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All our science,

measured against reality, is primitive and childlike

- and yet it is the most precious thing we have.

Albert Einstein (1879-1955)
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Abstract

In many contexts of soil science, hydrology and climatology it is im-

portant to estimate soil hydraulic properties over large areas. The

methods though to quantify them have been of limited success. One

of the main difficulties is soil structure. Large interconnected pores

may cause preferential flow, which substantially influences the infil-

tration behavior of a soil. There is still a lack of methods to estimate

soil hydraulic properties on large scales accounting for such effects of

preferential flow.

The idea of this work is to use remotely sensed water contents from

which we can extract the hydraulic properties. Soil water content is

the central state variable that influences the soil hydraulic properties.

The dynamics of the topsoil water content, represents the net result

of precipitation, evaporation, infiltration and drainage. It can be in-

terpreted as a hydrological fingerprint of a given area and is therefore

partly a function of the transport properties of the soil we are inter-

ested in. This approach is based on two prerequisites:

• An accurate measurement of the soil water content on large scales

with microwave radiometry, and

• a sufficient information content in the topsoil water dynamics to

detect the influences of soil structure on the transport behavior.

A new L-band radiometer, ELBARA, was built within the frame-

work of this study to measure topsoil water content by means of mi-

crowave radiometry. ELBARA is a Dicke radiometer with an internal

two-point calibration. Components between antenna and isolator re-

quire low loss and low reflection. A large dual-mode horn was the best
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solution for the antenna. The ELBARA radiometer system proved to

be a reliable tool. Measurements were possible during all weather

conditions. There were no external disturbances at any stage of the

experiment, which was ascertained by a splitting of the measurement

channel.

Water content, however, is not directly observable with a microwave

radiometer. The measured signal is the product of emission and ther-

modynamic temperature of the soil. The emission is mainly a function

of the dielectric constant of the soil, which strongly depends on the

water content. Gradients of the dielectric constant but also small sur-

face irregularities are of major importance for the interpretation of the

measured emission. We developed a new air-to-soil transition model,

which takes into account dielectric gradients within the soil due to

changes in the water content distribution, as well as the increased

air content in the uppermost soil layers due to small surface struc-

tures. With this model a satisfactory agreement between measured

and modelled emission was achieved.

We were able to simulate the topsoil water dynamics with two flow

models: HYDRUS-1D and MACRO. Although, compared to MACRO,

HYDRUS-1D does not take preferential flow into account it could be

parameterized in such a way to compensate the theoretical inconsis-

tencies of the model. The air entry value, however, represented by the

van Genuchten α was overestimated with HYDRUS-1D. The derived

parameters α, n, and Ks were compared to the linear relationship be-

tween these parameters based on literature data. Only the parameters

derived with MACRO lay within the confidence interval for the linear

relationship.

In conclusion, the idea to use topsoil water content to estimate hy-

draulic properties is feasible. As a next step, the direct coupling of wa-

ter flow models that include preferential flow (MACRO) to microwave

radiation models (air-to-soil transition model) is recommended.
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Zusammenfassung

In vielen Anwendungen der Bodenwissenschaften, der Hydrologie

und der Klimatologie müssen wir die hydraulischen Eigenschaften

von Böden über grosse Flächen kennen. Bis heute existieren

wenige Methoden um diese Eigenschaften zu schätzen. Eine der

Hauptschwierigkeiten ist der Einfluss der Bodenstruktur. Böden zeich-

nen sich durch ein System von grossen, zusammenhängenden Poren

aus, durch die Wasser bevorzugt infiltriert. Bis jetzt fehlen Methoden

um diesen Einfluss auch auf grossen Flächen abzuschätzen.

Die Idee dieser Arbeit ist es, den Wassergehalt im Boden mittels

Mikrowellen Radiometrie zu messen und daraus die hydraulischen

Eigenschaften abzuleiten. Der Wassergehalt stellt zwar nicht direkt

eine Transporteigenschaft dar, er ist aber die zentrale Zustandsgrösse.

Die Dynamik dieser Grösse ist das Ergebnis von Evaporation, Nieder-

schlag, Infiltration und Drainage und könnte als hydraulischer Fin-

gerabdruck bezeichnet werden. Aus dieser Information lassen sich die

hydraulischen Eigenschaften des Bodens ableiten. Dieser Ansatz setzt

zwei Bedingungen voraus:

• Der Wassergehalt muss mit Mikrowellen Radiometrie genügend

genau gemessen werden können,

• der Oberflächenwassergehalt muss genug Informationen enthal-

ten, damit der Einfluss der Bodenstruktur auf das Transportver-

halten herauskristallisiert werden kann.

Im Rahmen dieser Arbeit wurde ein neues L-Band Radiome-

ter, ELBARA, gebaut um den Oberflächenwassergehalt zu messen.

ELBARA ist ein Dicke Radiometer, das über zwei interne Kalibra-
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tionslasten verfügt. Die Komponenten zwischen der Antenne und den

Isolatoren müssen sich durch geringe Verluste und eine geringe Reflex-

ion auszeichen, wofür eine grosse Horn-Antenne am besten geeignet

ist. ELBARA hat sich als sehr stabil erwiesen. Messungen konnten

unter verschiedensten Wetterbedingungen durchgeführt werden, ohne

dass externe Störungen auftraten.

Der Wassergehalt ist mit einem Mikrowellen Radiometer nicht di-

rekt messbar. Das gemessene Signal ist vielmehr ein Produkt aus ther-

modynamischer Temperatur und Emission des Boden. Die Emission

hängt vor allem von den dielektrischen Eigenschaften des Bodens ab,

die wiederum stark an den Wassergehalt gekoppelt sind. Gradienten

der dielektrischen Eigenschaften, sowie kleine Unregelmässigkeiten an

der Oberfläche müssen beachtet werden, wenn ein Radiometer Signal

in Wassergehalt übersetzt wird. Zu diesem Zweck erarbeiteten wir ein

neues ”Air-to-Soil Transition” Modell, das genau diese zwei Faktoren

(Gradient und Oberflächenstruktur) berücksichtigt. Dadurch wurde

eine gute Vergleichbarkeit zwischen Modell und Messung erreicht.

Der Oberflächenwassergehalt konnte mit zwei verschiedenen Trans-

portmodellen modelliert werden: HYDRUS-1D und MACRO. Im

Gegensatz zu MACRO lässt HYDRUS-1D den Makroporenfluss ausser

Acht. Trotzdem war es auch mit diesem Modell möglich die gemessene

Dynamik zu modellieren. HYDRUS-1D überschätzte dabei den

Lufteintrittswert des Bodens, der durch den α-Parameter beschrieben

wird. Zudem fanden wir nur mit den Parametern, die durch MACRO

geschätzt wurden, eine gute Übereinstimmung mit dem empirischen

Zusammenhang zwischen α · n und Ks, den wir aufgrund von Litera-

turdaten erwarten würden.

Diese Studie zeigt, dass es möglich ist hydraulische Eigenschaften

aufgrund der Dynamik des Oberflächenwassergehalts zu schätzen. Ein

nächster Schritt wäre die Kopplung eines Wassertransportmodells, das

präferentiellen Fluss berücksichtig (MACRO) an ein Modell, das die

Mikrowellen Emission des Bodens beschreibt (Air-to-Soil Transition

Modell).
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Chapter 1

General Introduction

1.1 Linking soil physics with remote sensing

There is a mismatch between the spatial scale, on which groundwater

and surface water recharge, as well as solute transport is predicted

in real case applications compared to the scales of research focussed

studies on water flow and solute transport. This discrepancy poses a

crucial question:

What scale is relevant to predict water and solute transport through

the soil?

The answer to this question depends on the problem we want to

solve. If we seek solutions for the practical questions of soil physics the

spatial scale of our answer must be large. Some of the relevant issues,

like groundwater recharge, soil moisture balance for meteorological

or climatological purposes, or diffuse losses of agrochemicals must be

analyzed and interpreted on scales at least as large as an agricultural

field but maybe as large as the whole globe. So, the question is, what

are the methods to characterize transport processes at such scales.

Transport processes must be understood to make predictions. Es-

pecially in systems with long response times (e.g. ground water or

climate systems) truly predictive models are the only way to manage

future challenges. Therefore, knowledge about the dominant processes

is crucial. To estimate water flow and transport processes on a real-

istic scale we need to know the areal distribution of the hydraulic

properties of the soil compartment.
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In many studies soil hydraulic properties were derived from more

easily available proxy data. One approach are pedotransfer functions,

which relate the hydraulic properties to the soil texture and other

factors such as the organic matter content (Pachepsky et al., 1999).

These functional relationships have very wide confidence intervals and

mainly reflect the hydraulic properties of the soil matrix. They disre-

gard the dominant role of soil structure.

The idea of this work is to use a measurable state variable from

which we can extract the hydraulic properties. Soil water content is

the central state variable that influences the soil hydraulic properties,

but it only represents an actual state and not the transport process

itself. But the dynamics of the topsoil water content represents the

net result of precipitation, evaporation, infiltration and drainage. It

can be interpreted as a hydrological fingerprint of a given area and is

therefore partly a function of the transport properties of the soil we

are interested in.

Today soil water content is usually measured with time domain

reflectometer (TDR) probes or gravimetrically on the basis of small

soil samples. Such data are mainly point measurements and often

not representative for larger areas. Remote sensing techniques offer a

possible solution to this problem. They are non-invasive and deliver

large scale information if operated from airplanes or satellites. Pas-

sive microwave radiometry has wide acceptance as a tool for assessing

soil moisture (Eagleman and Lin, 1976; Schmugge, 1985; Jackson and

Schmugge, 1989; Kerr et al., 2001). However, with these techniques

it is only possible to assess topsoil water content. Subsoil features are

not directly observable. In combination with inverse modelling the

hydraulic behavior of the sub-soil may be assessable. To explore the

feasibility of estimating soil hydraulic properties of naturally struc-

tured soils based on radiometrically measured topsoil water dynamics

is the main objective of this thesis.
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1.2 Theoretical Background

1.2.1 Microwave Radiometry

Remote sensing, in general, makes use of electromagnetic energy that

is reflected and emitted by the earth surface. A microwave radiometer

measures the emission from the land surface at wavelengths ranging

from about 1 - 30 cm. There are several advantages using the mi-

crowave section of the electromagnetic spectrum (Jackson, 1993):

• There is very little atmospheric absorption of radiation at these

wavelengths, which allows measurements under all weather con-

ditions;

• Microwave radiation penetrates vegetation with minor attenua-

tion;

• The measurements are independent of solar light, which allows

day and night observations.

The intensity of the observed radiation is proportional to the ther-

modynamic temperature of the surface and the emissivity e (Rayleigh-

Jeans approximation of Planck’s Law). This product is referred to as

the brightness temperature TB (Schmugge, 1985)

TB = τ
[
rTsky + (1− r)Tsoil

]
+ Tatm(1− τ) (1.1)

where r is the surface reflectivity, τ is the atmospheric transmission

and Tsky, Tsoil, and Tatm the thermodynamic temperatures of cosmic

background, soil and atmosphere, respectively. The reflectivity equals

to r = 1 − e, assuming the material is at local thermodynamic equi-

librium and we can apply Kirchhoff’s Law (Schanda, 1986). The first

term in the brackets is the reflected sky brightness temperature, the

second term is the emission from the soil, and the third term is the

contribution from the atmosphere. At microwave frequencies both,

the contribution from the cosmic background as well as the atmo-

spheric contribution are relatively small and can mostly be neglected.

Therefore, only the second term, the emission from the soil, is relevant.
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A microwave radiometer measures the soil brightness temperature TB.

The thermodynamic temperature Tsoil of the soil is observable by ther-

mal infrared or classical temperature sensors. Hence, because we know

these two quantities, we can calculate the emissivity e of the soil.

Microwave emissivity is a strong function of the water content be-

cause of the large contrast between the dielectric constant of water

(∼80 at 1.4 GHz) and dry soil (3-5). In the simplest situation of a

homogeneous soil with a perfectly flat surface using e = 1 − r it can

be described using the Fresnel relations (Ulaby et al., 1981)

r(h, ϑ) =
cos ϑ−

√
εsoil − sin2 ϑ

cos ϑ +
√

εsoil − sin2 ϑ
(1.2)

r(v, ϑ) =
εsoil cos ϑ−

√
εsoil − sin2 ϑ

εsoil cos ϑ +
√

εsoil − sin2 ϑ
(1.3)

where r(p, ϑ) is the reflectivity at polarization p (horizontal or verti-

cal), ϑ the incidence angle of the measured radiation, and εsoil is the

complex dielectric constant of the soil.

The dielectric constant of a material characterizes its dielectric

properties, which is a measure of the response of the material to an

applied electric field such as an electromagnetic wave.

Soil is a mixture of three phases: solids, water, and air. All of them

have distinct dielectric properties. The response of the mixture of

these three phases to an electromagnetic wave is described by dielectric

mixing models (Wang and Schmugge, 1980; Dobson et al., 1985; Roth

et al., 1990). Due to the large contrast of the dielectric properties of

water and dry soil, as mentioned above, the dielectric properties of

the mixture are strongly influenced by the proportion of water in the

mixture. This enables us to determine the volumetric water content in

a soil based on radiometric measurements. The measurement is very

fast and can also be applied from an airplane or a satellite. Large

scale measurements of soil water content are, therefore, achievable by

means of microwave radiometry.
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1.2.2 Hydraulic properties and topsoil water dynamics

The idea to use remotely sensed soil moisture to predict the hydraulic

properties of the soil is not new. Camillo et al. (1986) estimated the

soil hydraulic properties of soil plots by inverse modelling using the

topsoil water content. Burke et al. (1998) refined this work, using

the same experimental data. Mattikalli et al. (1995) presented an

application of this idea on a large scale experiment. However, the

shortcomings of these studies mentioned above are the process as-

sumptions as well as their empirical test. All these studies neglected

one important factor in their transport models, which greatly influ-

ences water and solute transport in the soil: Soil structure. It is known

for more than 150 years, that infiltration and drainage in field soils

are strongly influenced by the network of large pores (Way, 1850).

