured visibility samples, and , , and  are the windowing, local oscil-
lator and filter factors. The measured HUT-2D radiometric resolution is very 
close to the theoretical values; in practice, the difference is less than 0.2 K. For 
example, the theoretical radiometric resolution for open water (surface tem-
perature of 20 °C) according to HUT-2D parametrisation is 2.9 K. The relative-
ly low radiometric resolution is challenging for the detection of small varia-
tions in the measured signal response. This can be compensated to a certain 
extent by averaging, for which good stability performance and a well-
characterised bias is essential. The radiometric resolution for aperture synthe-
sis radiometers is by nature lower than that for conventional radiometers; 
however, this is also compensated with the benefits of acquiring multiangular 
2D images. For cryosphere applications and especially for detection of soil 
freezing, a low radiometric resolution is not considered problematic, as the 
changes in soil permittivity due to soil freezing induce much larger variations 
in the emitted electromagnetic radiation in the L-band. 

The first successful flight with HUT-2D was performed in May 2006. Figure 
6 shows an example of results from December 2006 flights over the Porvoo 
area of South-East Finland. Since then, the HUT-2D instrument has been used 
in many campaigns and research activities across Europe: measurements of 
sea salinity in the Gulf of Finland (Kainulainen et al., 2011), SMOS rehearsal 
and CAL/VAL campaigns in Germany, Spain and Denmark (dall’Amico et al., 
2013, Montzka et al., 2013), numerous soil moisture flights in Southern Fin-
land (Seppänen et al., 2016), and measurement of boreal forests and soil freez-
ing in Northern Finland (Publication 3). 

 

 
 

Figure 6. Left: HUT-2D measurement from December 2006 from the Porvoo area (east of Hel-
sinki). The first Stokes parameter (sum of horizontal and vertical polarisation brightness temper-
atures) is shown. Right: Simplified land classification map (water, open, forest and urban) ac-
cording to Corine Land Class data (CLC2000) (Publication 1) ©2008 IEEE. 
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3.4 Discussions and summary of development of HUT-2D 

The development of the HUT-2D instrument was a success in many ways; in 
addition to the scientific initiatives for the use of L-band passive observations, 
the instrument was highly beneficial to the ESA as a demonstrator for SMOS 
satellite instrumentation. In Martin-Neira, et al. (2014), the significance of 
HUT-2D to the ESA was concluded as follows: 

 
The HUT-2D system has been a key element for the preparation and execution 
of the SMOS mission including the following highlights: (a) the SMOS on-board 
calibration system was first tested on the HUT-2D radiometer; (b) the Corbella 
equation, which provides the theoretical basis for remote sensing by aperture 
synthesis, was verified using HUT-2D; (c) the SMOS external calibration strate-
gy was verified by the first ever image of galaxy acquired by a SMOS-like inter-
ferometer; (d) the HUT-2D instrument on board Skyvan provided the first end-
to-end demonstration of the SMOS mission concept; (e) the first ever SMOS-
like sea surface salinity retrievals were made by HUT-2D; and (f) HUT-2D on 
board the Skyvan was used to acquire airborne data for selected test sites in the 
ESA SMOS 2008 Rehearsal Campaign and the 2010 Cal/Val Campaign. 
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4. Radiometric measurements of cry-
osphere soil processes 

The main motivation for the development of an EO-based method for detec-
tion of soil freezing and thawing has been a requirement for a global product 
that relies on direct measurements of the soil. Before the launch of the SMOS 
satellite, EO-based products had only been able to estimate the state of the top 
layer of soil indirectly due to the high operating frequency of those instru-
ments (ASCAT; the Special Sensor Microwave Imager, SSM/I). With higher 
frequencies, the information of the measurement originates mostly from vege-
tation, or from the very skin of the surface, if the vegetation density is low – 
often even only from snow cover. Estimation of soil states using thermody-
namic models includes various parameter and driving data-related challenges 
and uncertainties. These often pose insurmountable obstacles to their more 
widespread use, particularly on the global scale. Even though the main factors 
driving seasonal soil freezing are related to meteorological and physiograph-
ical conditions, there is no direct link between soil freezing and air tempera-
ture. Natural insulating layers (vegetation, litter, organic peat or snow) delay 
soil freezing in autumn. Furthermore, the total volumetric water content 
(VWCG) within the soil, particularly within the top layer, affects the energy 
exchange between the soil surface and the atmosphere. A further source of 
uncertainty in thermodynamic models stems from the requirement for accu-
rate, reliable and consistent global datasets on soil and land surface physio-
graphical properties, as well as accurate meteorological data. 

Previous and recent research work in retrieving global soil or landscape 
freeze/thaw (F/T) products is given in Table 1. All studies except Zwieback et 
al. (2015) use threshold detection methods to categorise soil or landscape 
states into predefined categories, always with at least a minimum of two dif-
ferent output states: frozen and thaw (or unfrozen). 

Kim et al. (2011) use SSM/I data and in particular the 36.5 GHz V-
polarisation channel. Naeimi et al. (2012) and Zwieback et al. (2015) use 
ASCAT. In Zwieback et al. (2015), the ASCAT threshold detection method is 
updated and improved with the use of air temperature datasets as ancillary 
data. They use a probabilistic time series model to retrieve the soil freeze/thaw 
state. Xu et al. (2016) and Derksen et al. (2017) use similar algorithms for the 
Aquarius and SMAP radars, respectively. Derksen et al. (2017) also perform 
the retrieval of landscape freeze/thaw state separately with the SMAP L-band 
radiometer. Rautiainen et al. (2016) (Publication 5) use Microwave Imaging 
Radiometer by Aperture Synthesis (MIRAS) on board the SMOS satellite. The 
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SMOS-based F/T product is the only global-scale product that aims at estimat-
ing actual soil freezing. All other global products only yield land surface or 
landscape F/T state, and in many cases do not fully provide details on how the 
product represents the actual soil F/T state beneath the possible vegetation 
and snow layers. None of the products provides soil frost depth. However, with 
the SMOS F/T product, if frozen soil is detected, the soil frost depth within a 
given grid cell is on average at least 10 cm. 

 
Table 1. Earlier studies on seasonal soil or landscape processes with spaceborne remote sens-
ing. 

Study Applicable 
sensor 

Scale* Specifics 

Kim et al. 
(2011) 

SSM/I, radiome-
ter (37 GHz) 

G Seasonal threshold method, output product: freeze-
thaw Earth system data record (FT ESDR), data 
given: frozen, non-frozen or transitionally frozen 
landscape.  

