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“Nature uses only the longest threads to weave her patterns, so each small

piece of her fabric reveals the organization of the entire tapestry.”

- Richard Feynman

1



2



Preface

A doctoral dissertation is the product of extensive research and presents

an original contribution to knowledge in its field. A highly distinguished

professor once entrusted me by his opinion of what is chiefly needed to

achieve that: it is one good set of data. This thesis cannot express the long

days spent in the laboratory, and on the field, battling shoulder to shoul-

der with my fellow scientists and friends, trying to collect the dataset,

the joy for the results, and tiredness with each failed attempt. It merely

communicates the research results and conclusions to answer the major

intellectual questions.

When I started this work, the SMOS satellite was not yet launched, and

the scientific community was not even aware of all the problems related to

its mission. Therefore, besides the search for answers, one of the defining

aspects of this journey has been the search for questions that would define

the required contribution.

Like science seldom is, this thesis was not an individual effort, and

would not have been possible without the co-authors of my publications

and co-workers in the remote sensing group: Matthias Drusch, Anssi

Hakkarainen, Janne Heiskanen, Juho Jakkila, Juha Kainulainen, Anna
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1. Introduction

This chapter rationalises the importance of global scale remote sensing of

soil moisture, and describes the motivation of and context in which this

thesis has been developed. The principal methodologies to determine soil

water content and the state-of-the-art of ground based and spaceborne

passive microwave sensors for the purpose are described.

The Earth’s water is in a continuous circulation from the atmosphere to

the Earth and back, through condensation, evapotranspiration, and pre-

cipitation processes. This continuous motion is called the water cycle or

the hydrological cycle. The hydrological cycle is a fundamental building

block for the Earth climate and biosphere development. Part of terrestrial

water is accumulated constantly in soil. Although small by volume, the

surface soil moisture (SM) is a vital resource to natural ecosystems and

human needs, as well as an important parameter in hydrological research

[1, 2]. Additionally to climate and biosphere, the information of soil sur-

face water is important to agriculture, human health, industrial supply,

and mitigation of hazards, such as floods and droughts.

Satellite remote sensing has a capability of providing global, regularly

repeated SM measurements. Estimating the soil moisture from space-

borne measurements has great advantages over traditional ground based

methods in terms of global coverage and availability. The soil moisture

measurements are thus vital for better understanding and modelling of

the Earth climate, and sustainable development in a changing global en-

vironment [3, 4, 5].

The first measurements of the microwave radiation at L-band (1-2 GHz)

of the Earth in the context of soil moisture were made in the 1970’s on the

space station Skylab. The results showed a good correlation with in situ

measurements of the moisture content of soil [6]. Since then, an orbital

L-band receiving system has been desired by the environmental science

15
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community, in order to map the moisture content of the top soil layers

globally and frequently.

The main drawback of Skylab’s radiometer was poor ground resolution:

one soil moisture reading was retrieved from an area over 100 km across

[6]. Further research of L-band radiometry was therefore concentrated on

ground based and airborne measurements, which affirmed the capability

of L-band radiometry and its benefits in SM measurements [7, 8, 9, 10].

A step toward solving the resolution problem was taken with the con-

struction of the airborne Electronically Steered Thinned Aperture Radio-

meter (ESTAR) [11, 12]. The concept was taken further in the

2-dimensional Microwave Imaging Radiometer using Aperture Synthe-

sis (MIRAS) [13], which would become an integral part of the first SM

satellite mission, led by European Space Agency (ESA). The concept of a

2-dimensional aperture synthesis radiometer was demonstrated in-flight

with the airborne Helsinki University of Technology Two-Dimensional ra-

diometer (HUT-2D) [14].

Currently, there are two space missions specifically designed to moni-

tor the soil moisture conditions of the Earth: the ESA Soil Moisture and

Ocean Salinity (SMOS), and the National Aeronautics and Space Admin-

istration (NASA) Soil Moisture Active Passive (SMAP), both of which em-

ploy L-band radiometry near 1.4 GHz for their measurements. SMOS and

SMAP radiometers are expected to provide highly accurate soil moisture

estimations, with a ground resolution of about 40-50 km [15, 16].

L-band radiometry is widely recognised as the optimal method for re-

mote sensing of soil moisture due to the direct relationship of soil emis-

sivity with soil water content [7, 8, 12]. This method also has several

benefits over other technologies sensitive to changes in SM. While optical

sensors also have the potential to observe soil moisture, their sensitivity

to soil types reduces their accuracy, and, most importantly, their signal is

completely blocked by cloud cover, making them incapable to provide ob-

servations at the necessary temporal resolution of three days, required by

the hydrological community. Unlike optical sensors, L-band radiometry

provides an all-weather coverage, since the atmosphere can be consid-

ered nearly transparent at microwave frequencies. Microwave observa-

tions are also less dependent on soil type. Compared to higher frequency

radiometry, such as those at C-band or X-band (i.e. AMSR-E, WindSat,

TMI), L-band offers better transmissivity through moderate vegetation,

which allows observations of the underlying soil [17]. Compared to radar
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observations, radiometers have larger swaths, and can therefore provide a

higher temporal resolution. Radar is also most affected by surface rough-

ness and to a lesser extent by vegetation structure, forcing one to work in

change detection mode. [15, 5].

While L-band radiometry has several benefits for SM retrieval, several

issues remain unsolved. One of the main problems stems from the spa-

tial scale of the SMOS pixels, which is 35 km for nadir observations. At

this scale, the Earth’s surface is almost by default formed of multitude of

land covers, with dielectric characteristics different from each other. This

composition of the microwave signal from multiple different contributors

is known as the mixed pixel problem, which creates significant difficulties

for soil moisture estimation algorithms [18, 19].

In the current SMOS SM algorithm, the non-homogeneous pixels are

taken into account by dividing the scene to fractions, according to land

cover classes present in a pixel, and combining the outputs of emission

models of each class, taking into account their specific emission properties

[19]. Studies have been made of how non-dominant land covers affect

the retrieval process, showing that the accuracy depends on both surface

fraction types, their sizes, and the accuracy of the used emissivity models

[20, 21]. In simulations, the retrieval accuracy is found to be related to the

land surface characteristics. In particular, neglecting to explicitly account

for the fractional cover of open water, forests, and soil freezing, has been

found to hinder the soil moisture retrieval accuracy [22, 18]. Also, the

occurrence of high density vegetation has a major effect on the retrieval

accuracy of surface emissivity.

To tackle the mixed pixel problem, the SMOS soil moisture algorithm

uses a forward model approach, with a distinct model for each land use

type [19]. These models can be studied experimentally only by using high

resolution instruments, capable of distinguishing between individual sur-

face types. This thesis studies soil moisture retrieval over a heteroge-

neous pixel in the boreal forest zone, utilising high resolution airborne

measurements. In the boreal forest zone, there are two characteristic veg-

etation categories posing a major challenge to SM retrieval. One of these

are the eponymous forests, which cover 12 million square kilometres, con-

stituting one third of the world’s forest covered area. Forests are challeng-

ing emission models, as they contain several different layers of vegetation

- living and dead - which have a great contribution to emission, but do

not necessarily cover the signal from the soil completely [23, 24, 25]. This
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problem is studied in detail in Publication I, where an emission model,

including the forest floor humus, is presented and tested with high reso-

lution airborne measurements of a pine dominated forest, typical to the

Finnish landscape.

Another prevalent landscape category in boreal zone are different peat-

lands. They are major storages of water and carbon, making them inter-

esting in view of L-band radiometry. Peatlands also have highly variable

signal in L-band. Emissivity varies temporally, but also spatially, and the

scale of surface features calls for high resolution measurements capable

of distinguishing between land cover types. Variability of the brightness

temperature of boreal terrain, including bogs, is studied with airborne

measurements in Publication IV, demonstrating high dynamics over bog

areas. Emission properties of a concentric open bog, a peatland type typ-

ical to southern boreal zone, are studied in more detail in Publication III,

incorporating in situ and airborne radiometer measurements and a simu-

lation of the emission.

Effects of forest and mire to SM retrieval of mixed pixels are studied

in Publication II, which presents a measurement campaign, in which

airborne measurements are used to simulate SMOS measurements over

three SMOS pixels. While agricultural areas were the dominating land

use type, the experiment shows the importance of modelling the intrapixel

variation of SM and vegetation cover in forests and peatlands to SM re-

trieval.

Another important environmental parameter, affecting the soil dielec-

tric state is the soil freeze and thaw state. Generally, freezing of the water

in soil decreases the dielectric constant, causing the soil to appear dry for

microwave sensors [26]. Publication IV studies the freezing and thawing

cycle, and proposes a modelling approach to analyse the relation between

frost depth and the observed brightness temperature.