Infiltrating water reaches the subsoil much faster than expected as-

suming a homogeneous infiltration through the soil matrix, because

it by-passes a significant proportion of the soil matrix following the

larger pores or simply more conductive flow regions, a process usually

referred to as preferential flow (Jarvis, 2002). In field soils preferential

flow is the prevalent soil water regime (Flury et al., 1994). Various

mechanisms cause preferential flow:

• Flow through large pores such as wormburrows, cracks, fissures

and former root channels, usually referred to as macropore flow;

• Fingered flow through a macroscopically homogeneous soil caused

by differences in water content, wettability, or trapped air;

• Flow through interconnected regions of a higher hydraulic con-

ductivity

Some of these phenomena are observable in laboratory experiments,

but some are rather difficult to detect and even more difficult to quan-

tify, because it is difficult to sample a representative soil volume. The

length of usual laboratory columns is mostly well below the correla-

tion length of preferential flow paths. Therefore, it is important to

measure the hydraulic effects of structure at a scale equivalent to that



10

of our intended predictions. To visualize the effect of preferential flow,

dye tracer experiments have a long tradition in soil physics (Corey,

1968; Ghodrati and Jury, 1990). Figure 1.1 shows the result of a dye

tracer experiment carried out at the site of our study. The soil profile

excavated after the sprinkling experiment with a blue dye tracer can

be seen.

Figure 1.1: An example of preferential flow in a field soil: the dark areas in the images
are stained infiltration paths. The profiles were excavated after a sprinkling experiment
with a weakly adsorbing blue tracer Brilliant Blue FCF (Flury and Flühler, 1995)

The stained macropores are wormburrows and small cracks. As-

suming a homogeneous infiltration would yield strongly misleading

hydraulic parameters, making any predictions based on these esti-

mations useless for most purposes. Mattikalli and Engman (1998)

used a model that takes macropore flow into account. But their mea-

surements started one day after rainfall had stopped completely. At

that time, the large macropores have very likely been drained already.

Therefore, the effect of preferential flow cannot be assessed. Entire

cycles of wetting and drying must be observed to capture the influ-
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ence of preferential flow on the topsoil water dynamics. Furthermore,

soil water status must be monitored at a high temporal resolution in

order to cover the entire range of soil water saturation.

1.2.3 Parameter estimation

The estimation of soil hydraulic parameters is always based on mod-

els that describe the hydraulic behavior of a field soil. The proper

calibration of the model remains a cumbersome chore. To minimize

the difference between modelled and observed topsoil water dynam-

ics, various parameters are adjustable. This is hardly manageable by

a manual forward procedure. An attractive alternative for obtaining

reasonable model parameters is inverse modelling. It is basically an

automation of the process of model calibration, reducing the subjec-

tivity of trial-and-error calibration.

In the simplest of all terms, inverse modelling is the mathematical

process of estimating optimal parameter values that minimizes an ob-

jective function, which describes the difference between observed and

simulated values. Inverse methods work with any modelling process

where an equation is used to calculate a simulated quantity based on

input parameters. The result are optimal parameters, which produce

the smallest deviation between the modelled and observed topsoil wa-

ter dynamics. For our purpose, we combined a preferential flow model

(MACRO) with a global optimization procedure, SUFI (Abbaspour

et al., 1997), to determine the best parameter combination to model

the measured topsoil water dynamics. Furthermore, a second model

(HYDRUS-1D) not including preferential flow was used for compari-

son.

1.3 Scope of the Thesis

As described above knowledge of two different disciplines - soil physics

and remote sensing - has to be brought together. So, the first goal of

this thesis is to overcome the gap between the different terminology,
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approaches, and models and to merge the knowledge that is already

available in both disciplines. The idea of this thesis is based on two

prerequisites:

• Accurate measurements of the topsoil water content by means of

microwave radiometry

• Sufficient information in the time-series of the water content to

detect the influences of soil structure on the transport behavior

Microwave radiometers are not commercially available. Therefore,

the construction of a reliable measurement device was of major impor-

tance. Many studies have shown that L-band radiometers, working at

a frequency of 1.4 GHz with a wavelength of 21 cm, are best suited

to measure the water content of the soil (Burke et al., 1979; Jackson

and Schmugge, 1989). This has several reasons: The dielectric con-

stant of water is rather large at 1.4 GHz, being approximately 80.

The large contrast to the dielectric constant of the other soil con-

stituents facilitates the determination of water content and increases

the sensitivity of the measurement system. Electromagnetic waves at

shorter wavelengths are more strongly attenuated by the vegetation,

which might even mask the soil from the sensor. Although correc-

tion algorithms exist (Jackson and Schmugge, 1991) to account for

the effect of vegetation, they cannot make the vegetation transparent.

The depth of the soil layer that contributes to the measured bright-

ness temperature increases with wavelength. For short wavelengths

the sampled soil thickness will only be a few millimeters. This layer

is often dry and rather influenced by the climatic regime than the soil

water regime. Therefore the amount of information that it contains

concerning hydraulic properties of the soil is questionable. The larger

the wavelength, the deeper the penetration and therefore also the con-

nection to the soil water regime. However, the wavelength determines

the size of the radiometer antenna. The larger the wavelength, the big-

ger the antenna. Practical consideration restrict the antenna and thus

the wavelength to a certain size. These arguments favor an L-band

radiometer system for our purpose. So the first goal of this project
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was to build a measurement system at the preferred frequency, which

is capable of long-term measurements under changing weather con-

ditions. Technical details how this system behaves will be shown in

Chapter 2 as well as in Appendix A.

To combine the techniques of soil physics and remote sensing we

conducted experiments on small field plots. This approach allows

to use simultaneously in-situ measuring devices and remote sensors.

Although the final goal will be large scale measurements it first has to

be tested how the instrument behaves and what further factors could

influence large scale experiments. For this purpose, we designed a field

scale experiment, where the conditions are under better control. How

this experiments were conducted and what they revealed will also be

shown in Chapter 2.

Water content is not directly observed from the radiometry sig-

nal. Some assumptions have to be made as well as some additional

measurements to convert the observation to water content. How the

typical evaluation scheme looks like and what models and assump-

tions have to be chosen to derive reliable water contents is shown in

Chapter 3.

Models are needed to relate the water dynamics to the transport

properties of the soil. The influence of the soil structure must be

included in the model. The feasibility of obtaining information about

the hydraulic properties of a structured soil, just based on topsoil

water content evolution is tested in Chapter 4.
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Abstract

We report on an experiment linking microwave brightness temperatures and emissivities
to the dynamics of in-situ measured water content. The bare plot of 14 × 20 m was
instrumented with two ground-based radiometers (1.4 GHz and 11.4 GHz, respectively)
and in-situ time domain reflectometer (TDR) and temperature probes installed at five
depths in three soil profiles. All data were recorded every 30 min from May to July 2002.

The measured brightness temperature dynamics is a superposition of three patterns.
The largest variations were caused by the changes in water content due to precipitation
and the subsequent drying process. During dry periods we observed daily oscillations of
brightness temperature. Calculating effective soil temperatures based on the in-situ mea-
sured temperature profiles revealed that these oscillations were partially due to changes
of water content in the very topsoil. This effect was especially pronounced for the 11.4
GHz measurements indicating that the very surface experienced the strongest changes in
water content. At 1.4 GHz and horizontal polarization, the brightness temperature mea-
surements turned out to be very sensitive to sun reflection at the ground. This reflection
was visible through exceptionally high brightness temperature values at distinct times of
the day.

We observed pronounced hysteresis loops when comparing the emissivities of the two
radiometers or the radiometric signals with the water content measured in-situ at 2 cm
depth. Such loops could be seen for the daily wetting and drying cycles as well as in
the longer-term drying and wetting behavior. This demonstrates that the gradient of the
water content in the topsoil is a dynamic property depending on various time scales. These
gradients affected the measurements of radiometers and TDR probes to different degrees
and at different times.

Despite an almost smooth surface slight changes in the surface structure during the
experiment caused a substantial variability with respect to the relationships between water
content and emissivity for both radiometers. This is an indication that surface structures
smaller than the wavelength may exert important effects on the emissivity of a bare soil.

2.1 Introduction

The water content in the topsoil is an important quantity for many

aspects of meteorology, hydrology or agriculture. Accordingly, there

has been a keen interest for decades in measuring topsoil water con-

tent over large areas. As early as in the 70s, it has been pointed out

that microwave radiometry is a suitable tool for assessing soil moisture

(Schmugge et al., 1974). Measurements at L-band (1.4 GHz) are con-

sidered best for observing water content in soils (Burke et al., 1979;

Jackson and Schmugge, 1989; Kerr et al., 2001). Since the tempo-

ral evolution of soil moisture depends partially on the soil’s hydraulic
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properties it has been suggested to interpret such time-series as hydro-

logical fingerprints of a given soil (Engman, 1999). Some experiments

have followed this approach at different spatial scales including plot

experiments and large-scale applications on hundreds of square kilo-

meters (Mattikalli et al., 1998; Burke et al., 1998; Schmugge, 1999).

They have used the rate of drying to estimate hydraulic properties

or to classify soils into texture classes. However, it is questionable

whether this procedure is adequate to characterize the hydrology of

field soils. Many, if not most soils are structured and may contain large

connected pores (Flury et al., 1994). These pores are very important

to understand the infiltration and water redistribution behavior of

soils, a process that is restricted to short periods following precipita-

tion. Hence, to investigate the influence of such pores on the temporal

evolution of soil moisture it seems mandatory to measure the surface

water content with a high temporal resolution, a feature not common

in most applications so far.

We present a field experiment where we observed the water con-

tent of the topsoil at a high temporal resolution in order to assess the

soil water dynamics of a structured soil. For that purpose we used

a new L-band radiometer as well as an X-band instrument that has

already been successfully used in previous experiments. The plot scale

allowed a sound ground truth data base of in-situ measurements. This

setup allowed us to test how well radiometer measurements reflect the

short-term water dynamics observed in-situ. Furthermore, to link the

observed water content dynamics to the underlying soil water regime,

we need to determine the sensing depth of our radiometric measure-

ments. Several authors (Ulaby et al., 1986; Owe and de Griend, 1998)

state that the sampling depth of a radiometer is about one tenth of

the wavelength. This corresponds to a soil moisture sampling depth of

about 2 cm at L-band and 0.2 cm at X-band, respectively. Therefore,

with the uppermost TDR probe installed at 2 cm depth we assume to

observe similar behavior with both measurement methods. Using dif-

ferent wavelengths offers the possibility to assess the water dynamics

at different depths. Differences between the measured behavior within
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these two sampling depths provide information about water and tem-

perature gradients within the surface layer of the soil. Additionally,

the ground truth data base was used to test the influence of brightness

temperature normalization algorithms. We compared the full radia-

tive transfer equation with two currently used simplified approaches

to normalize the brightness temperature to examine the effects on the

derived emissivity. The high temporal resolution of the measurements

is important to detect the influence of temperature fluctuations on the

emissivity in the course of a day. Furthermore, the high temporal res-

olution eases the detection of external disturbances on the measured

radiation.

2.2 Experimental Methods

2.2.1 Experimental design

We carried out the experiment from May 22 to July 8, 2002 on a

bare arable field near Zurich, Switzerland. The soil is a loamy calcic

Cambisol (table 4.1). Previous dye tracer experiments confirmed the

presence of large connected pores causing preferential flow (Schnee-

berger et al., 2002). The soil surface was bare and harrowed, which

flattened it almost perfectly. The microwave emission was measured

with two radiometers (1.4 GHz and 11.4 GHz; see below).

We installed 15 parallel-wire TDR probes at five depths (2, 7, 15, 25,

and 45 cm) at three profiles along the periphery of the main footprint

area of the radiometer to record the water content in-situ. The rods

were 0.25 m long, 5 mm in diameter and 30 mm apart. At each of these

depths we inserted three temperature probes and three tensiometers.

Figure 2.1 shows an overview of the experimental setup.
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Figure 2.1: Experimental setup: The radiometers are mounted on a fixed tower 2 m
(MIRA) and 6.7 m (ELBARA) above ground. The incidence angle was kept constant,
being 55o for ELBARA and 60o for MIRA. The in-situ instruments are horizontally in-
stalled at five depths in three profiles along the border of the main lobe of the L-Band
radiometer.
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Table 2.1: Soil characteristics

Soil characteristics Depth

Soil typea Calcic Cambisol
Bulk density [Mg m−3] 0-10 cm 1.45

15-25 cm 1.50
40-50 cm 1.54

Textureb (S/U/T) [kg kg−1] 0-10 cm 0.47/0.32/0.21

aFAO-classification
bS = sand, U = silt, T = clay

Air temperature, rainfall intensity, net radiation, and relative hu-

midity were measured at 1.5 m elevation above ground. All data were

recorded every 30 min. Gravimetric soil moisture measurements at 14

days throughout the experiment with samples taken at 0-3 cm and

3-10 cm depth helped to verify the in-situ measured values. The lin-

ear correlation coefficient R between the TDR measurements and the

gravimetric soil moisture samples was R = 0.94, which indicates a

good consistency between the two methods.

Since soils are heterogeneous the distribution of the surface water

content within the main target area was of some concern. But the

evaluation of 48 simultaneous water content measurements with TDR

on a regular grid with 1 m mesh size showed a standard error of the

mean water content estimate of only 0.25%.

2.2.2 Radiometric instrumentation

We used an 11.4 GHz single polarized Dicke (Dicke, 1946) radiometer

(MIRA) and an L-band Dicke radiometer (1.4 GHz) with dual po-

larization (ELBARA). Both are equipped with conical horn antennas

with 3dB beamwidth of 12◦. They are excited with two modes each

with symmetrical beams according to Potter (1963) and Skobelev et

al. (2001).

ELBARA was designed and built for this particular experiment. It

has internal hot and cold loads for calibration. The hot load is stabi-

lized at a temperature of 65 C, the cold load at 5 C. The radiometer
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hardware is temperature stabilized at 45 C. To distinguish man-made

from natural noise the signal of ELBARA is split in two channels,

one working between 1.400-1.418 GHz, the other between 1.409-1.427

GHz. So far, man-made noise has not turned out to be a problem.

The radiometer proved to be very stable, due to the long integration

time, which is 12 s at each position (hot, cold load and measurement

targets at vertical and horizontal polarization for both channels), and

to low internal noise. The linearity of the system was tested by mea-

suring targets with known temperatures of 77 K (liquid nitrogen) and

338 K. The tests showed that the internal calibration was credible.

Further details of the radiometer system can be found in Mätzler et

al. (2003).

ELBARA was tested over an open water surface with a tempera-

ture of 286.1 K. Figure 2.2 shows the measured emissivities and those

expected using the Fresnel relations (e = 1 − r). The relative dielec-

tric constant for the water was calculated to be ε′ = 81.86, ε′′ = 7.80

(Ulaby et al., 1986).