Naeimi et al. 
(2012) 

ASCAT, scat-
terometer (C-
band) 

G Threshold method, output product: surface state flag 
(SSF), data given: unfrozen/frozen surface soil, 
melting snow.  

Zwieback et 
al. (2015) 

ASCAT, scat-
terometer (C-
band) 

G Probabilistic time series model, includes reanalysis 
of air temperature data to ASCAT threshold method 
(Naeimi et al., 2012). 

Xu et al. 
(2016) 

Aquarius, scat-
terometer (L-
band) 

G Seasonal threshold method, output product: FT 
product, data given: frozen and thaw land surface.  

Rautiainen et 
al. (2016) 

SMOS, radiome-
ter (L-band) 

G Threshold method, output product: FT product of the 
upper layer soil, data given: frozen, partially frozen 
and thaw soil. 

Derksen et al. 
(2016) 

SMAP, scat-
terometer and 
radiometer (L-
band) 

G Seasonal threshold approach for both active and 
passive measurements, output product: landscape 
freeze/thaw state, data given: frozen and thaw 
landscape. 

Rignot & Way 
(1994) 

ERS-1 SAR (C-
band) 

R Change detection method, study output: information 
on freeze-thaw cycles, spatial coverage: Alaska. 

Frolking et al. 
(1999) 

NSCAT scat-
terometer (Ku-
band) 

R Change detection method, study output: freeze/thaw 
transitions, spatial coverage: BOREAS (Boreal 
Ecosystem – Atmosphere Study) area in central 
Canada. 

Kimball et al. 
(2004) 

QuickSCAT 
scatterometer 
(Ku-band) 

R Temporal change detection analysis, output prod-
uct: landscape seasonal freeze-thaw cycles, spatial 
coverage: Northern America. 

Park et al. 
(2011) 

ENVISAT ASAR 
(C-band) 

R Least square fitting of piecewise function to the 
backscatter time series, output product: freeze/thaw 
transition dates, spatial coverage: eastern Siberia. 

Zhao et al. 
(2011) 

AMSR-E radi-
ometer (18.7 and 
36.5 GHz) 

R Fisher linear discriminant algorithm using TB(36.5V) 
and a ratio of TB(18.7H)/ TB(36.5V) as classification 
function coefficients, output product: frozen and 
thaw soil status, spatial coverage: China. 

Colliander et 
al. (2012) 

QuickSCAT 
scatterometer 
(Ku-band) 

R Seasonal threshold method, output product: frozen 
and thaw land surface, spatial coverage: Alaska. 

Jagdhuber et 
al. (2014) 

RADARSAT-2 
SAR (C-band) 

R Change detection (polarimetric entropy and mean 
scattering alpha angle), output product: frozen/ 
unfrozen state, spatial coverage: Northern Finland. 

Roy et al. 
(2015) 

Aquarius and 
SMOS, radiome-
ter (L-band) 

R Threshold method, output product: landscape 
freeze/thaw information, spatial coverage: Canada. 

Chimitdorzhie
v et al. (2016) 

ALOS PALSAR 
SAR interferom-
etry (L-band) 

R Detection of surface deformations due to soil freez-
ing/thawing, output: information on freeze/thaw 
cycles, spatial coverage: Selenga river mouth in the 
Baikal rift. 

*Spatial scale (G = global, R = regional) 

 
Table 1 does not cover all of the studies concentrating on regional-scale F/T 
detection. However, it does attempt to cover all of the studies that have utilised 
different spaceborne instruments for spatially limited F/T detection. Zhao et 
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al. (2011) and Roy et al. (2015) use passive instruments, the former applying 
the Advanced Microwave Scanning Radiometer (AMSR-E) channels at 18.7 
and 36.5 GHz frequencies and the latter Aquarius and SMOS L-band radiome-
ters. Studies concentrating on scatterometer data have been performed by 
Frolking et al. (1999), Kimball et al. (2004), and Colliander et al. (2012). The 
former uses the NSCAT scatterometer while the other two utilise the 
QuickSCAT scatterometer, both instruments providing measurements in the 
Ku-band. Rignot & Way (1994), Park et al. (2011), Jagdhuber et al. (2014) and 
Chimitdorzhiev et al. (2016) have used high-resolution synthetic aperture ra-
dar (SAR) instruments on board the ERS-1 satellite (SAR, C-band), the Envisat 
satellite (the Advanced Synthetic Aperture Radar, ASAR, C-band), the RA-
DARSAT-2 satellite (SAR, C-band), and the Advanced Land Observing Satel-
lite (ALOS, the Phased Array type L-band Synthetic Aperture Radar, PALSAR, 
L-band), respectively. All of these spatially limited studies have also been lim-
ited temporally, demonstrating the performance of the detection method at 
most over a couple of seasonal cycles. Nevertheless, all of these studies evi-
dently indicate that the soil F/T state can be retrieved using EO satellites. 

 

4.1 Application of remote sensing of frozen soil to L-band radi-
ometry 

Monitoring of surface soil moisture at the lower end of the microwave fre-
quency band is based on the fact that liquid water has very high relative per-
mittivity compared to other natural targets. This leads to high permittivity 
contrast and further to high emissivity and brightness temperature contrasts 
between dry and wet soils. As a rule of thumb, high permittivity means low 
emissivity and brightness temperature and vice versa. In the L-band, the emis-
sivity of a very dry soil may be almost 1, while for wet soil it may drop to as low 
as 0.5 (Kerr, 2007). 

The detection of soil freezing and thawing is based on the same phenomena; 
the permittivity contrast between ice (solid water) and liquid water in the L-
band is very large, as shown in Figure 7 (Mätzler et al., 2006). The overall 
permittivity of the soil decreases significantly with the freezing of liquid water 
within it. As a consequence, the observed  of a frozen soil scene is increased 
compared to thaw soil. The degree of contrast before and after soil freezing is 
dependent on many factors: (a) the total amount of liquid water within the soil 
before the onset of soil freezing, the higher the volumetric water content, the 
larger the contrast; (b) soil type and texture, these, in particular, affect the 
water holding capacity of soil; (c) ground vegetation and forest canopy, higher 
biomass within the measurement area means a lower amount of signal from 
the soil itself (see Figure 1); organic and litter layers, have a similar effect to 
vegetation and provide additional thermal insulation for the soil beneath. 

