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L-Band Radiometer Measurements of Soil
Water Under Growing Clover Grass

Mike Schwank, Christian Mätzler, Senior Member, IEEE, Massimo Guglielmetti, and Hannes Flühler

Abstract—A field experiment with an L-band radiometer at
1.4 GHz was performed from May–July 2004 at an experimental
site near Zurich, Switzerland. Before the experiment started,
clover grass was seeded. Thermal infrared, in situ temperature,
and time-domain reflectometer (TDR) measurements were taken
simultaneously with hourly radiometer measurements. This setup
allowed for investigation of the microwave optical depths and
mode opacities (parallel and perpendicular to the soil surface)
of the clover grass canopy. Optical depths and opacities were
determined by in situ analysis and remotely sensed measurements
using a nonscattering radiative transfer model. Due to the canopy
structure, optical depth and opacity depend on the polarization
and radiometer direction, respectively. A linear relation between
vegetation water-mass equivalent and polarization-averaged op-
tical depth was observed. Furthermore, measured and modeled
radiative transfer properties of the canopy were compared. The
model is based on an effective-medium approach considering the
vegetation components as ellipsoidal inclusions. The effect of the
canopy structure on the opacities was simulated by assuming
an anisotropic orientation of the vegetation components. The
observed effect of modified canopy structure due to a hail event
was successfully reproduced by the model. It is demonstrated that
anisotropic vegetation models should be used to represent the
emission properties of vegetation. The sensitivity of radiometer
measurements to soil water content was investigated in terms of
the fractional contribution of radiation emitted from the soil to
total radiation. The fraction of soil-emitted radiation was reduced
to approximately 0.3 at the most developed vegetation state. The
results presented contribute toward a better understanding of the
interaction between L-band radiation and vegetation canopies.
Such knowledge is important for evaluating data generated from
future satellite measurements.

Index Terms—Microwave measurements, microwave radiom-
etry, remote sensing, soil, soil measurements, soil moisture,
vegetation.

I. INTRODUCTION

THE large-scale water content distribution is a critical
factor for determining the amount of actual evaporation

and therefore a driving force in the feedback loop from soil
to atmosphere. Because of its importance for questions within
the fields of hydrology and climatology, considerable effort
has gone into the development of measurement techniques
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to determine soil water content at larger scales [1]. In [2],
the potential of microwave radiometry to measure surface
soil moisture was demonstrated. Furthermore, the need for an
improved quantitative understanding of the relevant emission
and absorption processes explaining measured radiance was
identified. This need remains relevant today. In the framework
of near-future L-band satellite programs (the Soil Moisture
and Ocean-Salinity (SMOS) mission of the European Space
Agency [1], [3] and Hydros [4] of the National Aeronautics and
Space Administration) it is important to improve knowledge on
how microwave radiation interacts with vegetation.

Microwave radiometry at 1.4 GHz [5]–[7] is one of the most
promising passive remote sensing techniques to determine
soil water content at large scales for the following reasons:
1) absorption by the atmosphere and clouds is almost negli-
gible, allowing for all-weather measurements; 2) vegetation
canopies are semitransparent, which enables measurement
through vegetation; 3) the measurements are not influenced
by solar radiation, which makes it possible to perform day
and night observations; and 4) the 1.4-GHz band is protected,
avoiding measurement disturbance via human interference.

Microwave radiometry makes use of electromagnetic (EM)
energy that is reflected and emitted by the observed scene. At
microwave frequencies the measured radiance is proportional
to the thermodynamic temperature and emissivity of the surface
(Rayleigh–Jeans approximation of Planck’s Law). The emis-
sivity is a strong function of the soil water content due to the
large contrast between the permittivity of free water ( ),
and dry soil ( to 5). This allows determination of soil sur-
face-water content from its emissivity by applying dielectric
mixing [8] and radiative transfer models. In the simplest case,
the soil emissivity is represented by the Fresnel equations [5].

However, more sophisticated models are required for inter-
pretation of radiometer data obtained from observations of com-
plex landscape structures. Several passive remote sensing exper-
iments have been carried out in order to study the microwave
emission from natural soils [9]–[11] and the microwave inter-
action with vegetation [12]–[14].