The measurements closely agree with the expected values up to

about 70 degrees incidence angle. At the incidence angle of interest

(55 degrees) the deviation was smaller than 0.01 in emissivity. Large

incidence angles (over 65 degrees) require consideration of the finite

antenna beam, because the antenna was no longer solely directed on

the water surface. Background and sky had a large influence, which

can be seen in the growing deviation between measured and theoretical

values.

The 11.4 GHz system MIRA was calibrated using a calibration box

consisting of a metal housing and walls covered with microwave ab-

sorbing material (Eccosorb AN-72/AN-74) at ambient temperature

and the sky brightness temperature at zenith angle at the beginning

and the end of the experiment. The MIRA radiometer is not temper-

ature stabilized. The brightness temperature TB is given by

TB = TDicke + A · U −B (2.1)

where TDicke is the temperature of the internal Dicke load [K], U is the
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Figure 2.2: Measured and calculated emissivity over an open water surface of 286.1 K
measured at different incidence angles.

measured voltage [V] and A [K/V] and B [K] are calibration param-

eters. For temperatures above 18◦C these calibration parameters are

quite stable as found by calibration experiments (figure 2.3). There-

fore, the same calibration function can be used throughout the exper-

iment. The accuracy of the measurements will still remain within 1

K, even if the change in A and B is neglected. For our case, the cali-

bration parameters used were A = 30.32 K/V and B = 2.95 K. They

were defined by the two calibration measurements at the beginning

and the end of the experiment.

2.3 Results

2.3.1 Brightness temperature and emissivity

We monitored several rainfall events and subsequent drying periods.

Figure 2.4 shows the brightness temperature TB for both polarizations
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Figure 2.3: Calibration parameter A and B as defined in equation 2.1 of the MIRA 11.4
GHz radiometer (May 1991) (MIRA, 1991).

at L-band, the TB at 11.4 GHz for the horizontal polarization and the

precipitation rate during the entire observation period. As expected,

we measured generally higher brightness temperatures at vertical po-

larization. The horizontal brightness temperature was higher at 11.4

GHz than at 1.4 GHz due to the smaller dielectric constant of the soil

at 11.4 GHz and probably also due to a generally dryer top layer.

The observed time-series of the brightness temperature was found

to be a superposition of three different patterns. The largest variations

were due to the weather conditions. Rainfall events caused quick and

strong decreases in brightness temperature. During the initial drying

process TB increased rapidly within a few hours. Thereafter drying

slowed down. Both radiometers as well as both polarizations of the

L-band instrument recorded very similar dynamics. Obviously, the

fast changes could only be measured properly due to the sufficiently
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Figure 2.4: Measured brightness temperature versus time at the experimental site. The
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Figure 2.5: Close-up of figure 2.4 for 160 < Julian Day < 170. Brightness temperature
peaks due to reflected solar radiation are indicated by arrows.

high temporal resolution. Actually, during some wetting periods even

the 30 min measuring intervals resulted in an only poor resolution of

the actual dynamics of the process (see also figure 2.12).

In the time-series of the ELBARA at horizontal polarization con-

spicuous peaks of the brightness temperature were noticed at distinct

times of the day (figure 2.5). These peaks occurred exclusively in the

morning (0730 to 0830 a.m.), at times when the sun crossed the di-

rection of the observation. This was affirmed by calculating the sun

location at the site.

For an incidence angle of 55 degrees as used in the experiment the

reflectivity is higher at horizontal polarization than at vertical polar-

ization, which is stated by the Fresnel equation (Ulaby et al., 1981).

Therefore the reflections of the sun were hardly observable at vertical

polarization. Because the MIRA radiometer is measuring at a higher
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frequency, at which the solar brightness temperature is lower (Kundu,

1965), the influence of specular sun reflection was also hardly seen

with this instrument. According to Zheleznyakov (1970) the bright-

ness temperature of the quiet sun T sun
B may be linearly approximated

by

T sun
B = 5000λ (2.2)

where λ is the wavelength of the radiation in cm. This relationship

shows, that the brightness temperature at 11.4 GHz is about ten times

smaller than at 1.4 GHz. Combined with the smaller reflectivity at

11.4 GHz the effect of the sun reflection at this frequency will be much

smaller. For the further analysis of the measurements we neglected the

specular reflection peaks.

The third pattern were daily oscillations of the brightness tempera-

ture during drying periods. The TB values reached the daily maximum

in the afternoon and the minimum at about 6 a.m. There are two ex-

planations for this phenomenon: First, the brightness temperature is

expected to show a diurnal oscillation because the physical soil tem-

perature is also oscillating. The second reason might be daily changes

in the water content of the topsoil. One way to separate the two ef-

fects is the calculation of the emissivity e by normalizing TB by the

effective temperature Teff according to

e = TB/Teff (2.3)

This should remove the daily oscillation if they were only due to

changes in the soil temperature. For the calculation of the emissiv-

ity the effective soil temperature Teff has to be known. The depth-

dependent contributions to Teff can be expressed as (Chanzy et al.,

1997)

Teff =
1

cos(ϑ)

∫ ∞

0
T (z)α(z) exp

[
−
∫ z

0
α(z′)/ cos(ϑ) · dz′

]
dz (2.4)

where T (z) is the soil temperature at depth z and ϑ is the inci-

dence angle. The attenuation coefficient α can be approximated by
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the following equation

α(z) ∼=
4π

λ

ε′′(z)

2
√

ε′(z)
(2.5)

where λ is the wavelength and ε′(z) and ε′′(z) are the real and

imaginary parts of the soil dielectric constant.

Since the temperature profile is generally not known in remote

sensing applications we compared the above method (equation 3.3)

with two simplified approaches which are often used. In the first ap-

proach the brightness temperature is simply normalized by the surface

temperature (Burke and Simmonds, 2001). Choudhury et al. (1982)

showed that for longer wavelengths (over 2.8 cm) the effective temper-

ature is not only dominated by the surface temperature. According

to Ulaby et al. (1986) the effective temperature at 1 GHz is deter-

mined by the top 20 to 40 cm of the soil (for wet and dry soil, respec-

tively). Therefore, using the topsoil temperature for brightness tem-

perature normalization may be an adequate approximation at short

wavelengths, but becomes a poor estimate at longer wavelengths. As

an alternative Choudhury et al. (1982) proposed a simplified approach

to calculate the effective soil temperature, which we slightly adapted

to match our experimental design

Teff ≈ Tchoud = T45cm + (T2cm − T45cm)C (2.6)

where T2cm and T45cm are the soil temperatures measured at 2 and

45 cm depth, respectively, and C is a fitting parameter, which we

determined by a manual forward procedure as C = 0.9 for the 11.4

GHz frequency and C = 0.5 for the 1.4 GHz frequency, respectively.

Based on in-situ measurements we calculated the effective tem-

perature Teff . For this we need the temperature and dielectric con-

stant profiles of the soil. The gradients were calculated using a linear

interpolation between the TDR and temperature measurement loca-

tions. The water content gradients were transformed to gradients of

the dielectric constant using the dielectric mixing model of Wang and

Schmugge (1980). For the uppermost 2 cm constant values for water
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Figure 2.6: Temperature measured at 2 cm depth and effective temperature calculated
according to the model of Choudhury et al. (1982) (equation 2.6) is compared to the
effective temperature calculated according to equation 3.3 at L-band using the in-situ
determined gradients of temperature and water content. The water content gradients
were transformed to dielectric constants using the model of Wang and Schmugge (1980).

content and temperature were assumed. We compared the two sim-

plified approaches (surface temperature and Choudhury model) to Teff

(equation 3.3) and the respective effects on the soil emissivity.

As can be seen in figure 2.6 the Choudhury model (equation 2.6)

fits the effective soil temperature very well (correlation coefficient R

= 0.986). Only below 15 C some deviations are observed. This was

affirmed for both frequencies. At 1.4 GHz the deep soil layers have a

substantial influence on the effective temperature. Therefore, the use

of the topsoil temperature to normalize the brightness temperature

will overcorrect the daily oscillations (figure 2.7). At lower emissivity

values, which indicate wetter soil conditions, the difference between
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Figure 2.7: Emissivity calculated using the soil temperature in 2 cm depth (topsoil) and
the effective temperature according to equation 2.6 (effective). Calculations for a selected
time period measured with ELBARA and MIRA at horizontal polarization are shown.

the two normalization schemes is reduced. This can be explained with

the lower temperature sensing depth at higher water contents. At 11.4

GHz the contribution from deeper soil layers is almost negligible. The

emissivity calculated using Teff according to equation 2.6 and using the

temperature measured at 2 cm depth could hardly be distinguished

(figure 2.7). The effective temperature at 1.4 GHz was in good agree-

ment with the soil temperature measured at 7 cm depth (R = 0.987),

whereas the effective temperature at 11.4 GHz corresponds to the 2

cm soil temperature (R = 0.993).

Independent of the scheme to calculate the effective soil temperature

we observed daily oscillation of the emissivity for both radiometers

(figure 2.7). This is especially pronounced for the 11.4 GHz MIRA

radiometer measuring only the top few millimeters of the soil. Hence,
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the measurements demonstrate daily changes of the water content in

the very topsoil. In order to understand such changes different fluxes

have to be considered. During the day evaporation induces a strong

hydraulic gradient towards the soil surface. This causes water to rise

from deeper soil regions. We found the highest emissivity values, which

represent the lowest water contents, in the afternoon. This indicates

that the supply of water from deeper soil layers was not fast enough to

compensate the evaporative losses. The smallest emissivities occurred

in the early morning. At this time, the topsoil was in the wettest

condition of the day because the water fluxes from below and possibly

condensation from the atmosphere (dew) replenished the water pool

in the surface layer.

The much stronger oscillations observed with the MIRA instrument

compared to the ELBARA indicate strong gradients of water content

in the topsoil. We also expect these gradients to change during the

day. This can be demonstrated by comparing the emissivity mea-

sured with the two radiometers. Figure 2.8 shows the emissivities of

both radiometers during three successive days of drying. If the rela-

tive changes observed with both instruments were the same, the data

would fall onto a straight line. This is clearly not the case. We ob-

serve daily loops with different branches for the drying and wetting

process. The maximum emissivity at each day, which indicates driest

conditions, occurred earlier in the data obtained from MIRA (around

14:00 compared to around 17:00 measured with ELBARA). The recov-

ery during the night was much stronger for MIRA measurements, but

both measurements reached their minimum at a similar time (6:00).

This shows that drying starts from the very surface and penetrates

into the soil.

2.3.2 Water content

So far, all considerations have been based on emissivity measurements.

The extent to which emissivity corresponds to water content was

tested in a next step. We compared the emissivities to the in-situ

measured water content at 2 cm depth (see figure 2.10). Dividing the
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tions seemed to change within these three periods, which is visible in the three differing
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observation period into three sections made patterns easier to see. All

three sections (julian day 140-155, 155-170, and 170-190, respectively;

see figure 2.4) included at least one rainfall event followed by a dry-

ing period. The relationship between emissivity and water content

differed clearly between the three section. This can be attributed to

changing surface conditions. The three sections can be clearly dis-

tinguished when comparing the horizontally and vertically measured

reflectivity at L-band (figure 3.8). Despite a close proximity to the the-

oretical values expected for a smooth surface we observe a consistent

differentiation between the three periods. Starting with the roughest

conditions at the beginning of the experiment (julian day 140-155)

the soil was apparently levelled after the first rainfall event. Towards

the end of the experiment (julian day 170-190) the soil was artificially
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roughened again because of the removal of intruding vegetation in the

footprint area of the ELBARA radiometer. This shows the influence

of small-scale surface roughness. It seems that heterogeneities much

smaller than the wavelength may exert a substantial influence on the

emissivity of a bare soil. The MIRA measurements contained a fourth

period at the beginning of the experiment, because the incidence an-

gle was smaller (ϑ = 40) at this time as compared to the rest of the

experiment.

Despite the differences between the three sections, the three rela-

tionships between in-situ water content at 2 cm depth and emissivity

was similar. For low (θ < 0.20 m3m−3) as well as for high water con-

tents (θ > 0.26 m3m−3) the sensitivity to changes in water content was

rather weak for both radiometers. The intermediate range, however,

showed a strong decrease of emissivity with increasing water content.

Towards the end of the experiment (170 < julian day < 190) vegeta-

tion intruded the foot-print area of MIRA. Therefore, the relationship

between in-situ water content and emissivity measured with MIRA at

that period showed a reduced sensitivity to changes in water content.

We compared the relationship found between measured emissivities

and water content to those calculated by using the Fresnel relations

(Ulaby et al., 1981). The general trend of the relationship agrees with

the theoretical expectation (figure 2.11). However, according to the

Fresnel model the sensitivity to water content covers the entire range of

volumetric water content (figure 2.11), whereas this sensitive range is

found to be rather narrow in case of our measurements. Furthermore

the calculated emissivity values are slightly lower. In the range of

the measured water content the calculated horizontal polarization (L-

band) yields emissivities between 0.4-0.6, whereas the measured values

lie between 0.42-0.7.

The calculations are based on the assumption that the water is ho-

mogeneously distributed within the topsoil (Fresnel condition). This

is frequently assumed to be a valid assumption (Jackson and LeVine,

1996). For the case of a bare soil presented here, however, our find-

ings demonstrate that this may not hold in all situations. We expect
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Figure 2.11: Theoretically expected relationship between volumetric water content and
emissivity at horizontal polarization at 1.4 GHz. The emissivity was calculated using the
dielectric mixing model of Wang and Schmugge (1980) and the Fresnel relations (Ulaby et
al., 1981). The range of the measured data (ELBARA horizontal) covers generally higher
values than we would expect from the theoretical relationship.
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significant gradients in the water content distribution and therefore

emissivity values that are higher than predicted.

We also detected a distinct hysteresis within one single wetting-

drying cycle between the in-situ and radiometer measurements (figure

2.12). Again, this was true for measurements with ELBARA at hor-

izontal and vertical polarization as well as with MIRA at horizontal

polarization. The radiometers responded much faster to the precipi-

tation events. The emissivity decreased with almost no delay at the

onset of the rainfall. Successive days of drying are seen as a series

of anti-clockwise loops, which are displaced towards lower water con-

tents (see also figure 2.8). A similar behavior was found in modelling

studies by Simmonds and Burke (1999). These results confirm the

findings that water content gradients are important to describe the

emission from bare soil during wetting and drying. These hystere-
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sis loops have an important implication: The short-term dynamics in

the shallow depths dominating the TB signal does not fully reflect the

water content dynamics at 2 cm depth.

2.4 Conclusions

The new L-band radiometer ELBARA proved to be a very stable

instrument to measure the brightness temperature of the natural soil

surface. Measuring radiation in two channels revealed that man-made

noise was of no concern at any stage of the experiment, since both

channels always measured the same signal.