The soil is regarded to be frozen when part, or all, of the water in the pores 
within the soil is frozen (IPCC 2012, Annex II, Glossary). In other words, the 
soil temperature has dropped below the freezing point of the water within the 
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ground. The exact temperature of the freezing point varies based on the type of 
soil and the minerals dissolved in the water. The three basic types of water 
within the soil are: (a) gravitational water – free water moving through the soil 
by gravitational force, (b) capillary water – held in the soil in small pores 
against gravitational force due to capillary phenomena, and (c) hygroscopic 
water – held very tightly on the surface of the soil particles. As the soil temper-
ature drops below the freezing point of water, the liquid water in the pores 
begins to freeze. However, part of the water in the soil remains unfrozen. Wa-
ter in smaller pores remains unfrozen for longer, and hygroscopic water for the 
longest time (Spaans & Baker, 1996). 

 
 

 
Figure 7. Spectra of the relative dielectric constant of pure ice at T = 270 K and pure water at 
273 K. Real parts are shown as solid lines and imaginary parts as dashed lines (Mätzler et al., 
2006). 

The relationship between the radiometer measurement ( ) and soil freezing, 
or soil frost depth, cannot be analytically given in a simple format. For smooth 
boundaries and multiple layers, the effect of soil freezing can be estimated 
with forward emission models using Kirchhoff’s law and Fresnel’s equations 
(5), (6). Real-life targets are not composed of ideal smooth layers; e.g. infor-
mation on roughness parameters and effect of heterogeneity within layers in 
horizontal and vertical direction needs to be accounted for. The effect of soil 
freezing on radiometer measurement in the L-band is illustrated for a simple 
case in Figure 8. The brightness temperatures  (  as a function of the 
incidence angle ( ) are estimated using models by Schwank et al. (2015) for a 
non-forested and free-of-snow target with low surface roughness conditions 
(Fresnel’s reflections can be assumed).  (  for frozen soil is clearly 
larger than for thaw soil for  values lower than 70°. The increase in  due to 
soil freezing depends on , which is expected according to (5) and (6). 
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Figure 8. Modelled brightness temperature  (  as a function of incidence angle  for 
frozen soil (blue lines) and thaw soil condition (red lines) and for vertical (solid lines) and hori-
zontal polarisation (dashed lines).  for frozen soils is much larger than for thaw soils. 

4.2 Tower-based L-band measurements 

The FMI has hosted an ESA-owned L-band radiometer ELBARA-II in So-
dankylä since October 2009 (Publication 3). ELBARA-II was designed and 
developed by Gamma Remote Sensing as a tower-based reference instrument 
for the SMOS mission (Schwank et al., 2010). The main objective of having the 
ELBARA-II radiometer in Sodankylä was to study soil processes in cold re-
gions; specifically, the relationship between the L-band observations and soil 
freezing and thawing in the boreal forest zone. ELBARA-II has been operated 
at two different test sites in Sodankylä, at a forest opening site in a 
Spruce/Scots pine-dominated forest and at a wetland site. The soil type in the 
forest opening site was Haplic Arenosol (Ikonen et al., 2016), composed of 
sand (70%), silt (29%) and clay (1%), based on a soil survey conducted in 2010. 
There was a thin organic layer on top of the mineral soil. The ground vegeta-
tion was sparse, mainly lichen and heather, typical of northern latitudes. The 
wetland site was located at an open bog with Histosol as the defined soil type 
(Ikonen et al., 2016). The ELBARA-II tower site at the wetland site is shown in 
Figure 9. During the wettest conditions, the wetland resembled an open water 
target, while during the driest conditions, the water table level dropped tens of 
centimetres, leaving no visible open water ponds at the surface. Both sites had 
numerous automatic in situ observations, recording, for example, soil temper-
ature, soil moisture, air temperature, snow depth and snow temperature. The 
wetland site observations were mostly out of the scope of this thesis; in Publi-
cation 4, the operation of the soil freeze/thaw algorithm developed using EL-
BARA-II forest opening site measurements was demonstrated at the wetland 
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site; and in Publication 6, the snow removal test was performed at a wetland 
site. 

 

 

Figure 9. ELBARA-II measuring at the wetland site tower in Sodankylä. 

4.2.1 Annual behaviour of the L-band observations and main findings 

Typical annual variation of ELBARA-II  values for the forest opening site are 
shown in Figure 10. The data covers a temporal period from October 2009 to 
July 2010. The in situ temperature and moisture data for the surface soil layer 
from the same site are shown in Figure 11 and Figure 12, respectively. The 
manual soil frost and automatic snow depth observations are shown in Figure 
13. The frost depth observations were acquired within the area from the same 
soil type but some hundreds of metres away from the actual measurement site. 
The ground was firmly frozen from mid-December to early April. Between ear-
ly October and mid-December, the soil temperature stayed at a 0 °C level and 
the volumetric water content (VWCG) varied between 0.1 and 0.2 m3/m3: the 
freezing process within the soil had started but most of the water was still in 
the liquid phase. Similarly, the soil thawing period from early April to mid-
May was detectable. Due to the thawing of soil and melting snow cover, the 
surface layer soil temperature stayed at a thermal equilibrium and at the same 
time very high VWCG values were recorded. The main findings from the annual 
signature can be summarised as follows: 

  is saturated when soil is frozen; the V-polarisation signature ( ) is 
more stable, the H-polarisation ( ) is more sensitive to changes in 
snow stratigraphy. 

  value is higher for frozen soil than for thaw soil; the difference is 
more obvious for . 

 The polarisation difference ( ) is smaller when the soil is frozen. 
 

The above-mentioned empirical findings conclude that the L-band brightness 
temperature is sensitive to soil freezing. The frozen and thaw soil  signatures 
in the L-band are easily distinguishable in a controlled test environment. 
There is a high contrast between unfrozen and frozen soil at the onset of soil 
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freezing. The maximum detected annual variation in  was as high as 40 K for 
vertical polarisation and 80 K for horizontal polarisation. 

During autumn 2009, the  observations were occasionally close to the fro-
zen ground period values, which could be interpreted as an indication of par-
tial freezing or the beginning of freezing of soil. On such occasions, the soil 
temperature and/or soil moisture in situ data also indicate some degree of soil 
freezing. However, the varying snow cover within this period added some 
complexity to the interpretation of the results. During warmer periods, the 
snow cover melted during the daytime and re-froze during the night. 