In [15], early results from microwave radiation measurements
of the earth’s surface in the presence of vegetation are pre-
sented. Thereby, the canopy optical depth was related to some
biometric parameters of the vegetation. As demonstrated in [16],
soil moisture retrieval by radiometry is possible even if there is
a vegetation canopy present, provided that the effects of the veg-
etation are considered. A simple model was used to account for
particular vegetation by relating the vegetation optical depth to
the specific water mass equivalent stored in the vegetation.

0196-2892/$20.00 © 2005 IEEE
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Hornbuckle et al. [17] investigated the anisotropy in 1.4-GHz
brightness emitted by a corn field. They found that measure-
ments at both polarizations are isotropic in azimuth during
most of the growing season. When the canopy is senescent,
the L-band measurements were a strong function of vegetation
structure. Furthermore, the 1.4-GHz brightness was observed
to depend on the radiometer elevation, which was interpreted
to be a consequence of volume scattering within the canopy.
However, it was found that neglecting scattering is appropriate,
because fitted scattering coefficients in the model applied in
[17] were small.

A discrete model for the interaction of forest canopies with
L-band radiation is described in [18] and [19]. This model con-
siders structural features like branch-, trunk-, and leaf-geometry
by means of dielectric oblate spheroids and cylinders.

In this work, we present simultaneously measured ground-
truth and remotely sensed measurements evaluated by applying
a nonscattering radiative transfer model. Canopy opacities de-
rived from measurements are compared with model calculations
based on an anisotropic effective medium model characterizing
the canopy at different states. The motivation of this work was
to gain insights into the interaction between microwave radia-
tion and vegetation canopies. This is important for soil moisture
retrieval on vegetated territories using L-band radiometry. Re-
sults of this investigation show that anisotropic mixing models
are required for representing dielectric and emission properties
of vegetation, indicating that anisotropy and polarization effects
are key features of vegetation.

II. FIELD EXPERIMENT

The experiment was carried out on a field site at the In-
stitute of Plant Sciences, Eschikon (550 m a.s.l.), 15 km
northeast of Zurich. The measurements were taken between
May 27, 2004 ( day of year ) and July 27, 2004
( day of year ). The entire dataset measured during
this campaign can be requested from the corresponding au-
thor (mike.schwank@env.ethz.ch). Fig. 1 shows the L-band
(1.4 GHz) microwave radiometer ELBARA [20] mounted on
the tower and the approximate location from which ground-truth
measurements were taken during the 61 days of the experiment.

The remote sensing system, the equipment used for the
ground-truth measurements, and the conditions at the field site
are described below.

A. Remote Sensing System

The microwave radiometer ELBARA operating at 1.4 GHz
was designed for remote sensing at the field scale. ELBARA is
a Dicke-type radiometer with internal hot and cold loads sta-
bilized at 338 and 278 K for calibration purposes before any
measurement. The radiometer is equipped with a dual-polar-
ized conical horn antenna with -dB full-beamwidth of 12
and symmetrical and identical beams with small sidelobes. To
detect man-made EM noise, ELBARA works simultaneously at
two overlapping channels, one between 1400–1418 MHz and
the other between 1409–1427 MHz. A more detailed descrip-
tion of the radiometer is reported in [20].

Fig. 1. L-band radiometer ELBARA mounted on the tower at the test site.
The half-axes a and b of the elliptic footprint for the incidence angles # are
given in Table I.

TABLE I
FOOTPRINT DIMENSIONS AT INCIDENCE ANGLES # . THE MEASUREMENTS

PERFORMED AT THE HIGHLIGHTED ANGLES # TO # ARE EVALUATED

The radiometer is attached to an elevation scanning stage
mounted on a tower. Incidence angles between 45 and 140
can be realized, and the center of rotation is 6 m above ground
(Fig. 1). This setup allows for automated radiometric observa-
tions with variable incidence angles between 45 and 140 .
We performed measurements at angles between 45 and 75
with an increment of 5 and sky measurements at 140 . The
half axes and of the elliptic footprint (Fig. 1) were esti-
mated corresponding to the -dB beamwidth, the installation
height, and the incidence angle . Furthermore, the horizontal
distances and , measured from the radiometer to the
closest and the farthest footprint border and the footprint areas

, are listed in Table I. However, the data analysis is restricted
to the angles , , , and due
to increasing reflected sky radiance at angles larger than 60 .