To normalize the brightness temperature, especially for L-band with

its deeper penetration depths the use of an effective temperature is

advisable for a high temporal resolution, since the daily oscillations

would be overcorrected by the surface temperature. It was found that

the approximation developed by Choudhury et al. (1982) is a valid

approach even for high temporal resolution measurements. The ob-

served oscillations might be used to quantify the water content gradi-

ents within the topsoil.

Overall, the main dynamics occurred during short periods when the

very topsoil changed from dry to wet conditions and vice versa. With-

out a sufficient temporal resolution of the measurements (30 min or

less) it would not have been possible to properly assess this dynamic

behavior. The transition times seen in the radiometric signals were

much shorter than the corresponding periods observed with TDR in-

situ measurements at 2 cm depth. This clearly indicates that the soil

layers dominating the radiometric signal for an L-band instrument are

very shallow penetrating the soil less than 2 cm. The dominance of a

very thin layer close to the surface is even more pronounced for the

11.4 GHz radiometer. This has to be considered when interpreting

time-series of microwave emissivities as a hydrological fingerprint of

a soil. The relationship between the radiometric emissivity and TDR

measured soil water content cannot be explained using the Fresnel

equations assuming a uniform moisture content. The relationship ap-
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pears to be nonlinear and also exhibits hysteresis. The comparison of

the emissivity at two different frequencies and therefore two different

depths reveals that moisture gradients evolve during drying and wet-

ting of the soil. This has to be considered when calculating soil water

content from radiometric measurements.

The shallow depth of the layer dominating the TB signal means that

even for a smooth surface the thickness of this layer is in the same order

of magnitude as the average height of the micro-topography of the soil.

The data show that changes of such small-scale surface roughness may

have substantial effects on the radiometric emission from bare soils

even at long wavelengths such as 21 cm (L-band). Further work on

this subject is in progress.
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Abstract

We investigate different models for interpreting the microwave signals in terms of water
content. We measured the microwave emission from a bare soil with an L-band (1.4 GHz)
radiometer. Simultaneously, we measured soil water content in-situ using time domain
reflectometer (TDR) probes. Surface roughness of the soil was characterized on a mm-
scale using an optical measurement technique.

The agreement between in-situ water contents and surface water contents estimated
with radiometry data using the Fresnel equation was poor. A coherent layer model, with
and without considering roughness effects, was tested to compare radiometrically measured
and modelled soil reflectivities. The correspondence remained unsatisfactory, even when
a dielectric gradient according to the fitted TDR profiles and surface roughness according
to a scattering model are considered.

We developed a new air-to-soil transition model, which includes dielectric mixing effects
due to small scale surface structures. With this model, we considerably improved the
agreement between measurements and modelling results. We conclude that small scale
structures of the topsoil cannot be neglected for interpreting L-band measurements.

3.1 Introduction

Soil moisture is a key variable for estimating water and energy fluxes

at the earth surface. Considerable effort went into the development of

measurement techniques to determine the soil water content at larger

scales (Kerr et al., 2001). Passive microwave remote sensing is one

of the most promising approaches (Njoku and Kong, 1977; Schmugge,

1985; Jackson, 1993) because (i) the atmosphere is almost transparent

at microwave frequencies, which allows all-weather measurements; (ii)

microwave radiation penetrates plant canopies; and (iii) the measure-

ments are independent of solar light, which enables us to make day

and night observations.

Remote sensing makes use of electromagnetic energy that is re-

flected and emitted by the earth’s surface. A microwave radiometer

measures the emission from the land surface at wavelengths rang-

ing from about 1 to 30 cm. The observed radiation is proportional

to the thermodynamic temperature of the surface and the emissivity

(Rayleigh-Jeans approximation of Planck’s Law). Microwave emissiv-

ity strongly depends on the water content due to the large contrast

between the dielectric constant of water (∼80 at 1.4 GHz) and dry
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soil (3 to 5). L-band measurements (1.4 GHz, λ = 21 cm) are most

suitable for estimating soil moisture, mainly because they have, com-

pared to shorter wavelength radiometers, a rather deep penetration

depth (Burke et al., 1979; Jackson and Schmugge, 1989) and because

they are less influenced by the vegetation cover. However, L-band

measurements are still restricted to the topsoil (Jackson, 1993). Mi-

crowave radiometry is a rather indirect method to measure the surface

water content. Quite a number of steps are necessary to convert the

measured signal into water content. This multi-step procedure implies

several model assumptions (figure 3.1).

Several large scale experiments have been carried out to study the

microwave emission from natural soils (Schmugge et al., 1992; Jack-

son et al., 1995, 1999). However, they were all designed to yield water

content on rather large scales, in the order of ha to km2. Due to

the spatial variability of calibration measurements, the validation of

water content measurements is difficult at such scales. The experi-

mental data used in this paper were obtained at the plot scale. This

is not a typical scale for remote sensing applications, but it allows

for more reliable ground truth data. This is an important prerequisite

for testing the assumptions of the interpretation algorithms. The most

common evaluation procedure is the use of a coherent model approach

based on brightness temperatures normalized by the topsoil temper-

ature and an empirical correction of the surface roughness according

models like that proposed by Choudhury et al. (1979) or Wigneron

et al. (2001). In this paper we investigate the influence of the model

choice on the estimated water content based on radiometer data. We

discuss the comparability of such estimates with those measured in-

situ using time domain reflectometer (TDR) probes. The sampling

volumes of the TDR probes and the remotely sensed surface layer are

quite different. This problem will also be addressed. Based on ex-

perimental evidence, we develop a new air-to-soil transition model,

which describes the gradual transition from air to bulk soil including

dielectric mixing effects.
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Figure 3.1: Schematic diagram of soil moisture estimation from a passive microwave signal.
State variables are framed with a rectangle. Several models (elliptic frames) are used to
evaluate the radiometric signal. The model references are given in the bibliography.
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3.2 Methods

The database used in this paper consists of radiometric measurements

conducted during a field experiment in summer 2002. In this section,

we briefly describe the measurement techniques. A more detailed de-

scription of the experiment and instruments is reported in Schnee-

berger et al. (2003) and Mätzler et al. (2003).

3.2.1 Remote sensing system

We used a Dicke radiometer (ELBARA) operating at L-band (1.4

GHz). It is equipped with a dual-polarized conical horn antenna with

3dB beamwidth of 12◦, and symmetrical and identical beams. The

radiometer is calibrated with an internal hot and cold load according

to

T i,p
B = Λ · U i,p +

(
Tcold − Λ · ui

cold

)
, (3.1)

with Λ =
Thot − Tcold

ui
hot − ui

cold

where T i,p
B is the brightness temperature for polarization p (= verti-

cal or horizontal) detected on channel i(= 1 or 2); Thot and Tcold are

the thermodynamic temperatures of the internal hot and cold loads

in Kelvin; ui
hot and ui

cold are the measured calibration voltages corre-

sponding to the internal calibration targets, and U i,p is the measured

voltage when the radiometer is pointed onto the scene of observation.

The calibration function itself is system specific and has to be defined

for each radiometer. Usually, calibration targets of known tempera-

tures are used. Often, sky brightness temperature and a microwave

absorbing material are used for this purpose assuming that these tem-

peratures are known and constant. For the experiment presented in

this paper, the 1.4 GHz radiometer ELBARA was calibrated using

internal hot (65 C) and cold (5 C) calibration loads leading to the

calibration function given in equation 3.1.
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3.2.2 In-situ soil water content and temperature

Soil moisture was measured in-situ with horizontally installed two-

rod TDR probes. These probes and soil temperature sensors were

placed horizontally at five depths (2, 7, 15, 25, and 45 cm) in three

replicates along the main target area of the L-band radiometer. The

reliability of the TDR measurements was tested by taking soil cores

to determine the water content gravimetrically at 0-3 cm and 3-10 cm

depth. This sampling was repeated at 15 dates during the 48 days of

the experiment. The linear correlation coefficient between the TDR

measurements and the gravimetric soil water content was 0.94, which

indicates a good reliability of the TDR measurements.

3.2.3 Measuring soil surface roughness

The soil surface was photographed to map the micro-relief and the

images were photogrammetrically interpreted (Schneeberger and Will-

neff, 2003). The digital surface model (DSM) was calculated using the

commercial software package SOCET SET (LH Systems). Four 30 ×
30 cm images were taken with a still video camera Nikon Coolpix

990 and used for generating the DSM. For a combined adjustment a

common reference system is defined, using an aluminum frame pro-

vided with reference marks. The marks with coded targets allow an

automated orientation and calibration of the camera and to generate

corrected images, which can be imported into a digital photogram-

metric workstation for the production of the DSM. This procedure

allows quick and precise elevation data sampling. Furthermore, the

surface is not only defined for distinct deviation transects but a 3-D

reproduction of the entire surface of a resolution of 1 mm is available

(figure 3.2).

3.3 Theory

In this section we describe the sequence of interpretation steps for the

radiometric signal to the final surface water content as sketched in
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Figure 3.2: Photograph of the soil surface with the reference frame (left) and derived
digital surface model (DSM) (right). Bright grey values indicate high elevations and vice
versa.

figure 3.1.

3.3.1 Microwave Radiometry

A microwave radiometer measures a voltage, which is translated into a

brightness temperature TB using a calibration function (equation 3.1).

This brightness temperature TB is related to the soil emissivity e via

TB = e · Tsoil + (1− e) · Tsky (3.2)

where Tsoil is the thermodynamic temperature of the soil and Tsky the

temperature of the sky background. When the radiometer is pointing

away from the milky-way, Delahaye et al. (2002) showed that sta-

ble sky background temperatures Tsky of about 6o K are expected.

Therefore, the last term in equation 3.2 can be neglected, because the

background temperature reflected by the soil surface will only con-

tribute little to the overall brightness temperature. For an accurate

calculation of the emissivity the soil temperature should be integrated

over the temperature sensing depth. At 1 GHz this is 20 to 40 cm

for wet and dry soil, respectively, according to Ulaby et al. (1986)

and is called the effective temperature. Mathematically, the effective
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temperature can be expressed as follows (Chanzy et al., 1997)

Tsoil =
1

cos(ϑ)

∫ ∞

0
T (z)α(z) exp

[
− B(z)

cos(ϑ)

]
dz (3.3)

with B(z) =

∫ z

0
α(z′) · dz′

where T (z) is the soil temperature at depth z and ϑ is the incidence

angle, and B(z) is the total attenuation from depth z to the soil sur-

face. The attenuation coefficient α can be approximated by

α(z) ∼=
4π

λ
ε′′(z)/(2

√
ε′(z)) (3.4)

where λ is the wavelength and ε′(z) and ε′′(z) are the real and imag-

inary parts of the soil dielectric constant. Choudhury et al. (1982)

developed the following approximation

Tsoil = T45cm + (T2cm − T45cm)C (3.5)

where T2cm and T45cm are the soil temperatures measured at 2 and 45

cm depth, respectively, and C is a fitting parameter, which we assumed

to be about 0.5 in our experiment. In this work we use equation 3.5 as

an approximation for calculating the effective soil temperature. The

resulting relative error in the emissivity e = TB/Tsoil caused by this

approximation is minor and the consequences for the radiometrically

determined soil water content are therefore negligible.

Using Kirchhoff’s law we compute the reflectivity r of the soil ac-

cording to r = 1 − e. In the simplest model, the soil reflectivity r is

a function of the angle of observation ϑ, and polarization h (horizon-

tal) or v (vertical). It is related to the dielectric constant εsoil by the

Fresnel equations (Ulaby et al., 1981)

r(h, ϑ) =

∣∣∣∣∣cos ϑ−
√

εsoil − sin2 ϑ

cos ϑ +
√

εsoil − sin2 ϑ

∣∣∣∣∣
2

(3.6)

r(v, ϑ) =

∣∣∣∣∣εsoil cos ϑ−
√

εsoil − sin2 ϑ

εsoil cos ϑ +
√

εsoil − sin2 ϑ

∣∣∣∣∣
2

(3.7)

The Fresnel relations are only valid for a homogeneous soil with

a smooth surface. Under natural conditions these assumptions are



53

hardly ever met. The models described in section 3.3.2 account for

the heterogeneities in the surface layer.

To convert the dielectric constant into water content one uses di-

electric mixing models (Wang and Schmugge, 1980; Dobson et al.,

1985; Roth et al., 1990). They require as additional inputs texture

and porosity. The model of Topp et al. (1980) is not a mixing model,

but an empirical relationship between the dielectric constant of the

soil and its water content depending on soil temperature.

Here we applied the model of Wang and Schmugge (1980). The

dielectric constant of the water was corrected for temperature effects

according to Cole and Cole (1941).

As already mentioned, we intend to compare water contents mea-

sured in-situ with remotely sensed data. For this purpose, the radio-

metrically determined soil reflectivity r described above is compared

to the reflectivity, which is calculated using a stratified soil model

based on dielectric profiles derived from the in-situ measurements.

Furthermore, we include the influence of the surface structure.

3.3.2 Dielectric gradients within the soil

Emission depends on the dielectric properties of the topsoil. To pre-

dict the microwave emission from the soil for a given dielectric profile

we may use a model for coherent or for noncoherent radiation. A non-

coherent model (Burke et al., 1979) incorporates only the amplitudes

of the emitted intensities, whereas a coherent model is based on the

propagation of electric fields including their phase relations (Njoku

and Kong, 1977; Wilheit, 1978). Both types of models discretize the

soil into a finite number of homogenous soil layers. Radiative trans-

fer through these strata is then calculated. Schmugge and Choudhury

(1981) compared these two types of models. They found that coherent

models predict a generally deeper soil moisture sampling depth.

We used a coherent model based on a matrix formulation of the

boundary conditions at the layer surfaces derived from Maxwell’s

equations (Bass et al., 1995). The output of this algorithm is the
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reflectivity and the expected inputs are two vectors containing layer

thickness and dielectric constants of the layer stack, wavelength, po-

larization and incidence angle of the radiation. The dielectric profiles

used in the model were based on the in-situ TDR and temperature

measurements, which were filled with a third order polynomial and

back-transformed to obtain discrete profiles θt(z) and Tt(z).