The effect due to diurnal melting and re-freezing of the snowpack was more 
prominent during the spring season. High daily variation was evident; espe-
cially for , the measured signal was lowest during the daytime and highest 
before sunset. Pellerin et al. (2016) have found the same phenomena: snow 
liquid water content has a strong impact on L-band radiometer observations. 
Wet snow cover had a very different effect between the low- and high-
frequency parts of the microwave spectrum. For higher frequencies (18–90 
GHz), the wet surface of the snowpack acted almost like a blackbody (Hofer & 
Mätzler, 1980). For lower frequencies (1–5 GHz), the increase in liquid water 
content was observed to increase the reflectivity of the snow (Hofer & Good, 
1979, Hofer & Mätzler, 1980, Pellerin et al., 2016), resulting in a decrease in 
the observed brightness temperature. This was also observed in the study con-
ducted in (Publication 3). 

 

 

Figure 10. The brightness temperature ( , p = H,V) time series for ELBARA-II tower-based 
measurements from October 2009 to July 2010 at a 53° incidence angle from data in Publica-
tion 3. The red dots are for vertical polarisation (V) and the blue dots for horizontal polarisation 
(H). The winter and summer periods can be distinguished from the figure: winter: saturated and 
on average the highest signal levels (ca. 260 K and 240 K for V-pol and H-pol, respectively), 
summer: the largest signal variability. 

 

Figure 11. Soil temperature observations from the top soil layer from October 2009 to July 2010 
from data in Publication 3. The soil temperature in the measurement location was below zero 
centigrade from 14 December to 4 April. The long periods of zero centigrade measurements 
indicate the freezing and melting processes of the top soil layer in autumn and spring, respec-
tively. 
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Figure 12. Liquid volumetric water content (soil moisture) of the top soil layer between October 
2009 and July 2010 from data in Publication 3. The frozen soil period can be distinguished from 
the very low signal from 14 December to 4 April. 

 

Figure 13. Manual soil frost (blue area) and automatic snow depth (red area) observations from 
October 2009 to July 2010 from data in Publication 3. The decline in snow depth from early April 
onwards is an indication of snow melting. The quick increase in observed soil frost depth started 
in early December, at the same time as soil temperatures below zero centigrade were observed 
(see Figure 11). The manual soil frost observations were taken 3-4 times per month. 

4.2.2 Permittivity of frozen soil 

The measured liquid soil moisture and soil temperature data at a 2 cm depth 
are shown in Figure 14 and Figure 15, respectively. The time period is from 
early January to early March 2009. The liquid soil moisture content was 
measured using a Delta-T Devices ML2x sensor. The observations can be di-
rectly related to the soil permittivity as the sensor measures the apparent soil 
permittivity at a frequency of 100 MHz. There was an evident dependency be-
tween the two in situ datasets. As the soil temperature decreased, the soil per-
mittivity also decreased due to the continued freezing of the water that had 
remained unfrozen, hygroscopic water (also referred to as bound water) and 
water in smaller pore holes. This observation is in line with earlier studies on 
the relationship between soil temperature and permittivity (Dobson et al., 
1985, Hallikainen et al., 1985, Mironov et al., 2010). The emissivity of the test 
site soil (top surface layer) from the same time period is shown in Figure 16. 
The emissivity was calculated by dividing the ELBARA-II  observations (in-
cidence angle of 53°) with the top layer soil temperature data. The emissivity is 
expected to increase as the soil permittivity decreases, which is the case 
around 10 January and 25 February. In general, the emissivity variations fol-
lowed the pattern of the soil moisture observations (permittivity of the soil), 
even though the temporal changes in absolute amplitude are different. It needs 
to be noted that the effect of changing snow cover has not been taken into ac-
count here. Based on these findings, the small permittivity variations recorded 
with in situ sensors are, however, detectable also from the tower-based radi-
ometer  observations. 



Radiometric measurements of cryosphere soil processes 

49 

 

 
Figure 14. Top surface layer soil temperature in the forest opening test site from 5 January to 6 
March 2009 from data in Publication 3. 

 

Figure 15. Top surface layer soil moisture in the forest opening test site from 5 January to 6 
March 2009 from data in Publication 3. The small variations in measured soil moisture observa-
tions follow the changes in observed soil temperatures. 

 

Figure 16. The emissivity of the soil in the forest opening test site observed by ELBARA-II at an 
incidence angle of 53° from 5 January to 6 March 2009 from data in Publication 3. The emissivi-
ty variations follow the pattern of the soil moisture and soil temperature observations; a de-
crease in soil moisture and soil temperature mostly means an increase in emissivity. 

4.3 Airborne measurement of boreal forest and soil freezing 

The HUT-2D instrument was used in an airborne measurement campaign on 1 
and 12 October 2009 at the Sodankylä test area in Northern Finland (Publica-
tion 3). The first snow cover and subzero conditions for autumn 2009 occurred 
between the campaign flights; during the second flight, a 15-cm layer of snow 
was measured, also the top layer of soil was recorded to be frozen by in situ 
observers and a thin ice crust had formed over open bogs. Two main flight 
paths were chosen and repeatedly flown over 20 times during both campaign 
days. The HUT-2D observations were calibrated, rectified and averaged over 
the target. For the data analysis, a so-called pseudo first Stokes parameter 
(  was calculated (average of the two linear polarisations) as follows, 
 

,   (15) 
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where V and H denote the vertical and horizontal linear polarisations, respec-
tively. The target area land classes were divided into four basic categories ac-
cording to the Corine Land Classification (CLC2000) system: forest (55%), 
bogs (30%), water (10%), and other land areas (5%). The spatial land class 
distribution of the campaign area is shown in Figure 17. The corresponding 
distribution of the observed  measured by HUT-2D on the 1 October 
flight is shown Figure 18. 

 

 
Figure 17. Spatial land class distribution of the campaign area in October 2009 in Sodankylä. 
The two flight lines and the corresponding HUT-2D swathes are indicated with black lines. The 
size of the shown area is approximately 6 km x 6 km. (Publication 3) ©2012 IEEE. 

 

Figure 18. HUT-2D averaged  image of the flight lines in the campaign area for the 1 
October flight in Sodankylä. The area is the same as in Figure 17. The red colour indicates a 
strong signal (e.g. forested areas with dry soil) and blue indicates a weak signal (e.g. open 
water). (Publication 3) ©2012 IEEE. 