The reliability of the remote sensing system was tested once
a day by measuring the zenith radiation temperatures
at the maximum angle of 140 at midnight and at horizontal
( h) and vertical ( v) polarization. Throughout the en-
tire experiment K and K at h-
and v-polarization were measured with standard deviations less
than 2 K indicating stable operation of the system. However, the
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Fig. 2. Precipitation rate [mm � d ], vegetation height H [cm], and fresh
vegetation column density � [kg �m ] during the experimental period, May
27, 2004 (= day 148) to July 27, 2004 (= day 209).

polarization-averaged zenith radiation temperature should yield
approximately 10 K, which is the sky radiation contribution at
L-band. We attribute the difference to device internal absorption
occurring in the cable between the antenna and the radiometer
receiver. This systematic error and the true sky contribution to
the total measured radiation were corrected by referencing all
the temperatures to the measured zenith temperatures
( h v).

In addition to the L-band measurements, thermal infrared
(IR) measurements with the same time resolution were per-
formed. For this purpose, the thermal IR radiometer Everest
Interscience 4000.4ZH was attached to the ELBARA antenna
(Fig. 1). This IR radiometer is sensitive in the spectral range
from 8–15 m, the temperature range is 243–1033 K, and the
accuracy is of reading. The aperture angle is ,
which is of the same order as ELBARA’s field of view ( ).

B. Ground-Truth Measurements

Hourly ground-truth measurements at two locations close
to the radiometer tower were performed. Soil permittivities
(related to soil water content) and temperatures were mea-
sured in situ with horizontally installed two-rod TDR probes
(in-house constructed probes (rod length 18 cm, rod diam-
eter 0.2 cm, rod separation 2.5 cm) connected to Campbell
TDR100 reflectometer and CR10X datalogger) and thermistors
(Campbell S-TL107). At both locations (Fig. 1), these sensors
were placed horizontally at seven local depths (2, 4, 6, 10, 20,
30, and 50 cm).

Fig. 3. Clover grass vegetation before and after the hail event on day 190.

C. Field Site Conditions

The experiment was carried out on a flat agricultural area
at the Institute of Plant Sciences, Eschikon (550 m a.s.l.),
15 km northeast of Zurich. From the outset of the experiment
on May 27, 2004 (day 148) to July 27, 2004 (day 209), the
mean temperature measured directly above the soil surface was
18.1 C.

Total precipitation during the experiment was 224.8 mm. Pre-
cipitation rate, vegetation height , and fresh vegetation mass
column density measured during the experiment are shown
in Fig. 2. The most distinct precipitation events occurred on days
155 and 190 with 55 mm d and 32 mm d , respectively,
where the latter was a hailstorm. The longest period without pre-
cipitation lasted from day 159 to 163.

At commencement of the experiment, 3.6 g m of the clover
grass mixture UFA 106 was seeded ( g m Lolium wester-
woldicum, 1 g m Trifolium alexandrinum, and 0.6 g m Tri-
folium resupinatum). Before seeding, the bare soil was rolled al-
lowing the soil surface to be considered electromagnetically flat.
During the first seven days of the experiment (before day 154)
the soil was bare. An increasing soil roughness in the course
of the experiment, which might be caused by growing vegeta-
tion and drying/wettening cycles, is not considered in our in-
vestigation. The vegetation grew with a rate of approximately
1.7 cm d and the fresh column density increased with
approximately 86 g m d . The dry-matter fraction ,
defined as the ratio between the vegetation dry and wet mass,
was approximately kg kg throughout the en-
tire growth period from day 154 to 190. For the first half of the
growth period, was dominated by clover. At later vegeta-
tion states, the shares of clover and blades of grass were similar.
Due to hailstorm damage on day 190, the upright height of the
canopy was reduced from approximately 60 to 20 cm. Fig. 3
shows the intact and the smashed vegetation before and after
the hail event. A few days after the hail, clover sprouts emerged
in-between the buckled vegetation. On day 198, the main part
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of the vegetation was mowed and harvested leaving the canopy
height of approximately 5 cm. Thereby, most of the buckled
vegetation was removed. A small area close to the tower was
mowed five days later (day 203) to approximately 10 cm corre-
sponding to the height of the rest of the field at this time. This
area covered approximately half of the footprint at the steepest
angle . However, the area mowed later did not reach
the same state as the previously mowed area of the field until
the end of the experiment.

The soil was classified as a loam according to the U.S. Depart-
ment of Agriculture classification scheme, consisting of rather
compacted subsoil covered by an organic-rich top soil layer of
approximately 20 cm. The hydraulic properties of the uppermost
60 cm are summarized in [11].