The airborne measurements used in this thesis have been made in three

locations, shown in Figure 1.1: Sodankylä, Nurmijärvi and Aurajoki catch-

ment. Sodankylä is situated in the northern boreal zone, while Aura-

joki catchment and Nurmijärvi are in the southern boreal zone, near the

boreo-nemoral strip on the south-western tip of Finland.

The structure of this dissertation is as follows: Chapter 2 presents an

overview of microwave remote sensing of soil moisture. The connection

between soil moisture and microwave emission, including other factors af-

fecting the total brightness temperature is described in detail in Chapter
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Figure 1.1. Vegetation zones of Fennoscandia, excluding Russian Karelia and Kola
peninsula, according to [27]. Numbered squares mark the locations of the
test areas covered in this thesis - 1: Sodankylä, 2: Aurajoki catchment, and
3: Nurmijärvi

3. Chapter 4 deals with the mixed pixel problem of SMOS, explaining how

the multiple contributors affect the results of the soil moisture retrieval

algorithm. The final chapter presents the concluding remarks.
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2. Passive microwave remote sensing
of soil moisture

In this chapter, an overview of the passive microwave remote sensing of

soil moisture is presented. The basic concept of passive remote sensing

is to gather information of desired targets from a distance, without inter-

acting with it by any means. Often, this is carried out by sensing electro-

magnetic radiation, emitted or reflected by the target. The properties and

amount of radiation are affected by the chemical composition, structure,

and other properties of the target. So, in principle, many of these proper-

ties can in turn be retrieved by analysing the intensity of the radiation.

Currently, L-band radiometry is widely recognised as the optimal method

for remote sensing of soil moisture due to the direct relationship of soil

emissivity with soil water content [7, 8, 12]. It also has several benefits

over other mapping technologies sensitive to changes in soil moisture.

2.1 Soil moisture retrieval from space

After the first L-band observations of soil moisture from space were made

in the 1970’s, several experiments the suitability of L-band radiometry for

SM studies. The approach was studied in field scale, e.g., in [28, 29, 30] or

using airborne measurements in the large scale field experiments [9, 31].

However, as the hydrological studies require a global coverage of frequent

observations, the need for an orbital SM observatory became apparent [3].

However, it was not until the 1990’s, when ESA and NASA initiated

the endeavour to develop an orbital L-band radiometer for soil moisture

monitoring. Both agencies opted for use of a radiometer on a frequency

band near 1.4 GHz, as it is suitable for SM studies, and supposedly free

from man made transmission, because it is restricted for radio astronomy.

ESA’s Soil Moisture and Ocean Salinity (SMOS) satellite was launched

in 2009, in the frame of the Earth Explorer satellite program, as the first
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satellite built for global monitoring of soil moisture (SM) [32]. It serves

a dual mission: as indicated by its name, it is also used to retrieve sea

surface salinity (SSS). The mission was selected to be built around the

Microwave Imaging Radiometer using Aperture Synthesis (MIRAS) in-

strument, which utilises an interferometer of 69 individual radiometer

receivers, arranged in a Y-shaped constellation, to achieve the needed

surface resolution without a large antenna structure. Additionally, the

structure of MIRAS allows it to make multiple observations at different

incidence angles, ranging up to 70 degrees from nadir. This allows for the

retrieval of additional parameters beyond SM, unlike a classical conical

scan radiometer, which would provide at best one fully polarised measure-

ment for any given point. The SMOS mission has been a significant step

forward in global soil moisture retrieval. Accurate estimates can now be

derived for vast sparsely vegetated and populated areas [19, 33]. How-

ever, areas with variable land use are still challenging for estimation al-

gorithms due to the mixed pixel problem, which is one of the topics of this

thesis [19]. Figure 2.1 shows a soil moisture map generated from SMOS

measurements. Most retrievals are achieved over agricultural and other

sparsely vegetated, flat areas.

In 2015 the SMOS was followed by the Soil Moisture Active and Passive

(SMAP) mission of NASA [16]. SMAP has two instruments: a radiometer

operating at 1.41 GHz and a radar with tunable frequency between 1.22

and 1.3 GHz. The radiometer and radar share the feed horn and antenna,

which is a deployable mesh reflector rotating about the nadir axis. The

conically scanning antenna beam has a surface incidence angle of 40◦.

Unfortunately the radar became inoperable in July 2015, but NASA has

announced that SMAP mission continues with the radiometer alone [34].

2.2 SMOS soil moisture retrieval algorithm

The purpose of the SMOS soil moisture algorithm is to retrieve the water

content of the soil layer nearest to the surface [35]. Penetration depth

at 1.4 GHz is about 30 cm for dry soil and decreases as moisture content

increases.
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Figure 2.1. Soil moisture map over northern Europe generated from SMOS soil moisture
product of a single overpass, 18th August 2013. Soil moisture retrievals in
Finland and Scandinavia are sparse.
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2.2.1 Overview of MIRAS data

The multiangular observations of MIRAS enable retrieval of multiple pa-

rameters from the data, thus enhancing the capabilities of SMOS. How-

ever, for any given observed resolution unit (pixel), there will be a vary-

ing number of views, and each view will have different geometry. This

means, that the weighing function will not always cover the same points,

and views thus have different land use characteristics. As the relation-

ship between SM and brightness temperature (TB) is not unique, a direct

inversion would not be feasible [35]. Moreover, a direct retrieval would

not allow accounting for the heterogeneous characteristics of the pixels.

These considerations have led to the iterative forward model approach. It

is, however, clear that the efficiency of the statistical approach will depend

on accurate forward models and available reliable auxiliary data, which

is per se a challenge [19].

2.2.2 Overview of the SMOS soil moisture retrieval algorithm

The basic working principle of the algorithm is minimising a cost func-

tion, which is essentially the sum of squared weighted differences between

measured and modelled brightness temperature data, for a variety of in-

cidence angles. This is achieved by finding the best-suited set of the pa-

rameters driving the direct TB model. In case of the SMOS SM algorithm

these are SM and vegetation optical depth [19]. The workflow is pictured

in Figure 2.2. The TB model used with SMOS algorithm, called L-band

Microwave Emission of the Biosphere (L-MEB) is described in more detail

in Chapter 3.

Despite the perceived simplicity of this principle, the final algorithm

is quite complex. The SMOS "pixels" in which the radiometric signal is

borne, are rather large areas and, therefore, strongly heterogeneous in

land use and surface types [18]. The variable measurement geometry

depending on incidence angle further complicates the retrieval. The large

size of the pixel and resulting complexity of the signal causes difficulties

to SM retrieval, known generally as the mixed pixel problem [19], as noted

in Introduction.
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Figure 2.2. General workflow of the soil moisture retrieval. The forward model (L-
MEB) calculates simulated brightness temperatures according to physical
and model parameters. Model parameters are modified to minimise the dif-
ference between modelled and measured (by SMOS or HUT-2D) brightness
temperatures to retrieve SM.

2.3 HUT-2D airborne interferometric radiometer

While spaceborne instruments are able to provide global observations,

their resolution is rather low and development of emission models calls

for higher resolution measurements. Ground based radiometers are able

to produce long term datasets, but they are bound to a single location. Air-

borne instruments, such as HUT-2D can provide datasets covering multi-

ple land cover types at sufficient resolution to separate different terrain

features. Therefore, the airborne radiometer measurements used in this

work, have been carried out using the HUT-2D airborne interferometric

radiometer [14].

2.3.1 Development and configuration of HUT-2D

Development of the HUT-2D radiometer was started in the late 1990’s,

when the concept of exploiting aperture synthesis for remote sensing from

space was under study by ESA. HUT-2D was designed as a U-shape con-

stellation of 36 rectangular antennas and receivers, operating at 1.414 GHz

center frequency. The same frequency is used in the MIRAS radiome-

ter aboard SMOS. The U-shape emerged from the initial design idea to

mount the instrument to surround the rear cargo door of the platform,

the research aircraft Short SC.7 Skyvan (Figure 2.3) [36]. This mount-

ing would have provided a larger array of incident angles compared to
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Figure 2.3. SC.7 Skyvan in flight showing the U-shaped HUT-2D mounted between land-
ing gear.

the eventual position beneath the aircraft, but structural limitations of

the airframe prevented the intended mounting. The U-shape, however,

remained. Width of the array (length and width 2 m) was dictated by the

aircraft dimensions.