We calculated soil reflectivity Rt based on the profiles θt(z) and

Tt(z) with the coherent model and compared the modelled Rt with

the corresponding soil reflectivity observed with the radiometer. The

dielectric profile εt(z) is calculated with the mixing model of Wang

and Schmugge (1980) together with the model of Cole and Cole (1941)

for calculating the dielectric constant of pure water. These calcula-

tions are depicted in figure 3.3. In a first comparison, Rt calculated

from εt(z) is compared to the radiometrically measured soil reflec-

tivity. In a second comparison, Rt is calculated from the dielectric

profiles εstruc,t(z), which are based on εt(z) modified by the air-to-soil

transition model describing the blurred transition from air to bulk soil

(see section 3.3.3).

3.3.3 Topsoil structure

Surface roughness influences radiometric measurements (Choudhury

et al., 1979). This can be due to scattering or volume effects. Several

experiments have been conducted to study the scattering influence of

surface roughness on microwave emission (Wang et al., 1983; Mo and

Schmugge, 1987; Paloscia et al., 1993; Wigneron et al., 2001). They

all found an increase of the measured emission with increasing surface

roughness. This is due to the increase in surface area that interfaces

with the atmosphere and thus transmits the up-welling energy. Re-

cently, Shi et al. (2002) found that the influence of surface roughness

depends on the polarization as well as on incidence angle. In contrast

to earlier studies they found that the emission from a rough surface at

vertical polarization decreases compared to that from a smooth sur-

face. Ulaby et al. (1982) proposed to use the Fraunhofer criterion to

define whether a surface is smooth or rough for electromagnetic waves
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Figure 3.3: Computational scheme for calculating the reflectivity based on the in-situ
measured soil properties. These relation between the quantities are used in the stratified
modelling approach.

of wavelength λ relative to the standard deviation σ of surface heights

σ <
λ

32 cos ϑ
. (3.8)

To account for the fact that an L-band radiometer does not resolve

the small scale structures of the topsoil, we developed a new model,

which considers the small scale structure in the topsoil as an isotropic

dielectric mixture of bulk soil and air, leading to a continuous tran-

sition from the dielectric properties of air to those of bulk soil. This

concept was first proposed by Hüppi (1987). This new model is de-

noted as air-to-soil transition model.

Surface scattering models

There are two ways to model the reflectivity from a rough surface,

both of which describe the roughness as a scattering effect: (i) phys-

ical models that integrate the bistatic scattering coefficient over the
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upper hemisphere and (ii) empirical models based on experimental

observations.

The first type includes the integral equation method (Fung, 1994),

the small perturbation model (Tsang and Kong, 2001), and the Kirch-

hoff approach (Ulaby et al., 1986). They are quite complex but only

of a restricted validity. The small perturbation method is only valid

for a σ smaller than the wavelength, whereas the Kirchhoff approach

is applicable when the radius of curvature of the surface is much larger

than the wavelength (Oh et al., 1992). Moreover, some surface char-

acteristics encountered in the field cannot be described by any of these

models (Laguerre et al., 1994). Considerable efforts went into the de-

velopment of empirical or semi-empirical models, which are simpler to

implement but still have a sufficient accuracy (Choudhury et al., 1979;

Mo and Schmugge, 1987; Wegmüller and Mätzler, 1999; Wigneron et

al., 2001; Shi et al., 2002). These models use statistical parameters of

the surface roughness such as σ and its horizontal correlation length l.

They are valid for the experimental conditions under which they have

been tested.

Choudhury et al. (1979) introduced a roughness parameter based

on the coherent reflectivity, ignoring the non-coherent term (compare

to equation 3.9 below). Therefore, the calculated roughness system-

atically underestimated the measured roughness. Mo and Schmugge

(1987) and Wigneron et al. (2001) developed a similar model. They

included the horizontal dimension of the roughness through the corre-

lation length l. Both expressed the roughness parameter as a function

of the σ/l ratio. They neglected, however, the effect of wavelength

dependence on roughness.

Shi et al. (2002) finally, developed a parameterized surface reflec-

tivity model using data simulated with the integral equation method

for a wide range of surface roughness and soil moisture conditions.

The surface reflectivity is composed from a coherent, Rcoh
p , and non-

coherent term Rnon
p . Both depend on polarization p and are parame-

terized by σ, l, and ϑ. This model was applied to our measurements.
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The reflectivity of a rough surface Rr
p is

Rr
p = Rcoh

p + Rnon
p =

[
rp · e−(2·k·σ·cos ϑ)2]+

[
Ap · rBp

p

]
(3.9)

where rp is the Fresnel reflectivity at polarization p, ϑ is the in-

cidence angle, k is the wavenumber, and Ap and Bp are roughness

parameters that depend on p, ϑ, σ, l, and the type of correlation

function (Shi et al., 2002).

Air-to-soil transition model

The boundary between air and soil is not a horizontal plane. It is

a transition zone with an increasing proportion of soil matrix with

increasing depth. We characterize this transition zone with a depth

dependent two-phase mixing model considering the two phases air and

bulk soil. Hence, the approach describes the blurred transition from

air to soil as seen by the L-band radiometer. In this way, mixing

effects caused by the loose arrangement of topsoil structures are in-

cluded. The transition from air to bulk soil spans over the distance h.

In this zone some voids are never filled with water. A more specific

interpretation of the transition zone thickness h is the peak-to-peak

roughness of the soil surface, the distance between the deepest depres-

sion and the highest peak within the soil surface. This interpretation

is applicable in absence of large cavities enclosed by bulk soil (figure

3.4). The z dependence of the volumetric fraction of the two phases air

and bulk soil is expressed by the probability density function F (z∗, h),

which is zero above the soil and approaches 1 within the bulk soil. In

this investigation G(z∗, h), defined as dF (z∗, h)/dz∗, is assumed to be

a quadratic function given by:

G(z∗, h) =

{
− 6

h3 · z∗2 + 6
h2 · z∗ for 0 ≤ z∗ ≤ h

0 z∗ < 0 or z∗ > h

which describes the surface heights distribution. From this, the func-

tion F (z∗, h) describing the blurred transition from air to bulk soil

results in
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Figure 3.4: Sketch of the sub-wavelength roughness model: The dielectric profile of the
soil is extended to account for the fact, that the surface is not absolutely smooth. The
dashed line is the extrapolation of the soil dielectric profile to the effective soil surface
(z∗ = 0). G(z∗) is the surface heights distribution and F (z∗) its cumulated value. The
depth z = 0 refers to the average position of the bulk soil surface.

F (z∗, h) =

∫ z∗

0
G(z′, h) · dz′ =

3z∗2

h2 − 2z∗3

h3 . (3.10)

Introducing F (z∗, h) together with the profile εt(z
∗) and the dielec-

tric constant εair in the dielectric mixing model results in an apparent

dielectric profile εstruc,t(z
∗) (with z∗ = z − h/2)

εstruc,t(z
∗, h) =

[
F (z∗, h) · εt(z

∗)β +
[
1− F (z∗, h)

]
· εβ

air

]1/β

(3.11)

For an isotropic two-phase medium, Birchak et al. (1974) found β =

0.5 from travel time calculations. To consider the correct height of

the foot-print soil surface at z∗ = h/2 at the average bulk soil surface

(z = 0) the dielectric depth profiles fitted to the TDR measurements

were extrapolated to z∗ = 0 as depicted in figure 3.4.

To estimate the influence of the extrapolation of εt in the upper

most 2 cm on the reflectivity calculated with the air-to-soil transition

model, we tested two approaches for εt. The first, shown in figure 3.4

(dotted line), represents the polynomial fit and the second assumes εt

to be constant between 0 ≤ z∗ ≤ 2cm equal to the measured value at

2 cm depth. The influence on the resulting reflectivity, whether the
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polynomial or constant approach was chosen, was found to be minor

(see also section 3.4.3 table 3.2).

To allow a rough comparison between h and the photogrammetri-

cally determined σ, we define a relation between h and σ∫ h/2+σ

h/2−σ

G(z∗, h)dz∗ = 0.6827 . (3.12)

The left side represents the probability to find a surface height within

±σ around the foot-print height (average bulk soil surface) for a

quadratic height distribution. This corresponds to the probability

for an assumed gaussian height distribution (0.6827) resulting in the

linear relation:

σ(h) = 0.2479 · h (3.13)

3.4 Results

In this section we interpret the radiation measured by the L-band ra-

diometer. The radiometric data are compared to the in-situ measured

TDR data and their comparability is discussed.

In section 3.4.1 we discuss the transformation of the radiometric

signal to volumetric water content. Thereby, we follow the simplest

path through the evaluation scheme of figure 3.1 as described in section

3.3.1. In this case the soil is assumed to be a homogeneous dielectric

with a smooth surface.

In section 3.4.2 the concept of constant dielectric soil properties is

replaced by a layered dielectric medium. The coherent layer model

is used to calculate reflectivities expected for the in-situ measured

properties. The calculated reflectivities are compared to the radiome-

ter reflectivity measurements. We discuss alternative approaches for

constructing the dielectric profile based on the available TDR data

and surface structures and the corresponding changes in the resulting

reflectivities.
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Figure 3.5: Precipitation (grey line) and in-situ measured water content (TDR 2 cm, black
line) during the experiment. The measurements were segmented into three cycles following
the precipitation pattern. The times of the digital surface model measurements are also
shown (DSM).

3.4.1 Fresnel reconstruction of water content

During the experiment several precipitation events with subsequent

drying were observed (figure 3.5).

The measured brightness temperature and the calculated emissivity

closely followed this weather pattern. Figure 3.6 shows the water con-

tent obtained using the Fresnel equation relative to the water content

measured in-situ with TDR probes at 2 cm depth.

In comparison with the water contents determined with the TDR

probes, the moisture calculated from the radiometer data are system-

atically lower, except for very wet conditions. However, this discrep-

ancy is not surprising for the following reasons. The radiometric de-

termination of the water content yields a value horizontally averaged

over the foot-print area whereas the TDR probes are local values rep-
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at 2 cm depth and those calculated based on the Fresnel equations (equation 3.6) using
the ELBARA (1.4 GHz) radiometer data. For the calculations a homogeneous soil profile
and a smooth surface was assumed.
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resenting a narrow volume near the metal rods (Baker and Lascano,

1989; Ferré et al., 1998). As will be discussed later, the radiometer is

more surface sensitive compared to the TDR probes buried in 2 cm

depth. By assuming a homogeneous soil profile and a smooth surface

as in the Fresnel approach, we neglect the natural soil heterogeneities

(see also figure 3.2). These factors explain the significantly lower ra-

diometric moisture values compared to the TDR measurements, which

was especially pronounced during the drying phase.

3.4.2 Reflectivity from TDR moisture profiles using a coherent layer

model

Without considering top surface structure

Next, we analyze the necessity of using a more sophisticated model

for the interpretation of the microwave signal. For this purpose, the

measured reflectivities are compared to the results from a coherent

model considering a horizontally stratified soil structure quantified by

means of in-situ measurements (section 3.3.2).

Figure 3.7 shows the comparison between radiometrically measured

reflectivities and those calculated with different models. The fit to

the radiometer data is slightly improved, when the layer model based

on the TDR profiles is applied instead of the Fresnel model based on

the water content at the depth of 2 cm. Both still overestimate the

measured reflectivity. The reflectivities were calculated for a layered

profile generated from only 5 TDR measurements and the measure-

ment closest to the soil surface being at z = 2 cm. Therefore, the

water content estimates in the uppermost surface layers, which are

dominating the reflectivities are most flawed. Furthermore, the top

soil structure is not considered in the calculated reflectivity. As a

next step, the reflectivity Rt calculated using the layer model is modi-

fied to include the surface scattering effect described by the roughness

model of Shi et al. (2002).
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Figure 3.7: Reflectivity measured with the L-band (λ = 21 cm) radiometer ELBARA
(thick black line) at horizontal (upper graph) and vertical (lower graph) polarization is
compared to the reflectivity calculated using Fresnel equations (equation 3.6) based on
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radiative transfer model (Rt, thin dark-grey line) as well as the same model but introducing
a roughness correction on the coherent reflectivities according to Shi et al. (2002) (thick
light-grey line).
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Including surface scattering

The magnitude of the standard deviation σ of surface heights was esti-

mated with the DSM-data to quantify the influence of surface scatter-

ing with the roughness model of Shi et al. (2002) (see section 3.2.3).

The roughness measurements were repeated three times during the

experiment as indicated in figure 3.5. Although there was not much

difference in the surface characteristics observable (table 3.1), the com-

parison of horizontal and vertical reflectivities indicates some change

in the surface characteristics (figure 3.8).

Table 3.1: Standard deviation σ of height and horizontal correlation length l of the soil
surface at three stages of the experiment. Ah, Av, Bh, and Bv were calculated according
to Shi et al. (2002) for a gaussian correlation function and used to account for the rough-
ness effect on the soil reflectivity according to equation 3.9. The standard deviation στ ,
calculated according to equation 3.13, is used to compare the transition layer thickness to
the optically measured σ (section 3.4.2).

L-band
Julian Day σ [mm] στ [mm] l [cm] Ah Av Bh Bv

cycle 1 141.5 - 153.5 8.2 7.8 2.27 0.0665 0.0709 1.3606 0.4900

cycle 2 156.4 - 169.5 6.0 3.3 2.30 0.0365 0.0404 1.3711 0.4963

cycle 3 171.3 - 188.3 9.4 3.3 2.27 0.0858 0.0901 1.3570 0.4880

The surface was roughest during the first cycle, which includes the

first rainfall event followed by a draining / drying period. The data

for the following two cycles indicate a smoothing of the surface. Dur-

ing the second cycle the observations lie even outside the theoretical

curve for a perfectly smooth surface. This may be due to a possible

rain splash induced silting of the soil surface, which changes the poros-

ity of the bulk soil and thus the conditions for the calculated Fresnel

curves. In the third cycle the surface was locally roughened due to the

removal of sparse vegetation. Overall the reflectivity data lie on the

function expected for a perfectly smooth surface, which is supported

by the Fraunhofer criterion (equation 3.8). Furthermore, it is reflected

in the surface roughness correction model of Shi et al. (2002) as applied

to the calculated reflectivities Rt using the measured surface charac-

teristics of table 3.1 (figure 3.7). Figure 3.7 shows the radiometrically
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measured reflectivities. They are plotted together with the calculated

reflectivities using the Fresnel approach, a coherent approach without

and a coherent approach with considering the scattering effects intro-

duced by the Shi-model. For L-band data the correction due to the

roughness is minimal, because for this wavelength the surface is sup-

posed to be smooth (equation 3.8) as far as scattering is concerned.

The effect of surface roughness is different for the two polarizations as

stated by Shi et al. (2002). While roughness reduces the reflectivity at

horizontal polarization relative to the reflectivity of a smooth surface,

the same roughness increases the reflectivity at vertical polarization.