III. MODELS

The radiative transfer model presented in Section III-A is
used for calculating the vegetation optical depths and opacities
from the measurements (Sections IV-B and C) and for esti-
mating the fractional contribution of the radiation emitted from
the soil to the measured brightness temperature (Section IV-D).
A dielectric mixing approach comprising simple but reasonable
parameters is presented for modeling the canopy opacities,
also considering the anisotropy of the vegetation structure
(Section III-C). These calculations are compared with mea-
surement based data showing the influence of the vegetation
structure on the emission properties and vice versa the possible
characterization of the vegetation architecture using L-band
measurements.

A. Microwave Radiative Transfer Model

Microwave remote sensing makes use of EM energy that is
reflected and emitted by the earth’s surface [6]. The radiometri-
cally detected signal results from the temperatures and emissiv-
ities of the partial spaces contributing to the total radiance en-
tering the aperture of the radiometer antenna. Here, the attenua-
tion of the individual radiances along their paths to the antenna
has to be considered. Finally, the received radiance is calculated
as the sum of the radiation contributions emitted from the rele-
vant locations.

At microwave frequencies, the Rayleigh–Jeans law applies,
implying that the radiance of an emitter is proportional to the
temperature. This makes it convenient to use brightness tem-
perature instead of radiance.

In the following, the polarization states are labeled by the su-
perscript indexes h for “horizontal” and v for “vertical”
polarization. These notations are common, but somewhat mis-
leading. An electric field vector at v-polarization is defined
to be parallel to the plane of incidence. As can be seen in Fig. 5,
this means that the field vector referred to as “vertical” po-
larized comprises both a horizontal and a vertical component

, which might be confusing. A horizontally
polarized electric field vector is defined to be perpendic-
ular to the plane of incidence. Consequently, this incongruity
in terms of denomination does not appear at h-polarization be-
cause the field is horizontally oriented for all
incidence angles .

Fig. 4. Sketch of the radiation contributions considered in the radiative transfer
model for calculating the brightness temperature T at polarization p = h; v.

Fig. 5. Sketch of the direction of the electric fieldsEEE at polarization p = h; v.
KKK is the propagation vector.

Fig. 4 shows the concept of the microwave radiative model
used in this work [21]. Attenuation and emission of the vegeta-
tion at polarization h v are considered by the transmissivity

along the line of sight, and scattering-related attenuation is
not considered in our investigation [17], [22].

The brightness temperature at polarization h v is
given by

with

(1)

where upward atmospheric emission; upward
vegetation emission attenuated through atmosphere;
soil surface emission attenuated through the vegetation and
atmosphere; downward vegetation emission reflected at
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the soil surface and attenuated through the vegetation and at-
mosphere; downward atmospheric emission attenuated
through vegetation and atmosphere and reflected at the soil
surface; sky emission attenuated through vegetation and
atmosphere and reflected at the soil surface with reflectivity .

The atmosphere is almost transparent at L-band, and the radi-
ation contribution of the sky is minor [23]. Therefore, the con-
tributions , , and to the received brightness temper-
ature are not considered here.

The expected for a bare soil observation is determined by
the single term with atmospheric transmissivity

h v (2)

Soil reflectivity is calculated from the dielectric depth pro-
file derived from the in situ TDR measurements. A coherent ra-
diative transfer model representing the soil as a stratified dielec-
tric medium of layers with uniform thickness of 1 mm [10], [11]
was applied. The calculation is based on a matrix formulation
of the boundary conditions at the layer boundaries derived from
Maxwell’s equations [24].

For accurate calculation of soil temperature relevant for
radiation, the temperature profile should be integrated over the
temperature sensing depth (20–40 cm at 1 GHz) and weighted
according to the total attenuation from any depth to the soil
surface [25]. This calculation would require knowledge of the
imaginary part of the soil dielectric constant which was not
available from the TDR measurements. For this reason, we use
the following approximation as proposed in [26]:

(3)

and are the soil temperatures in situ measured at
2- and 45-cm depth, respectively, and is an empirical param-
eter. We used the best fit value as calculated in [26]
based on a large data base for the wavelength of 21 cm. The pa-
rameterized equation (3) gives results that are generally within
1% or 2% of the exact value.