Each of the 15 cm x 15 cm sized radiometers of the HUT-2D consists

of two aperture coupled microstrip antennas for orthogonal polarisations

and a superheterodyne receiver with I/Q-demodulation, power measure-

ment system (PMS) and 1-bit digitisation. The digitised signals are trans-

ferred with optical fibres to the correlation unit, which is based on field

programmable gate array (FPGA) technology. The correlator performs all

the correlation calculations and stores them. Dedicated subsystems pro-

vide a common local oscillator signal for frequency down conversion, a

common sampling clock signal for digitisation, and a common stable noise

signal for calibration purposes. More details of the hardware design of the

HUT-2D are given in [14].

A four element prototype of the instrument was flown aboard Skyvan

in December 2003 [37]. The first imaging experiment with the finished

instrument was carried out in 2006, when the instrument was set up at

the university yard and images were taken of the night sky, providing

the first succesful imaging of the local radiation maximum in the Galaxy.
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The result was published, e.g., in [38] and [39]. The complete instru-

ment was attached to the Skyvan for the first time in May 2006. The

imagery collected during the first flight, published in [40] were the first

published results from an airborne L-band two-dimensional interferomet-

ric radiometer imaging of the Earth. First SM retrieval results with the

HUT-2D were published in [41]. Later, a number of airborne experiments

have been carried out with HUT-2D onboard Skyvan. Studies using HUT-

2D include, for example, sea surface salinity retrieval algorithm devel-

opment [42] and SMOS calibration and validation activities in 2008 and

2010 [43, 44, 45, 46, 47].

2.3.2 Airborne HUT-2D measurements in this thesis

The soil freezing and vegetation modelling studies in Publication IV and

Publication I, respectively, mixed pixel SM retrieval study in Publication

II and bog emissivity study in Publication III, which are covered in this

thesis, have been carried out using HUT-2D. Detailed information of flight

dates and locations are presented in table 2.1. The locations refer to test

areas shown in Figure 1.1.

2.3.3 Producing the HUT-2D data product

Likewise to MIRAS, the HUT-2D is a two-dimensional interferometric ra-

diometer. The basic unit of the instrument is a pair of receivers, known

as baseline. The receivers’ bandwidths and their spacing define the wave-

form for which the particular baseline is sensitive in the brightness tem-

perature scene visible to the antennas. The interferometer measures the

level of correlation between the receivers, and by doing this throughout

the baselines one can construct a visibility function of the spatial bright-

ness temperature distribution. [48]

In addition to gain and receiver noise temperature calibration, an inter-

ferometric radiometer needs also phase calibration. This means, that the

phase delay difference for each receiver needs to be calibrated with re-

spect to other receivers. Likewise to MIRAS, in HUT-2D this is based on

distributed correlated noise injection technique, in which a set of diodes is

used to create a coherent noise signal to the receivers. In addition to the

distributed noise injection network, the HUT-2D also has a centralised

noise injection system feeding a signal from only one noise diode. [40]

Amplitude calibration requires two parameters: the zeroth baseline vis-

27



Passive microwave remote sensing of soil moisture

Table 2.1. Dates and locations of the HUT-2D measurement flights used in this thesis.

Date Location Used in

1 October 2009 Sodankylä Publication IV

15 October 2009 Sodankylä Publication IV

3 August 2011 Nurmijärvi Publications I and III

8 August 2011 Nurmijärvi Publications I and III

5 October 2011 Nurmijärvi Publications I and III

30 May 2012 Nurmijärvi Publications I and III

4 June 2013 Nurmijärvi Publications I and III

19 June 2013 Nurmijärvi Publications I and III

26 June 2013 Nurmijärvi Publications I and III

15 August 2013 Aurajoki Publication II

16 August 2013 Nurmijärvi Publications I and III

21 August 2013 Aurajoki Publication II

9 September 2013 Aurajoki Publication II

12 September 2013 Aurajoki Publication II

27 September 2013 Aurajoki Publication II

24 April 2014 Aurajoki Publication II

7 May 2014 Aurajoki Publication II

ibility and each receiver’s system temperature. These can be calibrated

on the HUT-2D by using the centralised noise injection system and by

measuring known targets. [40]

Once the visibilities are calibrated, the brightness temperature image is

reconstructed. Relationship between the measured visibilities V and the

brightness temperature TB resembles the Fourier transformation. How-

ever, it differs from it a bit due to antenna patterns and the fringe washing

function defined by frequency responses of the receivers. [40]

The relationship can be described generally with the so-called G matrix:

V (u, v) = G(u, v, ξ, η) · (TB(ξ, η)− Tr), (2.1)

in which (u, v) are the receivers’ coordinates in wavelenghts, Tr is the

average physical temperature of the receivers and (ξ, η) are the directional

cosines describing the origin of the signal. The brightness temperature

distribution TB is solved by inverting the G matrix with a proper inversion

technique specific to the construction of the instrument. [36]

For practical purposes, the data need to be geolocated. The HUT-2D is
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Figure 2.4. Left: Land usage in Aurajoki watershed aggregated into four general classes.
Right: HUT-2D pseudo Stokes 1st parameter measured over Aurajoki water-
shed. Hexagon shows the approximate borders of the SMOS pixel.

ideally pointed to the nadir, but its attitude depends on the attitude of the

aircraft. For rectification of the data to Earth’s surface a Digital Elevation

Model (DEM) is needed. With information of the aircraft position and atti-

tude, and DEM of the target area, the measured brightness temperatures

are fixed onto a fine resolution grid based on Universal Transverse Mer-

cator (UTM) projection. Position of the instrument is provided by a Global

Positioning System (GPS) on the aircraft. Attitude is recorded by Inertial

Navigation System (INS). [36]

The instrument images the scene as snapshots, where each pixel has

a unique incidence angle and polarisation. As the aircraft passes over

the target area, these snapshots are interlaced as multiangular datasets,

where each pixel is imaged at multiple incidence angles and polarisations.

While the actual data product of HUT-2D is a set of multiangular bright-

ness temperatures, the measured signal is often visualised as the aver-

aged pseudo first Stokes parameter, as in Publication IV, and in Figure

2.4 describing the total intensity of radiation at roughly the same reso-

lution [49, p. 25]. As this results in loss of information, it is often more

useful to use the multiangular TB, as has been done in calculating SM in

Publication II.
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3. Microwave emission from soil

In order to derive target properties from radiometer measured data, a

model relating measured values to desired target parameters is needed.

Electromagnetic radiation follows certain physical principles common to

all emitters. These principles are the basis of the mathematical models,

describing how the properties of radiation emerge from the properties of

the emitter. The following section describes how the L-MEB model, which

is an essential part of the soil moisture retrieval algorithm of SMOS, con-

nects the 1.4 GHz radiation to natural variables, including SM [50]. L-

MEB has been used as the baseline of the radiometer signal modelling

and SM retrieval from radiometer measurements in the publications of

this thesis, as it is the main tool for interpreting SMOS observations.

3.1 Thermal radiation and surface emissivity

Electromagnetic radiation is emitted by all material. Spectral intensity of

this radiation, i.e. the radiance B is described by Planck’s radiation law

for a black body, a hypothetical ideal radiator [51]:

B =
2hf3

c2
1

ehf/kBTPhys − 1
, (3.1)

where f is frequency, h the Planck constant, c speed of light, kB the Boltz-

mann constant, and TPhys physical temperature.

Real targets emit only a fraction of this black-body radiance, and are

called "grey". This apparent radiative temperature, or brightness temper-

ature TB, is defined with the fraction called emissivity [51]:

e =
TB

TPhys
. (3.2)

Thus, by measuring the brightness temperature emitted by the target

and by considering the target’s physical temperature, emissivity of the
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target can be deduced. Further, this quantity is determined by the elec-

tromagnetic properties of the material, which in turn are determined by

the physical properties, such as the moisture content in a soil.

According to Kirchoff ’s emissivity law, emitted and absorbed thermal

radiation are in thermodynamic equilibrium, and the emissivity is equal

to the absorptivity. As maximum absorptivity is 1, this leads to relation

between emissivity e and reflectivity Γ [51]:

Γ = 1− e. (3.3)

For a flat surface, and a medium of uniform dielectric constant, the ex-

pressions for reflectivity at vertical and horizontal polarisations are given

by the Fresnel reflection coefficients [51]:

Γh =

∣∣∣∣∣
cos θ −√εs − sin θ2

cos θ +
√
εs − sin θ2

∣∣∣∣∣ (3.4)

Γv =

∣∣∣∣∣
εs cos θ −

√
εs − sin θ2

εs cos θ +
√
εs − sin θ2

∣∣∣∣∣ (3.5)

where θ is the incidence angle and εs is the complex dielectric constant of

soil, which is in turn governed by the moisture content and the soil type.