This effect also diminishes the difference between horizontal and verti-

cal polarization, which can be seen at the beginning of the experiment

(figure 3.6). Hence, the deviation between the two polarizations may

be attributed to surface roughness.

Including the air-to-soil transition model

As discussed above the radiometric measured reflectivities are not sat-

isfactorily matched with those calculated based on the TDR moisture

profiles even when scattering due to surface roughness is accounted for.

In the following we apply the air-to-soil transition model introduced

in section 3.3.3.

In figure 3.9a the L-band reflectivity measured for horizontal polar-

ization (thick black line) is plotted together with modelled reflectivities

(thick gray line). The modelled reflectivities are based on dielectric

profiles εt(z) from the in-situ TDR measurements, corrected according

to equations 3.10 and 3.11 defining the profiles εstruc,t(z) considering

in the transition zone of thickness h. This model uses the thickness

h(θ2,t) of the transition zone to fit the measured reflectivities based

on a function depending on the locally determined soil moisture θ2,t

(figure 3.10).

The transition zone thickness decreases with increasing soil mois-

ture. Rainfall may temporarily smooth the soil surface. Local ponding

may appear and disappear depending on the precipitation rate and the
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calculated during period τ1 if we use the transition thickness h from period τ2 and vice
versa. Bottom (b) Water content θ2,t 2 cm below the soil surface measured with the TDR.
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Figure 3.10: Dependence of the roughness parameter h on volumetric water content θ2,t

measured at 2 cm depth for the two periods τ1 and τ2 (solid lines). The dashed lines
show h-values at period τ1 and τ2 averaged over the measured water content range. The
calculated σ corresponding to h at period τ1 or τ2 are indicated on the right axis. These
values are in good agreement with the measured σ shown in table 3.1.
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infiltration capacity. Surface roughness is reduced under wet condi-

tions, while drying increases the roughness. Therefore the thickness of

the transition zone is expected to be smaller at higher water contents.

The data plotted in figure 3.9b show the time variation of the water

contents observed with TDR being in the range of 0.18 m3m−3 < θ2,t

< 0.34 m3m−3. The radiometric and modelled data agreed well for

the whole period of observation when we adapt the parameter func-

tion h(θ2,t) (solid lines in figure 3.10) for the two periods τ1 (julian

day earlier than 155 corresponds to cycle 1) and τ2 (julian day later

than 155). The two functions of h(θ2,t) and the corresponding values

averaged over the measured range of θ2,t are plotted in figure 3.10.

This shows, that the radiometric data measured during the late pe-

riod τ2 agrees better with the modelled values when a transition zone

smaller than in period τ1 is assumed. Physically, this might be an

expression of surface levelling in the course of rainfall (compare figure

3.5 and 3.8) and thus the introduced mean reduction of the transition

zone thickness in the model is justified. Furthermore, the decrease of

h with time agrees with the DSM-data observed at the beginning of

the experiment and at the end of period τ1 (table 3.1). Scaling the

peak-to-peak values to the standard deviation σ according to equation

3.13 is also indicated in figure 3.10 (right axis). For the first period

τ1 this yields στ1 = 7.8 mm, which is an amazingly good agreement

with the DSM measurements for this period (table 3.1). The direct

comparison has to be handled with care, though. The DSM measure-

ments represent local conditions on a scale of 30 × 30 cm, whereas

the air-to-soil transition model considers structures averaged over the

whole footprint area. However, it shows that these values are in a

similar order of magnitude.

3.4.3 Model comparison

Table 3.2 shows the mean deviation between reflectivity measured with

the radiometer and the reflectivity calculated with the different model

approaches over the whole observation period.

As can be seen, with the stepwise refinement of the models the de-
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Table 3.2: The mean deviation between reflectivity measured with the radiometer at
horizontal and vertical polarization and the reflectivity calculated with the different model
approaches over the whole observation period. The air-to-soil transition model contains
the deviation obtained when a polynomial fit of εt and when a constant value of εt in the
top 2 cm is assumed. The latter is shown in parenthesis.

Fresnel coherent Shi-Model air-to-soil transition model

ELBARA horizontal 0.103 0.089 0.079 0.029 (0.049)

ELBARA vertical 0.041 0.033 0.045 -

viation between measured and modelled reflectivities diminished. The

deviation was largest for the simple Fresnel approach described in sec-

tion 3.3.1. The coherent model (section 3.3.2) only led to a small

improvement. The introduction of a surface scattering model (Shi

model, section 3.3.3) was an additional enhancement at the horizon-

tal polarization but impaired the conformance at vertical polarization.

The air-to-soil transition model (section 3.3.3), finally, improved the

correspondence significantly. The choice of the form of the dielec-

tric gradient was only of minor importance. The air-to-soil transition

model was an improvement in any case. However, these results show

that a better resolution of the in-situ measurements would even have

diminished these uncertainties.

3.5 Conclusions

The comparison between the radiometrically observed soil water con-

tents and those simultaneously recorded by TDR probes located

within the radiometer foot-print showed a synchronous behavior over

the time of observation. However, the quantitative comparison of

these water content estimates questions the model assumptions. This

problem was illustrated by comparing the TDR water contents at 2

cm depth with those calculated from measured radiometric signals by

applying the Fresnel approach. To unravel possible reasons for the

observed discrepancy in the water content estimates, the radiometric

reflectivity was compared to modelled reflectivities that are based on

the TDR water content profiles. Various models were tested (coherent
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layer model with and without surface roughness, and the newly pro-

posed air-to-soil transition model). Even when a dielectric gradient

according to the fitted TDR profiles and surface roughness quantified

with a scattering model are considered, the correspondence remained

unsatisfactory. Driven by this, we propose a model for calculating the

soil reflectivity, which is also based on the TDR profiles but which

accounts for the decreasing soil mass towards the very surface. In this

air-to-soil transition model the interface is described as a blurred tran-

sition from the air to the bulk soil as seen by the L-band radiometer

due to dielectric mixing effects. By modifying the dielectric TDR pro-

files in connection with this air-to-soil transition model, we improved

the consistency between the radiometer reflectivity data and mod-

elled soil reflectivity considerably. From this we conclude, that small

scale surface structures are relevant in L-band observations. The up-

per most soil layers are difficult to characterize by classical methods.

To understand the nature of soil emission in more detail the topsoil

boundary should be examined and parameterized with a high resolu-

tion.

The final goal of this type of investigation is the derivation of water

contents from microwave sensors without additional in-situ measure-

ments. Therefore the inversion of the presented models, eventually

in combination with soil-water-transport models is a methodological

challenge towards a large scale characterization of water and energy

fluxes.
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Abstract

We estimated the hydraulic properties of structured soils based on time series of topsoil
water contents. The data base consists of the measurements from two plot scale experi-
ments conducted in summer 2001 and 2002. The water content dynamics were measured
with in-situ TDR probes as well as with two microwave radiometers. A tracer experiment
revealed that both soils are susceptible to preferential flow. Two different soil models
(HYDRUS-1D and MACRO) were used to simulate the measured water dynamics at 2
cm depth. HYDRUS-1D assumes a uni-modal pore size distribution, whereas MACRO
takes preferential flow into account. Despite the fact, that HYDRUS-1D does not account
for this predominant feature, the water content dynamics were satisfactorily represented
with both models. The hydraulic properties, described by the van Genuchten parameter
α, n, and Ks, were estimated by an inverse parameter estimation. The comparison of
the obtained parameter combinations revealed the structural influence on the parame-
ters. Only the parameters obtained with MACRO fulfilled the linear relationship between
the log-transformed values of Ks and α × n, that was expected based on literature data.
HYDRUS-1D compensated the missing macropore flow with a small α value, representing
a large air entry value. This was also confirmed when comparing the measured and the
calculated water retention curve. The calculation were performed with the parameters
derived by the inverse estimation procedure. Although this work is based on in-situ mea-
sured water contents, the results may also be relevant for future simulations, based on
water contents derived from microwave radiometry.

4.1 Introduction

Soil moisture is one of the few directly observable hydrological param-

eters. Yet, soil moisture is only a state variable and not a measure of

the transport processes in the soil. For characterizing systems with a

long response time, like ground water, climate, or fate of agrochemi-

cals, it is essential to know the dominant processes for making reliable

predictions. The temporal evolution of the water content in the soil

can be interpreted as a hydrological fingerprint of that soil. There-

fore, measuring time-series of water content may allow for an inverse

estimation of soil hydraulic properties. Remote sensing techniques

like microwave radiometry give the possibilities to estimate the wa-

ter content in the very top layer of soils over large areas. Therefore

remotely-sensed time-series of water content might offer the possibil-

ity to estimate soil hydraulic properties over considerable areas. The

feasibility of this approach has been demonstrated in several studies

(Burke et al., 1998; Mattikalli et al., 1998). However, in most cases
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it was only possible to distinguish between different texture classes

based on the drying behavior of the soils. Texture is generally not a

sufficient information to characterize the hydraulic behavior of a soil.

One reason is the influence of soil structure. Due to preferential flow

the infiltration capacities of field soils are often orders of magnitudes

larger than expected based on predictions of the classical models. In

order to describe the infiltration behavior of structured soils and the

fast transport of solutes in such soils we must distinguish between two

or more flow domains by introducing a bi- or multimodal pore size

distribution. There are two difficulties in this approach:

• The hydraulic functions are highly non-linear and their parame-

ters are often strongly correlated. Therefore, a physically wrong

parameter set may compensate theoretical inconsistencies of the

model, which in turn lead to erroneous hydraulic property esti-

mates.

• Using remote sensing to characterize the soil water regime uses

measurements that are restricted to the very top of the soil profile.

It is not obvious whether the water dynamics in the surface layer

are actually affected by the soil structure to such a degree that it

can be distinguished from that of a non-structured soil.

To test whether the information content of the topsoil water dy-

namics is sufficient to identify the two flow domains, we conducted a

field experiment measuring the surface water content with in-situ TDR

probes and two radiometers operating at 11.4 GHz and 1.4 GHz. The

time series of the soil water content measured in the surface layer

were compared to results simulated based on inversely estimated hy-

draulic properties. The questions we want to address in this paper are

(i) whether deviations between measurements and simulations can be

attributed to soil structure, and (ii) whether the parameters derived

from the measured time-series lie within a meaningful range.
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4.2 Data base

In summer 2001 and 2002 two field experiments were conducted. The

experimental plots were situated on arable land near Zurich, Switzer-

land. Experiment L was carried out near ”Sternwarte” (E682 N254)

on a loam soil, experiment C near ”Reckenholz” (E682 N253) on a

clayey loam (see table 4.1). The experiments were similar in design.

On each plot we installed two rod TDR (time domain reflectometer)

probes to measure the water content. The probes were 25 cm long and

had a diameter of 5 mm. They were connected to a Campbell TDR100.

The water content was calculated according to Wang and Schmugge

(1980). The probes were installed at different depths, with the probes

closest to the surface being at 2 cm. For the simulations we used the

mean volumetric water content of three probes at 2 cm depth. Soil

temperature and matric potential were measured at the same depths

as water content. Furthermore, two radiometers were mounted on a

tower to observe the soil water content by remote sensing means. The

transformation of radiometric signals to water content affords several

model assumptions (chapter 3). These assumptions may influence the

final water content. To avoid these uncertainties we used the water

content dynamics measured in-situ with TDR to test the feasibility of

the estimation of hydraulic properties.

Table 4.1: Characteristics of the two soils at site of Experiment L (2002) and site of
Experiment C (2001)

Soil characteristics Depth Experiment L Experiment C

Soil typea Calcic Cambisol Cambisol
bulk density [ g cm−3 ] 0-10 cm 1.45 1.34

15-25 cm 1.50 1.41
45-55 cm 1.54 1.44

textureb (S/U/T) [ kg kg−1 ] 0-10 cm 0.47/0.32/0.21 0.36/0.34/0.30

aaccording to the FAO-classification
bS = sand, U = silt, T = clay

The experimental data set was complemented by climatic measure-

ments such as air temperature, rainfall, relative humidity and net
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radiation. All data were recorded every half hour for several weeks.

Further information on the experiments can be found in Schneeberger

et al. (2002, 2003).

The water retention curves for the two soils were measured using

a pressure plate extractor as described in Jury et al. (1991). For

pressures ranging from 1 to 80 hPa we used a steel plate with an

air entry point of about 400-500 hPa. Pressures up to 690 hPa were

measured on a ceramic plate with an air entry point of about 1000 hPa.

Saturated soil samples were enclosed in rings of 5 cm in diameter and

2.5 cm height and placed in contact with the plate on the topside. The

highest pressures were measured in a pressure membrane apparatus as

described in Smith and Mullins (1991). For this purpose we prepared

new sample rings of a height of 1 cm. We used eight repeating samples

for each soil.

4.2.1 Preferential flow

We tested our soils for the susceptibility to preferential flow by using

a dye tracer experiment. To visualize the flow pattern, we stained the

soil with Brilliant Blue FCF, an only weakly adsorbing blue dye. The

tracer characteristics are described in Flury and Flühler (1995). On

both plots we dispersed the tracer during the last day of a sprinkling

experiment, where we applied a sprinkling rate of 8 mm/h during 6

hours. The tracer was added as a solution with a concentration of 10

g/l. A total of 360 g was added.

The soil was then covered and three days after the tracer application

excavated and the soil profile photographed.

4.3 Soil hydraulic models

We used two models, one of them including solely matrix flow

(HYDRUS-1D) and the second including both macropore flow as well

as matrix flow (MACRO).
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4.3.1 HYDRUS-1D

The HYDRUS-1D simulation code (Simunek et al., 1994) is based

on the 1-dimensional Richard’s equation for vertical transport, which

describes the change in volumetric water content ∂θ/∂t as a function

of the gradient of the matric potential h and the conductivity function

K(h)

∂θ

∂t
= − ∂

∂z

(
K(h)

(∂h

∂z
− 1
))

(4.1)

where z denotes depth. The water retention curve is described by α,

n, and m = 1− 1/n (van Genuchten, 1980)

θ(h) = θr +
θs − θr(

1 +
(
α · |h|

)n)m (4.2)

where θr and θs represent residual and saturated volumetric water

content, respectively. Using the Mualem model (Mualem, 1976), the

conductivity function is

K(h) = KsS
l
e

(
1−

(
1− S1/m

e

)m)2
(4.3)

where Se is the relative water content (θ − θr)/(θs − θr) and l is a

tortuosity parameter.