The averaged  values for the three main land covers as a function of 
the incidence angle are shown in Figure 19. The forested areas have a much 
drier soil type compared to the bogs, yielding much higher . For all 
land classes, the observed  was higher for the second flight due to the 
start of the soil freezing. For open water and bogs, the increase was larger (on 
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average 30 K and 22 K, respectively) than for forested area (on average 8 K). 
This was expected, as mineral soil types in forested areas contain less liquid 
water than organic soil types in peatland; therefore, they exhibit a much lower 
dynamic range for soil permittivity. Vegetation also provides additional ther-
mal insulation for the soil beneath; dense vegetation layers, such as those 
found in forests, tend to delay the soil-freezing process. 

 

Figure 19. HUT-2D averaged  values as a function of incidence angle for the three 
main land covers (open water, bog and forest) on two flights on 1 and 12 October 2009 in So-
dankylä. Due to the start of the soil freezing between the flights, the measured  values 
are higher for the second flight. (Publication 3) ©2012 IEEE. 

4.4 Development of the freeze/thaw algorithm 

The ELBARA-II tower-based observations of the first full winter at the So-
dankylä test site and the HUT-2D airborne measurements over the boreal for-
est zone showed the great potential of using L-band passive measurements for 
the detection of soil state changes (Publication 3). The development of the 
freeze/thaw (F/T) algorithm was initialised using the tower-based observa-
tions (Publication 4), keeping in mind the experimentally found effects soil 
freezing had on the characteristics of the L-band signature: 

a) Increase in observed brightness temperature , (p = V, H) 
b) Decrease in observed polarisation difference: ( ) 

 
The F/T algorithm was further updated with satellite data for the hemispheric 
mapping of the soil frost state in Publication 5. 

4.4.1 Freeze/thaw algorithm 

The F/T algorithm uses a threshold detection (which can also be regarded as 
change detection) approach to determine the soil state of each observation. It 
is based on comparing each observation to empirically predefined frozen and 
thaw ground references; the relative value of the current observation with re-
spect to the reference values determines the category for the current soil state: 
frozen, freezing started or thaw. 

The F/T algorithm was first developed based on the ELBARA-II time series 
dataset of , (p = V, H) (Publication 4). The tower-based  observations 
were formulated in several configurations and further analysed and compared 
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against the coincident soil frost tube observations. These different formula-
tions are hereafter referred to as the frost factors ( ). With the tower-based 
data, seven different -formulations were tested (Publication 4), four of 
which were further studied with global SMOS data. Finally, two were selected 
for the SMOS F/T product (Publication 5), one based on using the normalised 
polarisation ratio (NPR) of the V- and H-polarisation measurements and an-
other on using only the vertical polarisation measurements (V): 

 

,  (16) 

 
.  (17) 

 
The flow chart of the global SMOS-based F/T algorithm is shown in Figure 20. 
The main functions in the algorithm are: 

 Calculation of global  (X = NPR, V) time series 
 Generation of the frozen (winter) and thaw (summer) ground refer-

ences 
 Calculation of the global relative frost factor (  (X = NPR, V)) time 

series 
 Generation of the predefined threshold values 
 Categorisation of the soil state 
 Generation of the processing mask and removal of obvious errors 

 

 

Figure 20. Flow chart for generating the F/T product (Publication 5). 

The SMOS F/T algorithm uses input data obtained from the Centre Aval de 
Traitement des Données SMOS (CATDS), operated for the Centre National 
d’Etudes Spatiales (CNES, France) by IFREMER (L’Institut Français de Re-
cherche pour l’Exploitation de la Mer, Brest, France). The CATDS data are 



Radiometric measurements of cryosphere soil processes 

53 

daily gridded level 3  data in a ground polarisation reference frame (p = 
H,V) averaged into fixed observation angles ( ), binned at 5° intervals. The 
data is processed in an Equal-Area Scalable Earth Grid (EASE Grid) projec-
tion. 

The conversion from the global  (X = NPR, V) time series into relative 
frost factor values  X = NPR, V) 

 

, (18) 

 
where  and  are the empirically defined frozen ground or winter 
(wi) and thaw ground or summer (su) references for each pixel, respectively. 
The reference values are determined for each pixel using all SMOS data since 
July 2010. For automatic processing, firstly, potential frozen and thaw ground 
periods are identified using ancillary datasets (air temperature and snow cover 
information). 

 are further compared to predefined threshold values and categorised 
into three soil state categories: frozen, freezing started or thaw. The threshold 
values are acquired by comparing the values to the in situ frost depth 
( ) data obtained from the SYKE (Finnish Environment Institute) frost ob-
servation network in Finland. The network includes 38 manually read frost 
tubes sites, each with 2-3 frost tubes around Finland. Mäkinen and Orvomaa 
(2012) estimate the accuracy of SYKE tube readings to be ±5 cm. A density 
scatter plot between the observed  and  is shown in Figure 21. An em-
pirical exponential fitting curve is derived to relate the two datasets: 

 
,  (19) 

 
where  and  are the fitting parameters. The threshold values are empiri-
cally related to the fitting parameter  as given in Table 2 (Publication 5). 

 
Table 2. Thresholds for the soil state categories in respect to parameter  (X = NPR, V) 

soil state categorisation condition in terms of 
description  thresholds: 

thawed  < 0.5   
partially frozen 0.5      0.8   

frozen  > 0.8   

 
In the final phase, a processing mask (PM) is applied to the categorised soil 
state dataset. The purpose of the PM is to clean the dataset from obvious 
commission and omission errors; frozen state detected during summer condi-
tions, or thaw state detected during severe winter conditions after the soil fro-
zen state had already been estimated reliably. 

The processing mask PM(t) is a global time series dataset that indicates sea-
sonal information for each pixel for a specific time (day) t. The PM has no ef-
fect on the soil state estimates during the freezing and melting periods. When 
the PM indicates a summer period, the soil F/T state estimates are forced into 
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the non-frozen category. For winter days, the soil state category value is not 
allowed to change from either frozen to partially frozen or thaw or from par-
tially frozen to thaw; no thawing is allowed but no automatic forcing to frozen 
soil category is applied, either. The PM is not applied to determine soil freezing 
or thawing, but to provide constraints to the most likely periods for soil freez-
ing and thawing. Optimally, the PM does not have an effect on the F/T product 
estimates. The information on how much the processing mask influences the 
SMOS soil F/T estimates is used to evaluate the quality of the F/T product. 
This results in annual quality maps, with an example shown in Figure 22. 