This ideal model works for some natural surfaces, but often surface rough-

ness and multi-layered surfaces need to be considered [51]. Also, natural

surfaces often have layers of vegetation, which add major contributions

to the microwave signal via emission, attenuation and reflections. Also

affecting the emission is the frost and thaw state of the soil, and snow

cover.

3.2 Water and soil emission

Soil can be described as a random mixture of solid particles. Water in

soil is divided in two states: free and bound. Bound water consists of the

molecules closest to soil particles, a thin film of water strongly attracted

to the mineral surface. Molecules further from particles can move more

freely and are thus referred as free water. The proportions of free and

bound water depend on the size distribution and shape of soil particles.

[52]

The soil moisture, or water in a soil, is expressed as a ratio, which can

range from 0 (completely dry) to the value of the materials’ porosity at

saturation (∼ 0.5). Porosity is the measure of the empty space between
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particles that can be filled with air or water. Soil moisture is usually

expressed in per cent, and can be determined either as gravimetric soil

moisture, which is defined as the mass of water per unit mass of dry soil,

or as volumetric soil moisture, defined as the volume of water per unit

volume of soil, and determined from the volume of water and the total

volume of soil, water and air mixture.

Since precipitation, evapotranspiration and other water-related vari-

ables are commonly expressed in terms of flux, volumetric expressions for

water content are often preferred in environmental studies. Furthermore,

the in situ soil moisture measurements, used to validate remote sens-

ing observations, are generally acquired using dielectric probes, which di-

rectly provide volumetric measurements. Hence, soil moisture measure-

ments are expressed in volumetric units throughout this work.

3.2.1 Dielectric properties of wet soil

As presented in equations (3.2)-(3.5), the emission from a bare soil surface

is mainly governed by the dielectric constant and physical temperature.

The dielectric constant of soil εs = ε′s − jε′′s is composed of two parts, real

and imaginary, which determine the wave velocity and energy losses, re-

spectively. In a heterogeneous medium such as soils, the dielectric prop-

erties of water have a strong impact on its microwave emission [51].

As the soil is a heterogeneous medium combined of several individual

constituents with their own dielectric properties, such as air, water, min-

eral matter, etc., the relationship between the soil dielectric constant and

the soil physical properties is not straightforward. Other factors which in-

fluence the dielectric constant include soil texture, temperature, salinity,

and wavelength. The dielectric constant is a difficult quantity to measure

on a routine basis outside the laboratory, and values are generally derived

from semi-empirical models (e.g. [53, 52, 54]), many of which are based

on the dielectric mixing model in [55].

The dependence on soil type is due to the two different kinds of water

in soil water mixture: bound and free. The water bound to the particle

surfaces exhibits molecular rotation less freely than free water, and con-

tributes less to the dielectric constant than the free water. Since the av-

erage soil particle size for clay is substantially smaller than that for sand

[56], clayey soil has a lower dielectric constant at similar water content.

At low moisture contents the relative amount of bound water increases,

as there is a strong bound between soil particles and the thin water layer
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surrounding them [57]. This causes a non-linearity of the dependence of

dielectric constant on water content at small levels of SM. When water

in the mixture increases, more molecules are further from the particle

surface, and are able to rotate more freely, and the soil dielectric constant

increases.

The dielectric constant of dry soils is almost independent of tempera-

ture, while the dielectric constant of liquid water, and thus that of moist

soil, is weakly dependent on temperature. Ice, and thus frozen soil, has

much lower dielectric constant than unfrozen soils, close to that of a dry

soil. However, all water does not freeze instantly, and even at -20◦C soils

have been observed to contain liquid water [53].

While the dielectric constant of wet soil, εs, has been formulated in dif-

ferent ways by several authors, the Mironov semi-physical model [58, 59]

is used in the SMOS SM algorithm, as it offers a more physical approach

and better performance ,e.g., on sandy soils compared to older Dobson

model.

3.2.2 Surface roughness and emissivity

Natural surfaces are seldom flat and therefore equations (3.4) and (3.5) do

not hold as such. Surface roughness increases the emissivity of natural

surfaces due to the increase in the area interacting with the atmosphere

[60]. It also reduces the difference between the vertical and horizontal po-

larisations. As the emissivity increases, but cannot exceed 1, the dynamic

range of measurable emissivity from dry to wet soil conditions is reduced,

also decreasing sensitivity to soil moisture variations.

Multiple studies exist concerning the modelling of surface roughness

[61, 28, 62, 63, 29, 64, 65, 66, 67, 68], but no definitive solution has been

established. A semi-empirical expression for rough surface reflectivity,

known as the H-Q model - first proposed in [28], and developed further in

[7] - defines modified reflection coefficient Γrp for polarisation p as

Γrp(θ) = ((1−Qs)Γp(θ) +QsΓq(θ))e
−hs cosnp(θ), (3.6)

where Γp is the reflection coefficient for either horisontal or vertical po-

larisation (denoted with subscript p) from equations (3.4) and (3.5), Qs is

the mixing factor for orthogonal polarisations p and q, and n expresses

the angular dependence of roughness parameter hs. As the model is alge-

braically simple and has been shown to work well in a number of studies,
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it has been chosen for the SMOS SM algorithm [19].

Accurate parameterisation of hs and n in equation (3.6) remains unclear.

Originally, it was was proposed as [7]

hs = 4k2σ2
s , (3.7)

where k is the electromagnetic wavenumber and σs is the standard devi-

ation of surface height.

In L-band airborne and ground-based experiments the soil surface has

generally found to be rather smooth over agricultural or natural areas.

Typical values for hs are considered to range from 0.2 for a smooth surface,

to 1 for a rough ploughed field. [69, 65, 70]

Attempts have been made to parametrize hs as dependent on soil mois-

ture [29, 71, 72], but this link is not well established for a variety of rough-

ness conditions and these studies have only limited evidence of their po-

tential applicability at global scale.

However, a study of the sensitivity of brightness temperature measure-

ments to soil moisture at different depths suggested that the observed

soil moisture dependence of hs could be due, at least in part, to the dif-

ference between the depth of soil moisture measurements, typically taken

by soil moisture probes (0–5 cm), and the depth to which L-band radiome-

ters respond under wet conditions (0–2 cm) [73]. Despite recent attempts

to parameterise hs as a function of σ and correlation length (e.g. [68]),

empirical calibration of the parameter remains the general solution.

3.2.3 Effects of freezing and thawing

In high latitudes freezing of soil is common during winter months. Soil

freezing can have significant effects on SM observations, due to substan-

tial difference in dielectric constant between liquid water and ice. As dif-

ferent types of water vary in frozen soil, the soil conductivity and, thus,

soil dielectric properties, are also affected.

It is possible to calculate the dielectric constant of frozen soil using the

ice as a component in Birchak’s mixing model [74], or using a more com-

plex model to also account for the unfrozen water [26]. These approaches

have used models for soils of temperate climate. For an organic-rich per-

mafrost soil, a more complex model was introduced in [75], explaining the

soil dielectrics based on different types of water within the soil: liquid

water, bound water, transient bound water, and moistened ice water.

In general, L-band observations benefit from a relatively high contrast
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in the dielectric constant between free water and ice, and emissivity of

a frozen soil is significantly higher than that of thawed. In literature,

values for the permittivity of frozen soils are typically between 4 − 0.5j

and 6− 1j [53, 76, 77].

Several studies have used experimental radiometer data for explain-

ing the relation between soil freezing/thawing processes and the emitted

L-band brightness temperature. First experiments with L-band radiom-

etry were reported in [78]. Another investigation was carried out much

later using a tower mounted 1.4 GHz ETH L-Band radiometer (ELBARA-

II)[26]. In Publication IV experimental data led to the estimate 3.6 −
0.9j for dielectric constant of frozen soil. The interface of the frozen and

thawed portions of the soil is characterised by a transition layer, where

free water inclusions still affect the overall permittivity. It has been ob-

served, that part of water can be liquid in temperatures as low as −24◦C

[53].

Freezing affects the energy balance of soil surface, water flow in and

beneath surface, and flow of carbon to and from the atmosphere [79, 80,

81, 82]. Soil freezing also has an effect on such biogeochemical processes

as the photosynthetic activity of plants and the microbial activity within

soils [83, 84].

The relation between L-band brightness temperatures and evolution of

soil frost was investigated in Publication IV. The paper presented an

analysis of a comprehensive set of measurements comprising the ground-

based ELBARA-II observations, data from automated weather stations,

in situ measurements, and airborne and satellite remote sensing observa-

tions.

In order to characterise typical biomes of northern latitudes, namely, bo-

real forests and bogs, for coarse-resolution SMOS observations, the ELBARA-

II tower-based measurements were compared with the L-band airborne

interferometric radiometer HUT-2D, described in detail in Section 2.3.