4.3.2 MACRO

MACRO (Jarvis and Larsson, 1998) is a two-domain model, where

the total porosity of each soil layer is partitioned into a micropore

and macropore fraction by defining a boundary water content θb and

a boundary potential hb. The two domains operate as separate flow

regions, each of them characterized by a degree of water saturation,

hydraulic conductivity, and flux. In the macropores, gravity flow is

assumed, and the hydraulic properties are given by a simple power law.

Soil water retention in the micropores (matrix) is calculated using the

Brooks and Corey (1964) equation. The soil water pressure head hmi

in the micropores is given by

hmi = hb ·
(θmi − θr

θb − θr

)−1/λ

(4.4)
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where θmi is the water content of the micropores and λ is the pore

size distribution index. The unsaturated hydraulic conductivity in

the micropores is described by the Mualem model (equation 4.3).

4.3.3 Estimation of hydraulic properties

The two models were run for a given boundary condition. The up-

per boundary was the actual daily precipitation and evaporation and

the lower was free drainage. Whereas MACRO needs the daily po-

tential evaporation as input, which was measured at a nearby auto-

matic weather station, HYDRUS-1D uses hourly values of the actual

evaporation. The daily actual evaporation was estimated as ETpot/t

with t being the duration of the drying period since the last rain-

fall in days (Black et al., 1969). The hourly values were obtained

by distributing the daily values over one day according to the hourly

product of net radiation and air temperature. The modelled surface

water content output was then fitted to the measured surface water

content by minimizing the squared difference of the measured and

simulated water content. The inversely fitted model parameters are

the saturated hydraulic conductivity Ks, α, and n. HYDRUS-1D

contains an implemented inverse parameter estimation function us-

ing the Levenberg-Marquardt nonlinear minimization method (Mar-

quardt, 1963). MACRO was coupled to the sequential uncertainty

domain parameter fitting routine, SUFI (Abbaspour et al., 1997).

The MACRO model uses the Brooks and Corey (1964) model to

describe the water retention curve. To compare the results from the

two models we used the following transformations (van Genuchten,

1980)

n = λ + 1 and α =
1

hb
(4.5)

The effect of this transformation was tested by comparing the water

retention curve derived with the two sets of parameters before and

after the transformation. Both parameter sets led to the same curve,

therefore we can assume that the transformation is valid.
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4.4 Results

4.4.1 Fit to in-situ measurements

The tracer experiment outlined in section 4.2.1 revealed that preferen-

tial flow was quite pronounced in the two soils (figure 4.1). Figure 4.1

shows the soil profile after excavation. The dark areas in the picture

correspond to stained soil areas. An approximately 15 cm deep plough

layer was stained rather homogeneously. In deeper soil layers distinct

infiltration channels evolved. This shows, that the infiltration is not

homogeneous but strongly influenced by the preferential flow paths,

which were mainly formed by macropores in this case.

Figure 4.1: An example of preferential flow at the site of Experiment C: the dark areas in
the images are stained infiltration paths. The profiles were excavated after the sprinkling
experiment described in section 4.2.1.

The HYDRUS-1D and the MACRO model were used to estimate

Ks, α, and n based on the volumetric water content dynamics mea-

sured at 2 cm depth. As described above, only MACRO takes pref-
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Figure 4.2: Measured and fitted water content in experiment C in 2001. The first 185 h
were used to calibrate the model.

erential flow into account. Therefore, we assume that HYDRUS-1D

cannot reproduce the observed dynamics. For the 2001 results we

used the data of the first 185 h to calibrate the model, for 2002 the

first 290 h, and used the remaining data to validate the modelling re-

sults (figures 4.2 and 4.3). During the calibration period we inversely

determined the best fit parameters (table 4.2).

The topsoil water content dynamics at both sites, experiment C

2001 and experiment L 2002, were fairly well reproduced by the mod-

els (figure 4.2 and 4.3). Overall the models delivered better results

reproducing the data measured in summer 2002 than those measured

in 2001. The correlation coefficients between measured and mod-

elled water content in experiment C (2001) was RMACRO = 0.74 and

RHYDRUS−1D = 0.83 for MACRO and HYDRUS-1D, respectively, and

RMACRO = 0.9 and RHYDRUS−1D = 0.83 in experiment L (2002). The

worse performance in 2001 may be due to the shorter calibration pe-
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Figure 4.3: Measured and fitted water content in experiment L in 2002. The first 290 h
were used to calibrate the model.

Table 4.2: Confidence interval of the best fit parameter α, n, and Ks from the experiment
in 2001 (Experiment C) and 2002 (Experiment L). The result from the MACRO model
contain the saturated hydraulic conductivity as well as the hydraulic conductivity of the
matrix only in parenthesis.

α n Ks θs θr

cm−1 - cm·h−1 m3m−3 m3m−3

Experiment C

HYDRUS-1D 0.003-0.0039 1.38-1.42 0.225-0.227 0.45 0.090
MACRO 0.101-0.102 1.27-1.37 4.69-4.89 (0.32-0.33) 0.45 0.090
Experiment L

HYDRUS-1D 0.0023-0.0026 1.28 -1.30 0.64-0.76 0.43 0.078
MACRO 0.141-0.143 1.27-1.28 18.1-18.5 (0.83-0.85) 0.43 0.078
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riod but also to the fact that we were not able to simulate the cali-

bration period satisfactorily. For the measurements at experiment C

HYDRUS-1D performed better than MACRO. This shows that, de-

spite the occurrence of preferential flow, the Richard’s equation can

be parameterized in a way to simulate the topsoil water dynamics for

these soils. For both models the derived parameters were representa-

tive for the whole measurement period.

The water contents measured in 2001 were generally higher than

those measured in 2002. The water contents resulting from the second

rain event in 2001 were underestimated by both models. HYDRUS-1D

showed strong daily oscillations, which were neither seen in the mea-

surements nor in the MACRO results. In 2002, the second validation

period showed some deviations between measured and modelled water

content. Especially the high water contents caused by the second rain

event were overestimated by both models. The final water content

reached in the HYDRUS-1D model was always higher than the mea-

sured one. Furthermore, the data obtained with MACRO as well as

the measured data shows a daily oscillation of the water content. The

corresponding oscillation was very small in the results obtained with

HYDRUS-1D.

4.4.2 Evaluation of the estimated parameters

As mentioned in the introduction, the hydraulic functions are highly

non-linear and described with several, partially correlated parameters.

Therefore, a physically wrong parameter set may compensate the the-

oretical inconsistencies of the model. It is important to have a measure

for the reliability of the parameter estimation. For this purpose we

examined the single parameter values as well as combinations of the

retrieved parameters.

Stamm et al. (2003) examined the influence of different saturated

hydraulic conductivities Ks on the drainage behavior of a soil. They

found that the larger Ks the greater the daily oscillations observed. An

oscillation was visible in measurements and MACRO model in 2002,
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Table 4.3: Average van Genuchten-Mualem parameters for various texture classes as re-
ported by Carsel and Parrish (1988).

Texture class Parameter

α (cm−1) n (-) α× n Ks (cm· h−1)

sand 0.145 2.68 0.389 29.7

loamy sand 0.124 2.28 0.283 14.6

sandy loam 0.075 1.89 0.142 4.4

sandy clay loam 0.059 1.48 0.087 1.31

loam 0.036 1.56 0.056 1.04

sandy clay 0.027 1.23 0.033 0.12

silt loam 0.02 1.41 0.028 0.45

clay loam 0.019 1.31 0.025 0.26

silt 0.016 1.37 0.022 0.25

silty clay loam 0.01 1.23 0.012 0.07

clay 0.008 1.09 0.009 0.2

silty clay 0.005 1.09 0.005 0.02

but not in HYDRUS-1D and vice versa for the 2001 results. This

indicates that the saturated hydraulic conductivity Ks is influenced

to some extent by the soil structure. The question then arises, how

can we assess this influence. The individual parameters all lie within

the range of typical soil parameters. We tested the plausibility of the

combination of the obtained parameters. We found a good linear re-

lationship between the log-transformed product of α · n and Ks. This

relationship is based on average van Genuchten-Mualem parameters

for different texture classes taken from literature (Carsel and Parrish,

1988). Table 4.3 shows the different texture classes and their respec-

tive parameters. The regression coefficient for this linear relationship

was R = 0.96. Any combination of this parameter set should fulfill

the relationship with a high probability. This criterion was used to

compare the modelling results obtained with the HYDRUS-1D and

the MACRO model.

The comparison between the log-transformed α · n and Ks revealed

that the estimated parameters neglecting preferential flow lie all out-
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side a range that we would expect from literature data (figure 4.4).
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Figure 4.4: The parameters α, n, and Ks derived from the best fit estimate of figure 4.2
and 4.3 is compared to expected relationships between these parameters using literature
data. The open symbols represent results obtained from HYDRUS-1D, whereas the closed
symbols are representing the parameter set obtained with MACRO.

At saturated conditions much larger hydraulic conductivities due

to macropore flow are obtained. If we include this large increase of

conductivity as it is modelled with MACRO, we find a parameter set,

which not only reproduces the observed water content dynamics in the

topsoil, but also lies within the expected range. In the following we

examined, which parameters were mostly influenced by the distinc-

tion whether preferential flow was present or not. The n parameter,

which describes the slope of the water retention curve and is there-

fore characteristic for the pore size distribution, is about the same for

both models. This indicates that both models operate under optimal

fit conditions with a similar pore size distribution. The largest devi-
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ations between the parameters obtained with the two models are, on

one hand, the saturated hydraulic conductivities. However, the hy-

draulic conductivity obtained with MACRO for the matrix is in the

same order of magnitude as the hydraulic conductivity found with

HYDRUS-1D (table 4.2). On the other hand, also the α-parameter is

much larger when fitted with MACRO than with HYDRUS-1D. There-

fore, the α value may compensate for the lower infiltration capacity

of the HYDRUS-1D results, because macropore flow is neglected. We

compared the measured water retention curve to the curves calculated

with the van Genuchten model (equation 4.2) using the respective α

and n values from the best fit (figure 4.5 and 4.6).
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Figure 4.5: Water retention curve as measured pressure membrane apparatus (black cir-
cles) including the standard deviation. The thick black line shows the calculated water
retention using the van Genuchten model (equation 4.2) based on the parameters esti-
mated with MACRO. The grey line shows the same, but for the parameters estimated
with HYDRUS-1D. Data from the 2001 experiment C is shown.
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Figure 4.6: The same as figure 4.5 but with the results obtained in experiment L in 2002.
Water retention curve as measured pressure membrane apparatus (black circles) including
the standard deviation. The thick black line shows the calculated water retention using the
van Genuchten model (equation 4.2) based on the parameters estimated with MACRO.
The grey line shows the same, but for the parameters estimated with HYDRUS-1D.

As can be seen in figure 4.5 and 4.6 both parameter-sets estimated

with HYDRUS-1D and MACRO fail to reproduce the measured water

retention curve. However, the measured values were obtained from

small soil samples and are compared to data averaged over an entire

plot. While HYDRUS-1D delivers better results in 2001, the esti-

mate in 2002 is better with the parameters from MACRO. Neverthe-

less, some primary conclusions can be drawn. For both experiments

HYDRUS-1D estimates a very small α value and therefore overesti-

mates the air entry value strongly. This leads to almost saturated con-

ditions even at fairly negative pressure heads. The hydraulic conduc-

tivity is therefore very close to the saturated value and fast infiltration
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is possible. In this way the HYDRUS-1D model compensates for the

missing fast transport due to large macropores as it can be modelled

with MACRO. In experiment C HYDRUS-1D delivers better results

for the dry end of the water retention curve but still overestimates the

air entry value. Experiment C never reached such dry conditions as

measured in the laboratory. Therefore the calibration and validation

may be misleading, since not all possible soil water stages are included.

In experiment L, larger soil water content ranges were covered, which

were similar to those measured in the laboratory. This may explain

the better performance of the simulations using data from experiment

L than of those using data from experiment C.

4.5 Conclusions

This study shows that it is possible to simulate topsoil water dynamics

with both HYDRUS-1D and MACRO. Despite the theoretical incon-

sistencies of HYDRUS-1D (no macropore flow) the model was able to

simulate the measured topsoil water dynamics. The parameters esti-

mated with both models, lie within the theoretically expected range

of possible values for α, n, and Ks. Therefore the evaluation of the

obtained parameters is very important to define, whether preferential

flow is important for the model outcome or not. The comparison with

literature data shows, that the parameters obtained with HYDRUS-

1D are outside a 95% confidence interval. If the large increase in

saturated hydraulic conductivity due to macropores is included in the

parameter estimation, as it is performed with MACRO, we find a pa-

rameter combination, that is not only able to simulate the measured

dynamics but also fulfills the linear relationship as expected from the

literature data. The pore size distribution, described by the n value is

similar for both models. The α value is much smaller when modelled

with HYDRUS-1D. Therefore, the air entry value is highly overesti-

mated with the HYDRUS-1D model, which is also seen in the water

retention curve. This indicates, that the missing macropores are com-

pensated in the HYDRUS-1D model via a large air entry value. With
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the parameters obtained with MACRO the measured water retention

curve is satisfactorily represented for experiment L (2002) but not for

experiment C (2001). This may be due to the fact, that the water

content ranges covered in experiment C were slightly smaller (0.32 <

θ < 0.45 m3m−3) compared to experiment L (0.16 < θ < 0.32 m3m−3)

and the measured water contents were generally higher in experiment

C not covering the range measured for the water retention curve in

the laboratory.

Our findings support the prediction that the topsoil water dynamics

can be used to estimate the hydraulic properties of structured soils.

We found that the parameter combination helps to identify weaknesses

in the model estimates. Although the data used in this study were

measured in-situ, they are sufficiently close to the surface, that the

conclusions drawn should also hold for radiometer data.
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Chapter 5

Synthesis

This study was conducted (1) to test the performance of a new L-band

radiometer, (2) to measure the topsoil water dynamics by means of

microwave radiometry, and (3) to estimate the hydraulic properties of

a structured soil based on these topsoil water dynamics.

5.1 Performance of ELBARA

L-band radiometers are the most promising tools for remote measure-

ments of water content in the soil surface. These radiometers work at

1.4 GHz where the contrast between the dielectric constant of dry soil

and water is largest. Furthermore, radiation at this frequency passes

vegetation and clouds with minor attenuation, in addition, it does

not depend on solar light. The ELBARA radiometer system proved

to be a reliable tool. Measurements were possible during all weather

conditions. There were no external disturbances at any stage of the

experiment, which was ascertained by a splitting of the measurement

channel. ELBARA is a Dicke radiometer with an internal two-point

calibration. Components between antenna and isolator require low

loss and low reflection. A large dual-mode horn was the best solution

for the antenna. L-band radiometers are not commercially available.