 

Figure 21. Density scatter plot between relative frost factors ( ) and in situ frost depth FD. 
An exponential fit (solid line), and threshold levels (dashed lines) are shown. (Publication 5). 

 
Figure 22. Quality-level maps for method X = NPR (a) and for method X = V (b) for the freezing 
season of 2013. (Publication 5). 

4.4.2 Freeze/thaw product 

The F/T product provides daily Northern Hemispheric information on soil 
states in a binary form. The dataset spans from July 2010 onwards. The data is 
provided in a polar-stereographic EASE grid projection (EPSG: 3408); each 
pixel covers an area of approximately 25 km x 25 km. The data is organised in 
721 columns x 721 rows. The product includes data quality information esti-
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mated from how much the processing mask has influenced the output product 
(Publication 5). 

 

 

Figure 23. Soil freeze/thaw state at 5-day intervals in Siberia from 4 to 19 October 2015 esti-
mated by SMOS F/T Algorithm (Data from Publication V). (Visual illustration by Jaakko Ikonen). 

An example of the F/T product output for Siberia is given in Figure 23. The 
time series includes four soil state maps at 5-day intervals from 4 to 19 Octo-
ber 2015. Five-day cumulative air temperature (2 m) data calculated from the 
European Center for Medium range Weather Forecasting (ECMWF) European 
Reanalysis Interim (ERA Interim) data (Dee et al., 2011) is shown in Figure 24. 
The two map series have similar patterns; the evolution of soil freezing follows 
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the general trends of the ERA Interim surface air temperature estimates. As 
the energy exchange on the soil surface is not only dependent on the surface 
air temperature, the changes within the two map series should not be identi-
cal. 

 

 

Figure 24. Five-day cumulative air temperature (2 m) in Siberia. Data source: ECMWF ERA 
Interim. (Visual illustration by Jaakko Ikonen). 
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4.5 Effect of snow cover on F/T estimates 

Dry snow permittivity at L-band is close to one, for real parts (  
for snow densities: , respectively) and very small for imagi-

nary parts ( ) (Hofer & Mätzler, 1980, Mätzler et al., 
1984). As a result, the absorption and the emission of dry snow can be consid-
ered negligible. The penetration depth on dry snow (in the L-band) is typically 
more than 100 m (Hofer & Mätzler, 1980, Mätzler et al., 1984). Even though 
the dry snow layer appears to be transparent in the L-band, recent studies 
have shown that it has a significant impact on L-band emission from the un-
derlying soil layer. This is due to refraction and impedance matching caused by 
dry snow (Schwank et al., 2014, Schwank et al., 2015, Publication 6). The effect 
of dry snow is pronounced for , increasing the measured signal at all obser-
vation angles compared to snow-free conditions. For , the effect is almost 
non-existent at observation angles near 50 degrees relative to the nadir 
(Schwank et al., 2015, Publication 6). When dry snow cover is present, the ob-
served polarisation difference ( ) becomes significantly smaller com-
pared to snow-free conditions. Thus, the onset of dry snow cover on top of the 
soil has a similar effect on the measurements as soil freezing does. This intro-
duces additional challenges to the automatic detection of soil freezing. 

The effect of dry snow cover was experimentally verified in Publication 6 in 
February 2015, at the wetland test site in Sodankylä with the ELBARA-II radi-
ometer. The snowpack at the test site was removed from the area covering the 
ELBARA-II footprints at incidence angles ranging from 30° to 60°. Most of the 
snow was removed with a snow blower. To minimise the changes in soil sur-
face roughness, the removal was finalised with brushes as shown in Figure 25. 
The snowpack was characterised for the experiment: snow depth and snow 
temperature and density profiles were measured from three adjacent locations 
at the centre of each footprint. 

The results of the experiment are shown in Figure 26. The ELBARA-II meas-
urements are marked with triangles; black ones represent snow-covered and 
white ones snow-free observations. The solid and dashed lines are the simulat-
ed values for snow-covered and snow-free footprints, respectively. The micro-
wave emission model was introduced by Schwank et al. (2015). It has been 
developed specifically for passive L-band measurements; it requires only a 
small number of input parameters associated with atmospheric, ground (effec-
tive ground temperature and permittivity surface roughness parameters) and 
snow states (snow density). The snow-covered simulations in Figure 26 were 
performed using a measured snow density range of 233-304 kg/m3. The thick-
ness of the solid line represents the variation in the simulated result due to the 
snow density. 

The observed and simulated results are consistent for the incidence angles 
from 35° to 55°. For incidence angles of 30° and 60°, the observations of the 
H-polarisation are partially inconsistent with the simulations, the observed 
values being higher than expected. The observed brightness temperature val-
ues are particularly high for large incidence angles with snow cover. This is 
possibly due to the snow cover structure; layered structures such as ice crusts 
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and lenses in snow may cause refraction effects which are particularly visible 
at H-polarisation (see e.g. Rees et al., 2010, Naderpour et al., 2017). While 
measurements conducted over the lower incidence angle footprints revealed 
no such structures, the measurements did not cover the higher incidence angle 
footprints; due to the high variability of snow on even short spatial scales (e.g. 
Sturm et al., 2010), it is possible that such structures were present. As shown 
in theoretical studies (Schwank et al., 2014, 2015), the effect of snow removal 
is minimal at vertical polarisation, and evident at horizontal polarisation, ap-
proximately 10 K for the whole incidence angle range. At vertical polarisation, 
specifically for incidence angles near 50°, the effect of the refraction from the 
soil-snow interface and the effect of the impedance matching due to dry snow 
changed the measured emission from the soil surface in opposite directions, 
and as a result these two effects cancelled each other out. At horizontal polari-
sation, the effect of these two changing factors was towards the same direction, 
which explains the results. 
 

 

Figure 25. Finalisation of snow removal with brushes from the ELBARA-II footprint area in Feb-
ruary 2015. 

The results of the snow removal experiment show that the L-band measure-
ments are affected by dry snow. From the F/T algorithm’s point of view, this 
poses additional challenges for detection of soil freezing. The threshold levels 
in the F/T algorithm are determined with respect to pixel-wise frozen and 
thaw ground references. These references, in turn, have been empirically de-
fined using all available SMOS , (p = V,H) data from the years 2010 to 2015. 
Typically, the frozen ground reference is defined for the mid-winter period 
when the soil is firmly frozen with dry snow cover. The most challenging situa-
tions are: (a) frozen soil, but no snow, and (b) thaw soil with dry snow cover. 
In case (a), the resulting  (15) is further from the frozen ground refer-
ence compared to the snow-covered situation, while in case (b), the resulting 

 is closer to the frozen ground reference. In (a) there is a risk of failed 
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detection and in (b) a risk of a false alarm. The results of the snow removal 
experiment indicate that the influence of snow cover can be accounted for by 
the relatively simple emission model. The results also confirm that if using 
only vertical polarisation data at incidence angles around 50°, the effect of dry 
snow cover can be neglected. 