The first flight was performed on October 1st in late autumn conditions.

The second flight took place on October 12th in subzero conditions with

a 15 cm layer of snow on ground and the topmost layer of soil already in

frozen state. During the second flight, a thin ice crust had also formed

over open water areas on bogs. Four land classes along the flight path

were identified: forest, bogs, water, and other land areas. The occurrence

of the land classes in the HUT-2D observations was the following: forest

55%, bogs 30%, water 10%, and other 5%.
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The spatial distribution of the observed brightness temperatures (pseudo

first Stokes parameters) measured by HUT-2D in the October 1st flight is

shown in Figure 3.1 b. Lakes and water bodies can be identified through

low temperatures, whereas forests are characterised by relatively warm

signatures.

Figure 3.1 c shows the HUT-2D measurement as a function of incidence

angle in 1◦ increment for the three main land covers. The comparison

of these two flights clearly shows higher brightness temperatures for the

second flight, particularly for the bog and water land classes. During the

second flight, brightness temperatures observed from forested areas in-

creased by an average of 8 K compared to the first flight, while bog and wa-

ter signatures increased by 22 K and 30 K, respectively. This indicates a

behaviour similar to what is apparent in the ELBARA-II year-round mea-

surements (Figure 3.1 c): When the top layer of soil freezes, the brightness

temperature at L-band increases.

3.2.4 Snow cover and soil emission

Due to the spatial resolution of SMOS observations pixels can appear

partly frozen or snow covered. In general, dry snow has low extinction

at L-band, but the higher water fraction in snow, the higher is also atten-

uation [85].

In Publication IV the effect of possible snow cover was simulated by ap-

plying the HUT snow emission model [86], using the multiple-layer exten-

sion in [87]. The HUT snow emission model is a radiative transfer-based

semiempirical model which calculates the emission from a homogenous

snow layer. As input parameters describing a snow layer, the model re-

quires values for snowpack depth, density, snow grain diameter, volumet-

ric free water content, salinity, and the layer physical temperature. The

multiple-layer extension allows the simulation of emissions from multiple

vertically stacked snow or ice layers.

A sensitivity analysis with the HUT snow emission model [86], [87]

indicated that the snow cover had a minimal effect on the signal at V-

polarisation and a relatively small effect on H-polarisation. Some uncer-

tainty remains, in particular, in the simulation of H-polarisation effects

related to snow layering; however, the model estimates of snow cover in-

fluence were well supported by the observational data.

The observation of sensitivity of passive L-band observations to dry

snow cover, in particular at horizontal polarisation, in Publication IV
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a)

b)

c)

Figure 3.1. a) Land use and airborne measurement swaths in Sodankylä. b) Measured
pseudo first stokes parameter of the first measurement flight. c) HUT-2D
measurement as a function of incidence angle in 1◦ increment for the three
main land covers. c©IEEE
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has been supported by recent theoretical studies [88, 89], despite the ac-

knowledged low attenuation. Later experimental investigations have also

shown the same sensitivity. For example, in [90] sensitivity of TB at L-

band was observed with respect to the density to the bottom layer of snow

(∼10 cm). This was explained by the refraction and impedance matching

caused by dry snow. Influence of this to L-band brightness temperatures

is in the same direction as to caused by soil freezing, hence inducing un-

certainty to the soil freeze/thaw state detection algorithms [89].

3.3 Vegetation cover and soil emission

When the soil is covered by vegetation, its emission is affected by the

canopy layer, which absorbs and scatters the radiation emanating from

the soil and also adds its own contribution. In areas of sufficiently dense

canopy, the emitted soil radiation is masked, and the observed emissivity

is due largely to the vegetation. In general, the magnitude of the ab-

sorption by the canopy depends upon the wavelength and the vegetation

water content, but plant structure and different vegetation layers compli-

cate the interactions [19]. In this thesis the vegetation modelling follows

the guidelines presented in the L-MEB model, and is divided into two sec-

tions: low vegetation, for areas with a single vegetation layer, and forests,

where multiple vegetation types affect the emission.

Figure 3.2 shows a simplified emission flow in a forest scene, where

emission originates from soil, canopy, snow and sky, and is reflected and

attenuated by each. The drawing omits multiple reflections and scatter-

ing.

3.3.1 The τ − ω model for vegetation covered soil

When observed soil is covered by vegetation, the measured brightness

temperature will contain information but also on vegetation, since vege-

tation radiates its own energy and, moreover, attenuates and scatters the

soil radiation. A variety of models have been developed to account for the

effects of vegetation on the observed microwave signal [91, 92, 93, 94].

Altogether, the radiation from the land surface as observed from above

the canopy is usually expressed as a simple radiative transfer equation

known as the τ −ω model [92]. A zeroth order radiative transfer equation

is used to calculate the total brightness temperature of the scene, taking
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Figure 3.2. A simplified composition of the emission visible to radiometer from a patch
of soil covered by vegetation and snow. 1: Emission from snow, attenuated
by canopy. 2: Emission from snow, reflected from soil/litter/humus ensemble,
attenuated by canopy. 3: Emission from canopy, attenuated by snow and
canopy, reflected from soil. 4: TB of sky, attenuated by canopy and snow,
reflected by soil. 5: Soil emission, attenuated by canopy. 6: Direct canopy
emission.

into account surface reflectivity rg and temperature, and standing vegeta-

tion with temperature, transmissivity γ and scattering albedo ω [19]:

TB = (1− ω)(1− γ)(1 + γΓrp)Tc + (1− Γrp)γTg, (3.8)

where Γrp is the modified reflection coefficient as in equation (3.6), Tg and

Tc are the effective temperatures of soil and vegetation, respectively, γ is

the transmissivity of the vegetation layer, and ω is the single scattering

albedo. The first term of the above equation defines the radiation from the

soil as attenuated by the overlying vegetation. The second term accounts

for the upward radiation directly from the vegetation, while the third term

defines the downward radiation from the vegetation, reflected upward by

the soil and again attenuated by the canopy.

Transmissivity is a function of incidence angle θ and the total optical

depth of the vegetation layer τ :

γ = e−τp/cosθ. (3.9)

The optical depth of the standing vegetation τp is generally considered to

be linearly related to vegetation water content (VWC, [kg/m2]). However,

it is very difficult to provide estimates for VWC at global scale. As vegeta-
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tion indices such as the Normalised Difference Vegetation Index (NDVI)

or Leaf Area Index (LAI) are readily available for building global maps,

and studies have found them to have good correlation between τp and LAI

over fallow and several crops [95, 50]. The albedo ω is usually determined

as a default value for each canopy type.

There is some experimental evidence indicating possible polarisation

and angle dependence of both τ and ω. However, this dependence has

been observed mainly during field experiments over vegetation that ex-

hibits a predominant orientation, such as vertical stalks in tall grasses,

grains and maize [91, 94], whereas canopy and stem structure of most veg-

etation covers are randomly oriented. However, the effects of any system-

atic orientation of vegetation elements would most likely be minimised at

satellite scales [96, 97].

At L-band, the value of the single scattering albedo ω is usually consid-

ered rather low [98]. For certain crop types, ω can reach a value close to

0.1, but for most of low vegetation types, ω is lower than 0.05 and in most

studies it is therefore neglected. The value of ω is generally considered

as a function of the vegetation type. In forest albedo has been found to

be between 0.06 and 0.08 and this is implemented currently the in SMOS

SM algorithm [19]. As the dependence of ω on θ has not been clearly

demonstrated to date in the literature, it is also neglected in L-MEB.

The basic τ − ω model is suitable for a simple, homogeneous vegetation

layer. More complex models are needed for vegetation covers, such as the

forest scene in Figure 3.3, which have several layers of vegetation, and in

which also emission interactions are more complicated.

3.3.2 Forests and microwave emission

Different forests cover approximately one third of the Earth’s ground sur-

face and are, in general, complex systems. Forest types differ from each

other in many ways. The soil type, climate and human activity invoke dif-

ferences in biological diversity, biomass amount and emission properties.

A typical forest scene is composed of several layers, e.g., foliage, shrubs,

and litter. Typically both perennial and annual plants are present, fur-

ther complicating the parameterisation.

Radiometer experiments over forest areas in USA [23], Germany [24,

25] and Italy [99] have demonstrated, that soil moisture retrieval would

be possible under some forest canopies, as their transmissivities should

be in the range 0.4-0.5. In addition to soil moisture retrieval from the
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Figure 3.3. Examples of different understory and canopy conditions in coniferous forests
at Rajamäki test area. Left: Thin moss layer, with scattered shrubs. Center:
Notable shrub layer, with moss at bottom. Right: Grass dominated shrub
layer. The forest canopy is rather sparse and thus mostly transparent for
eye throughout the test site, while there is notable variation in understory
vegetation thickness. c©IEEE

forest dominated pixels, developing a reliable emission model for forests

is important because of mixed pixels. When forests are present within

a pixel dominated by other land covers, correct characterisation of forest

emission improves the total retrieval accuracy [18].