Therefore, the product of this research project is of great interest for

future microwave radiometry studies.
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5.2 Measuring water content with microwave radiometry

Microwave radiometry is an indirect method to measure soil water

content. The water content is assessed via the dielectric properties

of the soil, which strongly depend on the water content. Although

many algorithms exist, some interrelations between water content and

microwave emission are still unclear. The most simple approach to cal-

culate the water content is to use the Fresnel relations. However, these

relations are only valid for homogeneous soils with a smooth surface.

Normally, natural soils do not fulfill these requirements. During drain-

ing, drying, and wetting soil water gradients evolve, which also modify

the dielectric gradients within the soil. Furthermore, the soil surface

is characterized by small irregularities formed by stones, crumbs, and

clods. These factors influence the measured emissivity. By using a plot

scale experiment we were able to sample ground truth data and com-

pare the radiometer measurements with in-situ measurements. This

is not a typical remote sensing application scale, but it improves the

understanding of the actual processes involved in radiometer measure-

ments. The transition from air to bulk soil is characterized by a large

air fraction in the surface layer due to the loosened structure. This

property strongly influences the measured emission. We developed a

new air-to-soil transition model, which takes into account the dielec-

tric gradients within the soil as well as structures at the soil surface.

5.3 Hydraulic properties based on topsoil water content

The temporal evolution of the water content in the topsoil can be

viewed as a hydrological fingerprint of a given site. It is determined

by precipitation, evaporation, infiltration and drainage and is there-

fore partly a function of the hydraulic properties we are interested in.

The soils investigated in this study are all susceptible to preferential

flow, a feature which has been verified by a dye tracer experiment. De-

spite this fact, the inverse estimation of the hydraulic properties based

on these topsoil water dynamics is possible. The obtained parameters,
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however, have to be evaluated with care. We used two water trans-

port models, HYDRUS-1D and MACRO, to simulate the observed

water content dynamics. Both models reproduced the measured water

content dynamics accurately. Although HYDRUS-1D does not take

macropore flow into account, it could be parameterized in such a way

that it compensated for the theoretical inconsistencies of the model.

The influence of the soil structure on the estimated parameters was

seen in the relationship between Ks and α ·n as well as in the air entry

value of the modelled soil (represented by the van Genuchten α). To

simulate the high infiltration rates at wet conditions MACRO allows

for flow in macropores. HYDRUS-1D assumed a much higher air en-

try value than MACRO and, in this way, simulated almost saturated

conditions at fairly negative pressure heads. Therefore, the α value

may compensate for the lower infiltration capacity of the HYDRUS-

1D results, because macropore flow is neglected. This was also seen

in the modelled water retention curves that were compared to those

measured in the laboratory.

5.4 Some open questions and future research

Although this thesis answer some of the questions about measuring

soil water content by means of microwave radiometry and about char-

acterizing soil hydraulic properties based on these observations, it also

opens the floodgate to interesting future investigations.

• This investigation was based on a bare soil observation. Most of

earth’s land surface is covered with vegetation. So the question

for a future study certainly is how the system behaves over a

vegetated surface. Many studies have been conducted to test the

influence of major crop plants like maize, wheat or soybean on

the microwave emission of soils. Crops are characterized by a

rather organized structure of the canopy. The structure of other

vegetation types like grassland or forests is rather random, or

at least different from sown crops. Therefore, of major interest
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is the characterization of such unstructured vegetation systems

with respect to the microwave emission.

• We found in this work that the topsoil structure is of major im-

portance when measuring the microwave emission. However, its

characterization is rather difficult. Therefore, new methods like

neutron radiography as presented in appendix B may be used to

describe the thin layer between air and bulk soil, which mainly

influences the measured emission. The combination of high res-

olution measurement techniques with large scale remote sensing

methods is a great challenge for future studies.

• The final goal is not the measurement of the water content of the

soil, but the characterization of the transport processes. Therefore

more work is needed in combining the remote measurements with

water flow models. A proposed way to go is to combine the air-

to-soil transition model with a soil water transport model such as

MACRO. The parameters would have to be estimated based on

an inverse routine taking the measured brightness temperature as

input of the goal function to be minimized.



Appendix A

ELBARA, the ETH L-Band

Radiometer for Soil-Moisture

Research

with Ch. Mätzler, M. Wüthrich, D. Weber, Ch. Stamm, and H.

Flühler

published in Proceedings of the International Geoscience and Remote

Sensing Symposium 2003, Toulouse France

Abstract

A 1.4 GHz radiometer, ELBARA, was constructed in 2001 at the In-

stitute of Applied Physics, University of Bern, in collaboration with

and for studies at ETH in soil-moisture research, especially to infer

soil-hydraulic properties from the dynamics of the water content in the

top soil. ELBARA is used together with MORA, an older, but equiv-

alent system at 11.4 GHz and with a set of time-domain reflectometer

(TDR) sensors. In the normal setup, the radiometers are operated

from a tower at incidence angles between nadir and zenith. Here we

report on the realization and on features of ELBARA. Results from

first measurements in 2002 were presented elsewhere Schneeberger et

al. (2003).
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A.1 Radiometer concept

A.1.1 General

ELBARA is a Dicke Radiometer with internal two-point calibration.

Photos of the front end are shown in figure A.1, and figure A.5 shows

the whole system in the field. The block diagram is presented in figure

A.2. Components between antenna and isolator require low loss and

low reflection. A large dual-mode horn, originally designed for sub-mm

wavelengths (Pickett et al., 1984), with vertical and horizontal polar-

ization (diameter 1.4 m, length 2.7 m, 12 full width at -3dB) was the

best solution for the antenna; the beams are axially symmetric (gain

23.5 dB), have high return loss (23 and 28 dB, respectively) and 38 dB

isolation between ports. The front end is mounted on the horn feed

to minimize losses. A low-loss GaAs SPDT Dicke Switch and Dicke

Load are combined with a high-performance mechanical SP4T Switch

for selecting the polarization and for calibration, all stabilized at T =

315 K. Measures were taken for protection against man-made interfer-

ence: Band-pass filters suppress out-of band radiation. Furthermore,

two simultaneous channels (1400-1418 MHz, 1409-1427 MHz) are used

to identify in-band interference, i.e. to distinguish between white noise

and narrow-band disturbances within the protected frequency range.

Direct amplification between the filters, square-law detection, DC am-

plification and AD conversion are done before the signals are registered

together with house-keeping information.

A.1.2 Analog signals

ELBARA provides 7 analog voltages in the range ±10V for measur-

ing antenna angle, ambient temperature, front-end plate temperature,

hot- and cold-load temperature, and the radiometer signals of Channel

1 (1400 to 1418 MHz) and Channel 2 (1409 to 1427 MHz).
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Figure A.1: ELBARA front end: top, front end mounted on dual-polarized horn feed;
bottom, with cover removed, calibration switch at upper left, isolator lower left, Dicke
switch, amplifiers and detectors on temperature-stabilized plate in center, full-band filters
below and split-band filters above.
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Figure A.2: ELBARA, front-end block diagram

A.1.3 Digital signals

Digital signals (+5V CMOS) are used to control the calibration switch,

and status signals (SW-STAT-1, -2, -4) describe the switch position

and define the operation state. The calibration switch is used to select

the input signals of the two radiometer channels. These are: HOT-

Load, COLD-Load, AH (Antenna h-pol) and AV (Antenna v-pol).

A.1.4 Measuring cycle and operation

A full cycle consists of radiometer measurements at all four switch

positions and of the temperatures. At each switch position, measure-

ments are averaged during 12 s. A full cycle lasts for 60 s. ELBARA

can either be operated manually, using buttons and displays at the

back end (mainly for testing), or with a computer, such as a data log-

ger (data acquisitions). Further details are given in (Wüthrich et al.,

2002).
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A.2 Calibration and Tests

A.2.1 The radiometer equation

The antenna temperature TA of an ideal, internally calibrated Dicke

radiometer (linear response, switches without loss, without reflection

and without cross talk), is given by

TA =
UA

UH − UC
(TH − TC) + TD (A.1)

where TD = 315K, TC = 278K and TH = 338K, are temperatures

of the Dicke load, cold and hot load, respectively; UH and UC are the

radiometer voltages of the hot and cold load measurements, and UA is

the voltage of the antenna measurement. Each channel and polarisa-

tion has a separate equation. Losses, temperature errors of calibration

loads, non-ideal switches, and voltage bias lead to modifications of the

form

TA = α · UA

UH − UC
(TH − TC) + TD + δT (A.2)

where the parameters α and δT take into account the non-ideal

properties.

A.2.2 Testing the internal calibration

For testing equations A.1 and A.2, and the linearity between UA and

TA, radiators with known brightness T are to be measured. In the

data of figure A.3, the antenna was replaced by coaxial loads whose

temperature T was varied from -35 to +65C. The loads were connected

to the front end by flexible cables of 2 m length. The results show the

difference TA − T for each channel, using equation A.1. The values

are small and the linearity is very good. The non-zero slopes are due

to cable losses. Correction is achieved by equation A.2 for α values

from 1.06 to 1.08, and for δT ∼= 1K. By replacing the cables by 40

cm semi-rigid cables, α approaches 1, based on measurements at room

temperature and at T = 77K (liquid nitrogen). Such cables were used

in the final setup to connect the horn with the front end (figure A.1).
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Figure A.3: Linearity test: difference between internally calibrated radiation temperature
TA and physical temperature T of coaxial loads versus T from -35 to +65 C, assuming
a=0, dT=0K; measurements (points), and linear fits (lines) for Channels 1 and 2, h and
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A.2.3 External calibration

External calibration - including the antenna - is required to test the

overall behavior. Difficulties arise because the antenna aperture is

large, making the use of artificial black bodies impractical. Natural

calibration sources exist for low brightness temperature, such as sky

radiation Tsky and water surfaces. With α = 0, measurements in

zenith direction gave a reasonable mean value of Tsky
∼= 9K near the

cosmic background of 3K. According to a recent study Delahaye et al.

(2002) made for ground-based radiometry at 1.4 GHz, the actual sky

temperature is just in between, namely at Tsky = 6.6K, especially in

directions of the northern sky hemisphere. A further test was made

by measurements of a calm water surface (Limmat, Zurich, Nov. 6,

2001) from a bridge. The reflectivity ri (i = h, v) was computed from

the i-polarized antenna temperature TA,i, assuming an antenna with

a pencil-beam and Tsky = 6.6K
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ri =
T − TA,i

T − Tsky
(A.3)

where T is the water temperature. As shown in figure A.4, the com-

parison between model and measurements is reasonable up to nadir

angles ϑ of 70o. For ϑ > 70o, the antenna was unable to resolve the

strong angular variation of the brightness temperature near the hori-

zon. External calibration of this kind will be repeated to monitor the

state of the system.
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Figure A.4: Reflectivity of a calm water surface at 1.4 GHz, h polarization (upper) and v
polarization (lower values), versus incidence angle, computed Fresnel reflectivity for water
permittivity e= 81.9+7.8i (curves) and ELBARA measurements (points).

A.2.4 Testing the height dependence

Due to partial shadowing of the sky hemisphere by the radiometer

setup, the measured radiation is increased. The effect decreases with

increasing height and with increasing ϑ. On the other hand, the height

should be small enough to limit the footprint. The dependence was

tested with a extendable tower at the bare-soil site. In this way the
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Figure A.5: Test site in 2002 with ELBARA (1.4 GHz) on the tower, together with MIRA
(11.4 GHz) just left of the tower at the horizon level.

optimal height was determined to be 4 to 5 m for ϑ ≥ 40o. The final

setup during the field campaign in spring and summer 2002 is shown

in figure A.5.

A.3 First experience

ELBARA was designed as a robust, stable and accurate radiometer

for long-time observations under all-weather conditions. After the first

year, we got experience from a summer and a winter campaign, study-

ing the emission of bare soil during changing water conditions and in-

cluding freeze-thaw cycles. Consistent time variations in comparison

with MIRA and TDR data demonstrate the quality of ELBARA. Man-

made interference has not been a problem so far; however, reflected

radiation of the sun causes significant enhancements in specular direc-

tion due to the high solar brightness temperature at L-Band.
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Appendix B

High resolution water content

measurements with neutron

radiography

To use a stratified model we need information on the dielectric proper-

ties, in particular their vertical gradient. Since the dielectric constant

of soil depends primarily on the water content, it is crucial to know the

water content profile in the top few centimeters. TDR probes cannot

resolve the most important top 2 cm, which have a major influence on

the soil emission. A method resolving for the water content distribu-

tion would therefore be a way out of this dilemma. We used neutron

radiography to image the moisture distribution in detail. This method

allows for a 2-D water content measurement with a spatial resolution

of 0.0025 cm2 (size of a pixel in the transmission image). It is based

on the fact that hydrogen has a high probability to interact with neu-

trons (Lehmann and Vontobel, 2000). Soil samples of 15 × 15 × 1

cm were exposed to a parallel neutron beam. Knowing the incident

intensity of the beam I0 and measuring the transmitted intensity I of

the wet and the dried sample we obtain the amount of water at each

pixel based on Beer’s law

dH2O · ΣH2O = ln

(
Idry

Iwet

)
(B.1)

where ΣH2O is the macroscopic cross-section of water (3.446 cm−1)

and dH2O is the transmission thickness of water in the sample at the

measured pixel. The soil samples were measured in a wet (directly
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from the field) and dry state. The image of the dry sample quantifies

the interaction of the soil matrix with the neutrons. Subtracting this

from the wet sample image results in a relative water content map

with a resolution of 0.0025 cm2 per pixel (see figure B.1). The weight

loss due to drying was used to scale the relative water contents.

The water content distribution was then compared to the TDR

measurements taken at sampling time (figure B.1). The radiography

data and the in-situ measured water contents agree reasonably well.

This close-up of the spatial water content distribution in a local surface

layer was a methodological test to backup the TDR measurements at

one observation time. Using this approach for repeated measurements

during an entire radiometer campaign would be valuable for model

testing, but will probably exceed the available beam time.
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5 cm

Figure B.1: Top: Image obtained by subtracting the radiograph of the dry soil slab from
that of the slab at the initial water content. Dark grey values correspond to dry soil
and vice versa. Bottom: Water content profile measured on June 21, 2002, 8:00. The
TDR-values (large dots) were measured in-situ at depth 2, 7, 15 cm, respectively. The θ

values obtained by neutron radiography (small dots) are a horizontal average at each pixel
line. The grey line shows the third order polynomial fit, that was used to characterize the
coherent layer model (chapter 3).
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