 

Figure 26. The measured  (p = V, H) for snow-covered footprints (black triangles) and 
snow-free footprints (white triangles). The solid and dashed lines are the corresponding simu-
lated values for snow-covered and snow-free footprints, respectively – vertical polarisation indi-
cated in blue and horizontal in red. (Publication 6). 

4.6 Verification of the F/T product 

The F/T product estimates were compared against (a) global-scale model data 
(ECMWF ERA Interim soil temperature level 2), and (b) local, point scale, in 
situ measurements: soil temperature and volumetric moisture content from 
various locations in Finland, Canada, Alaska and Siberia. Due to the binary 
nature of the F/T product data, the comparisons were performed using day of 
freezing (DoF) information from (a) the F/T product estimates (DoFSMOS,X, X = 
V,NPR for methods V-polarisation and normalised polarisation ratio, respec-
tively), (b) the global ECMWF model data (DoFSL2), and (c) the local in situ 
observations (DoFinsitu, insitu = TG, VWCG, for soil temperature and liquid soil 
moisture, respectively). DoFSMOS,X, (X = V,NPR) was acquired directly from the 
F/T product estimates for each grid cell and separately for every freezing peri-
od from 2010 to 2015. Example maps illustrating the onset date of soil freezing 
for the autumn of 2013 are shown in Figure 27, for both methods X = NPR and 
V. 
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Figure 27. Date of onset of soil freezing (DoFX, X = V,NPR) for 2013 (day of year) calculated 
from F/T product estimates. Left panel: X = V, right panel: X = NPR. (Publication 5). 

For global-scale comparison purposes, the ECMWF ERA Interim data was re-
projected on the Northern Hemisphere EASE grid projection (the projection 
used for the F/T product). DoFSL2 was defined as the first day after which soil 
temperatures consistently remained below 0°C for a given grid cell. Compari-
son results between DoFSMOS,X, (X = V,NPR) and DoFSL2 are shown in Figure 
28. The results show a clear consistency between the two datasets; however, a 
positive bias is evident: the soil is systematically estimated to be frozen earlier 
with the ECMWF model data. 

 

Figure 28. Comparison results between DoFSMOS,X, (vertical axis) and DoFSL2 (horizontal axis). 
(a): X = NPR and (b): X = V methods (Publication 5). 

The DoF comparisons between the F/T product estimates and those defined 
from the in situ data introduce challenges due to the very different spatial 
scales of the two datasets. One gridded F/T product pixel covers an area of 
about 25 km x 25 km, while many of the in situ sites consist of a single obser-
vation location. Furthermore, the amount and distribution of the in situ sites 
do not necessarily represent the entire Northern Hemisphere particularly well. 
Soil temperature and soil moisture are measured from discrete depths at au-
tomatic measurement stations; it is not straightforward to define which sensor 
depth best represents the SMOS emission depth for frozen ground conditions. 
The emission depth increases as soil freezing progresses to deeper layers due 
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to the changing effective soil permittivity of the top soil layer. For comparison 
purposes, sensor data at depths of 5 cm were used. Based on earlier research, 
the real part of the relative permittivity for a frozen ground has been reported 
as being between 3.6 and 6 and the imaginary part between 0.5 to 1 (Publica-
tion 3, Hallikainen et al., 1985, Mäzler, 2006). These figures relate to emission 
depths from 7 cm to 15 cm. It can thus be considered as a fair assumption that 
if the F/T product estimates indicate frozen soil conditions, the in situ data 
should provide the same information, assuming that the sensor’s areal repre-
sentativeness can be considered as adequately representative of the average 
conditions of the entire F/T product grid cell. 

 

 

Figure 29. Day of freezing (DoF) comparisons between F/T product estimates and in situ data. 
Method X = NPR in panels (a) and (b) and method X = V in panels (c) and (d). In situ = TG (soil 
temperatures) in panels (a) and (c), in situ = VWCG (volumetric liquid water content) in panels 
(b) and (d). Bias, unbiased rmse (urmse), and Pearson’s correlation coefficient ® are included. 
(Publication 5). 

For DoFinsitu, (insitu = TG) soil was considered to be frozen if a five-day average 
of TG was below 0°C. The DoFinsitu, (insitu = VWCG) was defined from the tim-
ing of abrupt VWCG decreases and stabilisation to a low value of in situ soil 
moisture. This was assumed to represent the soil permittivity change due to 
soil freezing. The comparison results between DoFSMOS,X, (X = V,NPR) and 
DoFinsitu, (insitu = TG,VWCG) are shown in Figure 29. Both methods X = V and 
X = NPR indicate a good correspondence with the in situ data. For X = NPR, 
the bias was smaller than for X = V. Using X = V exhibited, on average, earlier 
freezing estimates than X = NPR. However, other metrics (the unbiased root 
mean square error – urmse and the correlation coefficient – r) indicated 
slightly better performance for X = V than for the X = NPR method. It needs to 
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be noted that all sites except Kenaston were in the Arctic region. For these are-
as, the seasonal variability is substantial; typically with long and cold winters 
and short but warm summers. Using X = V can be said to have an advantage 
over X = NPR due to the reduced sensitivity to snow cover. However, for re-
gions with shorter winter periods, X = NPR has a better potential to capture 
the onset of soil freezing, since the X = NPR method indicated better quality 
for the product estimates (lesser effect due to the Processing Mask) than the X 
= V method. 
 

4.7 Discussion and summary 

The tower-based passive L-band measurements with ELBARA-II in Sodankylä 
formed the backbone for the development of the SMOS-based soil F/T algo-
rithm. The long time series of the ELBARA-II tower-based instrument provid-
ed reliable observations on the annual cycle of the boreal soil in a well-
controlled test site environment. With the continuous measurements, it was 
possible to repeat the linkage between the L-band radiometer observations 
and the soil processes previously noted by Schwank et al. (2004) (Publication 
3). The airborne campaign with the HUT-2D instrument in October 2009 fur-
ther indicated that the freezing of soil had a significant effect on the measured 
signal (Publication 3). The findings with the airborne campaign were im-
portant since the HUT-2D instrument was using the aperture synthesis tech-
nique, the same technique that is used in the SMOS instrument, MIRAS. 