Modelling of L-band radiation of a forest scene is complicated, as there

are different structures that are seldom layered in an orderly manner. In

the original L-MEB model [50] the forest emission model was based on

the τ − ω model and zeroth order radiative transfer equation. Different

constituents of the forest scene - canopy, litter, intercepted water - were

considered components of the total optical depth and merely summed to-

gether. Optical depth of the litter τl was parameterised solely by the water

content of the litter, not accounting for density, structural composition of

layer thickness.

However, such a simplistic approach does not adequately depict the in-

teractions of radiation within vegetation and more elaborate models were

introduced. In the current L-MEB iteration the standing vegetation of a

forest scene is described simply with γ and ω in (3.8), but presence of both

perennial and annual vegetation calls for a more developed definition of

τp as [19]

τp = b′FLAIF,MAX + bV LAIV , (3.10)

where LAIF,MAX , used to compute the contribution of all arboreous com-

ponents (tree trunks, branches, and leaves in maximum development),

42



Microwave emission from soil

and LAIV , used for the time dependent contribution of low vegetation un-

derstory. Weighing parameters b′F and bV as well as the he scattering

albedo have values specific for the forest category. Values in Table 3.1 are

used in SMOS SM algorithm, bV varies between 0.001 - 1 [35]. For a forest

scene, τp is considered independent from angle and polarisation effects.

Table 3.1. Attenuation and scattering parameters for forest.

Parameter Coniferous Mixed Deciduous

b′F 0.36 0.32 0.29

ω 0.08 0.08 0.08

A new approach was also proposed for the litter layer, based on the equa-

tions for coherent reflectivity a two-layer surface [51, p. 233]. The dead

vegetation (litter/humus) layer is modelled as a continuous layer overly-

ing the soil [19, 100, 35]: The total reflectivity of the soil/litter ensemble

with a flat surface is calculated as

Γgp = |Re(θ, d, p)|2, (3.11)

where Re is the effective field reflectivity coefficient accounting for both

the amplitudes and phases of the reflections in the medium and is calcu-

lated for the incidence angle θ, polarisation p and layer thickness d. Layer

permittivity is estimated as a function of water content and layer thick-

ness and density as in [101]. Reflectivity Γgp of this layered media is then

used as the surface reflectivity in the radiative transfer equation (3.8).

For a forest scene LAI is a problematic parameter for transmissivity, as

the canopy contribution is mostly due to branches [102, 103], and LAI by

definition describes the total leaf area of the scene. A possible solution

would be the combination of active and passive measurements (e.g. [104,

105]), but the method based on LAI remains in operational use.

In Publication I, two patches of boreal coniferous forest were studied us-

ing in situ and airborne radiometer measurements. The two-layer surface

model was applied for the forest floor humus/soil ensemble using airborne

radiometer measurements over a coniferous forest stand in Southern Fin-

land. The τ − ω model and LAI was used for the standing vegetation.

Humus layer permittivity was estimated using in situ measured water

content and layer thickness and density using equations in [101], and the

model for incoherent reflectivity.

Figures 3.4 a-c show simulated brightness temperatures without humus
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layer, with infinite humus layer and humus layer thickness as measured

in situ.

The SM algorithm assumes a relationship between soil moisture and lit-

ter layer moisture content. Field measurements affirmed a weak correla-

tion (R = 0.28) between these parameters, albeit with large error margin

(Root Mean Squared Error, RMSE= 0.26m3/m3). A linear fit was estab-

lished between water content of the humus (HWC, [kg/kg]) and SM as

HWC = 0.69SM + 0.27. (3.12)

When applied to the model, with measured layer thickness, this ratio

produced a result seen in Figure 3.5 (R = 0.46, RMSE= 6.1K for all points

and R = 0.75 and RMSE= 4.4K for those with humus samples). The

difference is more pronounced for low brightness temperatures and large

values of moisture.

3.3.3 Microwave emission from wetlands

Wetlands is a broad category of terrains that are either permanently or

seasonally saturated with water, such that it takes on the characteristics

of a distinct ecosystem. Their diversity makes them a challenging field of

study. In view of SM measurements wetland emissivity is interesting at

least in two viewpoints: first to study the processes in the area itself, and

second of measuring parameters of adjacent land cover classes, if they are

simultaneously in field of view of a remote sensing instrument.

In boreal zone, bogs are a prevalent wetland terrain and have a major

impact in hydrological processes and local climate. Various forms of wet-

lands exist under different conditions, and certain types tend to be con-

centrated on certain regions (shown in Figure 3.6). However, they have

not been widely studied in view of microwave observations, despite the in-

creasing usage of spaceborne microwave radiometers, such as SMOS and

SMAP, for global soil moisture assessment.

It is known that mires and bogs provide significant variability on pas-

sive microwave images and complicate image interpretation. Measure-

ments at 800 MHz-1.4 GHz have shown high variations in the brightness

temperature of a mire both temporally and spatially [107]. TB has been

observed to be strongly connected to the moisture content, especially in

the surface layer of the mire, as penetration depth is relatively low (10-

20 cm at 800 MHz) [107]. Bog freezing has been investigated in [108],

and later in Publication IV, showing high contrasts between frozen and
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a

b

c

Figure 3.4. Measured and modelled brightness temperature over a forest scene in Ra-
jamäki. a: τ − ω model without the humus/litter layer. b: τ − ω model
with an infinite the humus/litter layer. c: τ − ω model with the humus/litter
layer modelled using in situ measurements of layer thickness and density.
Each marker represents the mean TB associated to one ground measurement
point. The Finnish LAI 2006 database was used for LAI [106]. c©IEEE
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Figure 3.5. Measured and modelled average brightness temperature (TB) of the forest
scene in Rajamäki, each dot representing measurements within 50 m radius
from a sample point. modelled values have been calculated as for a forest
scene, with humus/litter layer thickness set as measured and using in situ
measured HWC (◦) (R = 0.75, RMSE= 4.4K), for points with samples and
HWC calculated as a functgion of measured SM (dot) for all measurement
points (R = 0.46, RMSE = 6.1K). Dotted line is the fit curve for model with
HWC as function of SM. Each marker represents the mean TB associated to
one ground measurement point. c©IEEE

Figure 3.6. Rough distribution of mire complexes around Fennoscandia, excluding Rus-
sian Karelia and Kola peninsula, according to [27].
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Figure 3.7. Temporal variance of emissivity of the concentric raised bog in Publication
III as function of LAI. Each marker represents the measurements associated
to one ground measurement point. c©IEEE

thawed areas as freezing advances.

In the airborne measurements made for Publication IV high temporal

and spatial variability of surface emissivity was observed on part of the

bogs. Generally wetlands were characterised as having low emissivity

compared to forests. Surface freezing diminished the spatial variation

and raised the average emissivity.

In Publication III, the first analysis of 1.4 GHz airborne radiometer mea-

surements of a concentric raised bog was presented. The analysis shows

1.4 GHz to be sensitive to bog surface type, as well as changes in moisture

content and distribution. Vegetation canopy reduces temporal variability

of emissivity. Figure 3.7 shows temporal variance of emissivity as function

of LAI.

To model the bog emission, a model for incoherent reflectivity of a two-

layered surface described in [51, pp. 237] was applied. Layer permittivity

was estimated as a function of water content and layer thickness and den-

sity as in [101]. To calculate the total emissivity of the scene, the τ − ω

model [92] is used to model the vegetation canopy. The effect of vegetation

cover in kermi ridges was accounted for by calculating the layer transmis-

sivity as a function of LAI as in L-MEB [19]. Result is shown in Figure

3.8.

Measurements in Publication II also covered bogs, and they were used

as one fraction in the mixed pixel experiment.

The analysis in Publication II revealed that bogs show day-to-day vari-

ance in emissivities roughly equal to that of crop field, and as the bogs

have a high surface temperature variation, TB variance is even higher. In

view of satellite SM observations, the large variance in TB can be detri-

mental if bogs cover a significant portion of an observation pixel.
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Figure 3.8. Measured and modelled emissivity of the bog test line in Rajamäki. Red as-
terisk presents the modelled e based on in situ measured parameters, and
blue cross (+) the modelled e based on bog moisture simulated as function of
adjacent forest area SM. Modelled values take into account the vegetation
canopy, contribution of which was calculated using LAI. Each marker repre-
sents the mean TB associated to one ground measurement point. c©IEEE

A two-layer emission model was applied to simulate the bog emissiv-

ity, assuming surface layer moisture and thickness proportional to SM in

adjacent forest areas. The result is shown in Figure 3.8. Resulting cor-

relation coefficient between simulated and measured emissivity is 0.78

and RMSE= 0.03. While the result is good, further research is needed

to determine the accurate dielectric properties of vegetation layers and to

calibrate and validate the TB model specifically for bogs.

Although the effects of the changes in conditions are not linear, 1.4 GHz

radiometry may have potential in observing hydrological processes in bogs

and mires.

Bogs have larger diurnal temperature amplitudes than any other land-

type. In all seasons, nightly minima in pine bogs are lower but daily max-

ima higher than in forest stands; in summer the difference in minima

is on average −1.8◦C and in inversion situations −4◦C, also in winter.

The difference in day-time maxima in summer is +0.7◦C, while in bright

mid-winter days it may amount to +2.5◦C [109]. This high variability

of surface temperature potentially causes the brightness temperature of

bogs to vary even more than emissivity, when compared to surrounding

terrain.

In view of mixed pixel problem the bogs can pose a problem, as variation

in brightness temperature is large. Bog emissivity variation is similar in

magnitude compared to agricultural areas and much higher than that of

forests. Additionally the temporal variation in physical temperature of

bog is larger than that in other terrains.
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4. Mixed Pixel Problem in the boreal
forest zone

In this chapter the algorithm used in the SMOS mission for retrieval of

soil moisture from passive microwave remote observations, and the prob-

lem of mixed pixels are explained. Contributions of this thesis for improv-

ing the algorithm in the boreal forest zone are presented.

4.1 Mixed pixel problem in the SMOS soil moisture retrieval
algorithm

The signal received by a radiometer is generated by the area illuminated

by the antenna directional gain pattern, which is characterised by a weight-

ing function at surface level. The signal is essentially a sum of fractional

signals upwelling from each elementary area, called a fraction. Before the

actual retrieval, it is necessary to assess what the dominant land use of a

node is. For this an average weighting function which takes into account

the antenna gain pattern is run over the high resolution land use map to

assess the dominant cover type. This is used to drive the decision tree,

which, step by step, selects the type of model to be used as per surface

conditions. After assessing the input data quality, and filtering out of all

unwanted data, the auxiliary data, including such data having an impact

on the SMOS products, as meteorological data, vegetation properties, etc.,

are applied to calculate the forward TB. The retrieval is not done on the

whole pixel but only on the dominant part. The contributions of the other

components being estimated with the RT model [19].

For example, considering a pixel composed of agricultural land and for-

est, one would first calculate the fraction of each weighed by the antenna

pattern, and then calculate the forward brightness temperatures for agri-

cultural fraction according to equations (3.6) and (3.8), and the forest frac-

tion using the forest emission model described in Section 3.3.2. SMOS
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Figure 4.1. Emissivity calculated from SMOS measurement over a single pixel, modelled
emissivity of the main fractions, and corresponding averaged HUT-2D mea-
surements as a function of incidence angle [110].

would see the scene as one brightness temperature profile, as pictured in

Figure 4.1, while it is actually a sum of different fractions, modelled TB

of which is shown. Figure 4.1 also pictures the HUT-2D measurements

averaged over the two fractions.

Each land use class is associated with sub pixel features: its geomet-

ric surface fraction with respect to the whole pixel surface. In the SMOS

SM algorithm, the surface areas are represented as aggregated fractions

for aggregated classes, each containing several smaller classes that share

the key features affecting the emission. For each aggregated fraction, it

is possible to apply specific radiative models in such a way that the ra-

diometric contribution depends on physical parameters that are charac-

teristic of the fraction. Some of these parameters, specifically of course

soil moisture, are to be retrieved, but for some aggregated fractions, there

is no soil moisture to retrieve. Such fractions are, for example, open wa-

ter or completely barren soil. For this and other reasons, the retrieval

will not necessarily concern every aggregated fraction, and some default

contributions to the signal will be assumed to be given by auxiliary data.

[19]
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4.2 Moisture retrieval experiment with HUT-2D and composite
mixed pixels

4.2.1 Aurajoki catchment test area and experiment conditions

One of the key questions in boreal zone moisture retrieval is the mois-

ture distribution between the main vegetation classes: agricultural ar-

eas, forests and mires and their effects to the brightness temperature of a

larger area measured by SMOS. This variability in land use can be seen,

e.g., in Figure 2.4. SMOS is designed to retrieve the moisture content of

the top soil layer where the thickness of the contributing layer varies de-

pending on dielectric constant. Additionally vegetation layers above the

soil complicate the retrieval even further. Therefore, it is most important

to estimate accurately the effect of big vegetation cover classes, such as

forest and agricultural vegetation, in addition to water bodies and urban

areas.

In Publication II, the mixed pixel problem was studied using airborne

radiometer measurements with HUT-2D, a hydrological SM model and in

situ measurements. The findings in Publication II have two main aspects:

the land use variation within pixel, and the SM variation within the land

use fractions.

The hydrological SM model was the 2-layer soil moisture model of the

Watershed Simulation and Forecasting System (WSFS), which is a com-

mon hydrological model system used, e.g., in climate change research and

flood forecasting in Finland [111, 112, 113, 114]. The WSFS 2-layer hy-

drological model is based on concept used by HBV (Hydrologiska byråns

vattenbalansavdelning), a system which has been widely used in water-

shed scale, i.e., in operational flood forecasting [115, 116].

The WSFS 2-layer SM model has the ability to simulate soil moisture

in a 10 cm thick surface layer and has higher spatial resolution [111].

The model utilises also the physical properties of soil types, i.e., poros-

ity and field capacity, which are obtained from the Finnish soil database

[117]. The spatial resolution of the soil database therefore constrains the

resolution of the 2-layer model to 5 km2. The model was developed for

comparison with the SMOS SM product and for estimating the feasibility

of SMOS data for hydrological applications. The 2-layer model has been

used before for SMOS data validation with promising results [112].

The output of the hydrological SM model was used to create a SM map
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covering roughly the area of three SMOS pixels. Seven measurement

flights were conducted over the same area, creating a multiangular TB

dataset spanning over a two months’ period in autumn of 2013 and two

weeks in spring 2014. Simultaneously with each measurement overflight

in situ measurements of SM, temperature, humus and vegetation were

conducted in the test area.

The high resolution (300 m on the surface) of the radiometer enabled

filtering the dataset to individual land cover classes to assess their con-

tribution to emission in the SMOS pixel scale. The datasets also enabled

composition of synthetic mixed pixels with variable proportions of land

use. They were used in the study to simulate SMOS pixels with different

fractions of agriculture, forest and bog.

4.2.2 Forest emission contribution in a mixed pixel

According to experiments over forest areas (e.g., [23, 24, 25, 99]), for-

est canopies have major effect to microwave emission, but often are also

transparent enough for soil moisture to affect the emission. Experiments

have also shown, that the mixed layer of living and dead vegetation be-

neath canopy contributes strongly to the total emission [17, 95, 118, 25,

119]. Results in Publication I asserted these observations, showing the

importance of modelling both living and dead vegetation layers of a forest

scene. Variation of thickness and moisture content of the humus layer had

a major contribution to emission, complicating moisture retrieval, as the

two-layer surface of soil and humus had different emissivity compared to

either one alone.

In the experiment of Publication II, the variation in TB caused by sur-

face features was a major concern and added uncertainty to the result. As

a detailed map of the understory could not be provided, and in situ mea-

surements were relatively sparse, layer thickness and moisture content

had to be averaged over a large area.

Results in Publication II underlined the importance of applying an ac-

curate forest model, as SM retrieval meeting the 0.04 m3/m3 criteria could

be made from an agricultural dominated pixel with up to 50% forest frac-

tion by using the complete forest model. A model with constant SM or

HWC for forests met the 0.04 m3/m3 criteria with a 30% forest fraction.

This result is similar to findings in simulations of [20], where 50% forest

fraction generally met the 0.04 m3/m3 criteria.

Figure 4.2 shows SM retrieval results with constant value for SMforest
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Figure 4.2. Forest fraction influence to retrieval accuracy. RMSE between SM from the
WSFS SM model SMWSFS and SM retrieved from HUT-2D as a function of
forest fraction in pixel considering forest SM and HWC either constant or
variable as in equation 4.1. RMSE was calculated over the three test pixels
and all seven measurement flights. HWC dominates the forest area emissiv-
ity. c©IEEE

and HWC, compared to using the relation

HWC = 0.55SMforest + 0.4, (4.1)

established in in situ measurements. While HWC dominates the emis-

sivity, it is connected to SMforest and SMagr. Increase in forest fraction

linearly increases RMSE in SM retrieval, but for even a small forest frac-

tion RMSE is clearly higher if SMforest and HWC are considered constant.