From the very beginning, it was obvious that the development of the F/T al-
gorithm aimed for a global product in order to provide it to the scientific 
community, for example, as an input parameter for various global models. The 
ELBARA-II tower-based measurements were useful in the development phase 
for screening out the least-performing -formulations (Publication 4). How-
ever, the importance of the tower-based measurements lay in specifically veri-
fying the used concept for F/T detection, and in providing the final proof of the 
dependency between the soil freeze/thaw processes and the L-band passive 
observations in a controlled environment (Publication 4). 

The F/T algorithm is based on threshold detection. The decision on soil state 
is determined for each pixel by comparing the current observation to the ex-
perimentally defined pixel-wise frozen and thaw ground references (Publica-
tion 4 and 5). The soil state of each pixel is provided in a binary form using 
three levels: frozen, partially frozen or thaw. If no signal is obtained, for ex-
ample due to radio frequency interference (RFI), that is reported with a value 
of NaN (Not a Number). The pixel-wise reference values and the selection of 
the threshold levels play key roles in determining the performance of the F/T 
algorithm. The threshold levels are defined using data from the soil frost ob-
servation network in Finland operated by SYKE as reference data. The obser-
vation sites are located mainly in the boreal forest zone. The threshold values 
have thus not been optimised for all possible soil types and/or for all possible 
land classes found in the Northern Hemisphere. Furthermore, the heterogene-
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ity of the pixels has not been taken into account. The optimisation of the 
thresholds for various soil types and land classes, including pixel heterogenei-
ty, would require validation and reference data covering various soil types and 
land classes and/or the use of emission models. This is a task for future work. 
The effect of dry snow cover on the L-band measurements was theoretically 
noted during the development of the F/T algorithm (Schwank et al., 2014, 
2015) and experimentally demonstrated in Publication 6. The F/T algorithm 
presented in this thesis does not take into account the effect of dry snow cover 
during the freezing period. This is another task for future work. 

Validation of any satellite product is always challenging. Challenges in vali-
dation related specifically to the developed F/T product are due to (a) the rari-
ty of well-representative in situ measurements and/or measurement networks, 
in general, and (b) the different spatial scales of the satellite product and the in 
situ observations both in the horizontal (large satellite product grid cell vs. 
point measurement) and vertical (effective depth of the soil layer which the 
satellite observation is originating vs. point measurement from a discrete 
number of depths, often only from one depth) direction. Validation against 
global models poses different challenges: due to the complex nature of many 
environmental models, the uncertainties of their estimates are often not ade-
quately known. 

Despite the challenges of the validation processes, the comparison results be-
tween the F/T product estimates and the reference data, using both the point 
scale in situ observations and the global ECMWF ERA Interim model data, 
indicate good performance for the soil freezing period (Publication 5). The 
presented soil F/T algorithm is optimised for the autumn and winter periods. 
Spring time imposes challenges in the detection of soil thawing due to wet 
snow cover, which blocks direct observations of the soil surface (Pellerin et al., 
2016). Future work will include studies on capturing spring-time thawing 
events more accurately. Another task for future work is the implementation of 
the F/T algorithm for operational use. The plans for operational conversion 
are ready and have been introduced within ESA-related projects. 
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5. Conclusions 

Earth Observation satellites have opened a new era for the global monitoring 
of the Earth’s environmental processes. Since the 1960s, the continuous devel-
opment of instrument technology has gradually widened the possibilities for 
various applications as the useful range of the electromagnetic spectrum for 
observations has become broader; for example, passive L-band observations 
have become available with the SMOS satellite (Kerr et al., 2010). In recent 
years, the science community has made extensive use of these new L-band 
observation data, pointing out the importance of continuous and global obser-
vations at this frequency band (Mecklenburg et al., 2016). Prior to the launch 
of SMOS, the ESA made broad investments in the development of the aperture 
synthesis technique for passive remote sensing, a technique that played a key 
role in enabling L-band observations at a spatial resolution and repetition time 
that were sufficient for soil moisture and ocean salinity mission requirements 
(Mecklenburg et al., 2012). The development work of HUT-2D (Publication 1 
and 2) directly contributed to the ESA’s efforts in providing the final proof of 
concept of the SMOS aperture synthesis imaging technique, as well as provid-
ing many insights into the development and calibration strategy of the MIRAS 
instrument. 

With L-band measurements, it is possible to obtain information on soil pro-
cesses from deeper layers than with higher measurement frequencies (Bartalis 
et al., 2007). At L-band frequencies, the observed radiation originates from the 
top soil layer, including information from beneath the soil-atmosphere bound-
ary. The effective depth of this top layer depends on the electromagnetic prop-
erties of the soil and may vary from a very thin layer (e.g. a depth of 1-2 cm for 
very wet soils, Kerr et al., 2001) to a relatively thick layer (e.g. depths of 10-20 
cm for fully frozen soil, Publication 4). This characteristic is used as an ad-
vantage in the soil freeze/thaw detection and monitoring algorithm developed 
within this thesis (Publications 4 and 5). The F/T algorithm development work 
conducted in this thesis included tower-based measurements (Publications 3, 
4 and 6), airborne measurements with HUT-2D (Publication 3) and space-
borne measurements with SMOS (Publication 5). 

Globally and continuously acquired information on seasonal soil freezing 
and thawing can be used in many research areas: studies on climate and cli-
mate change, hydrology and the carbon cycle. The F/T data can be implement-
ed as an input parameter for various models, such as weather prediction mod-
els, climate models, global circulation models and hydrological models. The 
work in this thesis has made a new global F/T dataset available for the scien-
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tific community. The main objective of future work following this thesis is to 
convert the product into an operational product and to make it available to all 
interested users. On the regional and local scales, the F/T dataset can be used 
in carrying capacity and terrain trafficability models for use in for example 
forest logging operations/logistics. For such purposes, the coarse spatial scale 
is a limiting factor, and the SMOS-based F/T dataset may need to be augment-
ed with higher-resolution ancillary data. The spatial scale could be improved 
by combining the SMOS data with other EO datasets, for example, with high-
resolution SAR data. 
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Errata 

Equation (1) in Publication 3 should be:  
 

 

 
Equation (6) in Publication 4 should be: 
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