4.2.3 Effect of intrapixel variation of moisture in a mixed pixel

During the analysis of in situ measurements of SM and WSFS 2-layer

model in the Aurajoki catchment, a significant, land use related intrapixel

variation in SM was observed. In the output of the two-layer SM model

of WSFS, regularity was observed in the SM differences between agri-

cultural and forest areas. Effect of this regularity in SM retrieval from

airborne radiometer data was studied by applying a fitting functions to

the SM in the algorithm. Figure 4.3 presents the retrieval result with

three different fitting functions: two zeroth degree and one first degree

derived from the WSFS SM model output. As seen in Figure 4.3, tak-

ing the regularity in SM difference between forest and agricultural areas

into consideration improved the retrieval result remarkably, meeting the

0.04 m3/m3 criteria for RMSE.
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Figure 4.3. Forest fraction influence to retrieval accuracy. RMSE between SMWSFS and
SM retrieved from HUT-2D as a function of forest fraction in pixel using
different interdependence between forest and agricultural area SM. RMSE
is calculated for the three test pixels and all seven measurement flights.
Increase in RMSE is nearly linearly dependent on forest fraction increase.
Compared to the more complex model, a simple bias correction in SM differ-
ence between the classes only marginally improves the tolerance to forest.
c©IEEE

As it was the forest area SM, that was lower compared to the domi-

nating, agricultural area SM, this intrapixel variation is likely to cause

dry bias in SM retrieval for agricultural areas. This finding agrees with

[20], suggesting that to improve the soil moisture inversions, information

about the SM heterogeneity within the footprint of the sensor should be

considered. Possibly this could be done by incorporating hydrological data

earlier into the processing chain.

4.2.4 Open bog in a mixed pixel

In Publication III, a concentric raised bog was studied using a 1.4 GHz air-

borne radiometer and in situ measurements. Concentric raised bogs are a

prevalent bog type in the southern boreal zone, and are characterized by

sparse canopy, spatial alternation of ridges and hollows, and highly sta-

ble small ponds [120, 121]. As in Publication IV and [107], high temporal

and spatial variability of surface emissivity was observed. Measurements

reported in Publication II also covered bogs, and they were used as one

fraction in the mixed pixel experiment.

Analysis of the measurements in Publication II and Publication III re-

vealed that bogs show equally large day-to-day variance in emissivities as
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Figure 4.4. Bog fraction influence to retrieval accuracy. RMSE between SM from the hy-
drological model and SM retrieved from HUT-2D as a function of bog fraction
in pixel using different considerations for bogs. RMSE is calculated for the
additional error caused by bog fraction increase over the three test pixels and
all seven measurement flights. c©IEEE

crop fields, and as the bogs have a high surface temperature variation, TB

variance is even higher. Radiometer measurements were sensitive to bog

type, as well as changes in surface moisture content and distribution. In

view of satellite SM observations, the large variance in TB can be detri-

mental if bogs cover a significant portion of an observation pixel.

However, as the emissivity of bogs correlated well with SM of the sur-

rounding areas, the high variability of emissivity did not seriously encum-

ber the SM retrieval. This can be observed in Figure 4.4, which shows the

SM retrieval RMSE from composite mixed pixels with different bog frac-

tions.

In general, bog emissivity was observed to follow a regularity in rela-

tion to daily mean temperature, being highest in late summer. However,

although bog TB had good correlation with TB and SM of surrounding ar-

eas, occasional deviations of TB from the regularity observed in measure-

ments of Publication II could be even 20 K. Figure 4.4 shows the effect of

this deviation of TB.
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5. Conclusions

This thesis addresses the remote sensing of soil moisture in the boreal

forest zone using high resolution L-band radiometry. The background,

current status and methodology of the global soil moisture remote sensing

were explained along with the contribution of this thesis to the remote

sensing of soil moisture in the boreal forest zone.

In the boreal zone one of the key problems in soil moisture retrieval is

the so called mixed pixel problem, originating from the coarse surface res-

olution of the orbital instruments and natural heterogeneity of the Earth’s

surface. As a result, soil moisture retrieval algorithm must account for not

only the surface type for which the soil moisture is retrieved, but also the

emission from other surface types in the instruments field of view. In the

boreal forest zone typical surface types include agricultural areas, fallows,

multiple types of forests and wetlands. Possible presence of soil frost and

snow must also be considered.

In Publication I the forest emission model was studied over a coniferous

forest stand. The humus layer was observed to have a significant contri-

bution to the observations. The L-MEB model was applied to simulate

the forest emission with the two layer model for litter applied for a thick

humus layer, and as seen from comparison between Figures 3.4 a-c, best

results were achieved taking into consideration the measured humus pa-

rameters. The result shows, that there is a significant difference in signals

originating from surface with different humus layer thickness and water

content, and this thickness is well reproduced by the two layer model.

However, the model needs accurate information of the humus layer, cur-

rently only available through in situ measurements. When humus layer is

thick or its water content is high, the layer is likely to mask soil emission

completely. Nevertheless, the signal still carries information from HWC,

the layer directly in contact with atmosphere.
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The humus/litter layer has a considerable water binding capacity, which

is further improved by the bottom layer vegetation. With masking effect

of standing vegetation, this results in very stable emissivity for the forest

scene. It is possible, that in normal conditions the forest floor type exam-

ined here tends to retain such water content, that the moisture measure-

ments are either impossible or irrelevant, but still floods or phenomenal

droughts can be observed. If observations of forest soil moisture are im-

possible, forest emissivity will not be constant, and a correction of the

model is necessary. This must be done to improve the accuracy of mois-

ture retrieved from the mixed pixels where a less vegetated surface type

is dominant. Hence, in view of mixed pixels, further studies of forest emis-

sions must be conducted.

In Publication II the importance of considering the intrapixel variations

in surface moisture was observed. During the measurement campaign,

SM of forest and agricultural areas exhibited a systematic difference in

magnitude of 0.05 m3/m3, while SM within land cover classes was mostly

stable. The result suggests that the SM retrieval may benefit from infor-

mation about local hydrology into the retrieval algorithm.

While TB differences up to 20 K were observed between agricultural

fields and forests, average bog TB was very close to field TB. In simu-

lations with composite datasets, it was found, that a soil fraction up to

30% within pixel could be assumed to behave as agricultural soil with-

out excessive detriment to SM retrieval, increasing confidence to the SM

retrievals.

In Publication III, the first analysis of 1.4 GHz airborne radiometer mea-

surements of a concentric raised bog is presented. The analysis shows

1.4 GHz passive measurements to be sensitive to bog surface type, as well

as changes in moisture content and distribution. The paper also presents

a model for the TB of bog surface, taking into account the moisture con-

tent and above surface vegetation, enabling reproduction of the measured

TB with good accuracy.

However, bog hydrology in general is only weakly connected to sur-

rounding soils, and even during the limited time span of this study the

average bog TB within a pixel was observed to deviate up to 8 K above

and 2 K below the average agricultural area TB. Given that major TB

difference can degrade SM retrieval significantly, more research of bogs’

behaviour is needed to achieve heterogeneous pixel moisture retrieval.

In Publication IV tower-based, airborne and satellite radiometer mea-
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surements were combined to study TB variability due to land cover and

frost/thaw cycle. The measurements were supported by comprehensive in

situ measurements of snow cover, soil properties, and the atmosphere. A

high correlation between soil frost depth and measured brightness tem-

perature was observed from the measurements in both polarisations. A

semi-empirical emission model predicting the brightness temperature from

partially frozen soil, covered by a snow layer, was applied to examine the

effect of soil freezing on L-band radiation. With the model, the dynam-

ics in the observed brightness temperature between the early autumn

thawed soil and the late winter soil were very well reproduced, and the

final saturation level of observed brightness temperature was well cap-

tured, as the soil frost exceeded the penetration depth at L-band. The

studies started in Publication IV have led to the introduction of a frost

detection algorithm using SMOS data [122, 123].

As SMOS continues operation, now accompanied by SMAP, new applica-

tions for their data, such as frost products are being developed, and work

under ocean salinity and soil moisture topics continues.
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Errata

Publication III

Caption of Figure 5 should refer to chapter III. On page 3225 of Publica-

tion I, TB modeling result is stated as R = 0.34, RMSE = 7.5. It should

appear as R = 0.46, RMSE = 6.1 K, as in the caption for Figure 15.
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