The expected L-band brightness temperature of a soil
covered with vegetation of uniform temperature is the sum
of the contributions , , and given by (1)

h v
(4)

The power transmissivity of the vegetation along the line
of sight is the positive solution of the above quadratic equation
for

(5)

Vegetation optical depth along the line of sight is related
to the corresponding by Beer’s law

h v (6)

The above relations will be used for calculating zenith optical
depths at both polarizations h v based on
the measurements at incidence angle .

B. Canopy Mode Opacities

Brightness temperatures measured at polarization
h v are proportional to the squared absolute value of the corre-
sponding EM field [6, p. 74]. As mentioned above and illus-
trated in Fig. 5, the vertically polarized field
comprises both a component parallel and a component
perpendicular to the soil-surface plane, if the measurement is
performed at any incidence angle .

This instance requires introducing two separate modes given
by the projection of the h- and v-polarized fields onto the
x–y plane (soil-surface plane) and onto the vertical z direction.
The former is denoted as “x mode” and the latter as “z mode.”
This concept is used for the canopy opacities effective for
the modes x and z (Section IV-C).

Due to the anisotropy of the canopy the effective permittivi-
ties determining the propagation of the x and z mode are dif-
ferent. As a consequence, the canopy opacities ( x z)
for the two modes are different and not equal to the vegetation
optical depths derived from the measurements.

For calculating the mode opacities ( x z) from the
measured transmissivities ( h v), one has to consider the
alignment of the electric fields ( h v) relative to the x–y
plane and the z direction.

As can be seen from Fig. 5, the components of the vertically
polarized field vector are
and . The field transmission of the x and z
mode is affected by the corresponding field transmission coef-
ficient ( x z) of the canopy traversed at the angle .

The transmissivity , measured at vertical polarization, is
the ratio between powers before and after attenuation which
are proportional to . This allows expression of as the
squares of the field transmissions and

(7)

The horizontally polarized field comprises
the x mode only. Therefore, the corresponding transmis-
sivity is

(8)

The field transmission coefficients are expressed using
Beer’s law

x z (9)

The factor 2 in the denominator of the exponential is due to
the definition of the mode opacities ( x z) related to the
transmissivity instead of the field transmission coefficient [27].

Experimentally based mode opacities are calculated from
the transmissivities ( h v) of the canopy deduced from
the measurements at h- and v-polarization using the radiative
transfer model (5). The canopy opacity affecting the x mode
(parallel to the soil-surface plane) is evaluated by combining (8)
with (9) and solving for

(10)
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From this, the opacity for the vertical mode is calculated
by combining (7) with (9)

(11)

The above relations (10) and (11) together with the radiative
transfer model (5) will be used in Section IV-C for calculating
time-series of mode opacities ( x z). These measure-
ment-based opacities will be compared with calculated opacities
derived from the dielectric mixing approach, characterizing the
vegetation canopy presented in Section III-C.

C. Canopy Model

A dielectric mixing approach is applied for estimating the ef-
fective dielectric properties ( x z) of the canopy. Ac-
cording to the anisotropic vegetation structure the permittivity

affecting the x mode (parallel to the soil-surface plane) is
different from the permittivity relevant for the z mode. From
these effective canopy permittivities ( x z) the corre-
sponding field attenuation coefficients [m ] and hence the
canopy mode opacities are calculated.

The general idea of the mixing approach is to represent the
vegetation components by dipole moments, which are averaged
to obtain the electric polarizability . The Clausius–Mosotti for-
mula [28] relates the effective permittivity to the polariz-
ability , the depolarization factor and the number density
[m ] of the scatterers embedded in the dielectric background
host with dielectric constant

(12)

For mixtures that are highly depleted in the dielectric sense,
holds. Due to the low volume fraction of the water

phase within the considered canopy ( ), the above relation
can be simplified to

(13)

For spherical scatterers with volume (
radius) and permittivity the polarizability and the depolar-
ization factor are given by

(14)

Substituting this into (12) together with the dimensionless
volume fraction of the inclusions in the mixture
yields the Maxwell–Garnett mixing formula valid for spherical
inclusions [29].

However, in the mixing approach applied to estimate
( x z) of the canopy with height we used ellipsoidal
inclusions to represent the relevant vegetation components
“clover leaves” and “grass blades” embedded in the air
background host with . The corresponding semiaxes

and of the oblate clover leaf
and grass blade ellipsoid (Fig. 6) are assumed to be cm,

cm, m, m, cm,
. The fact that the grass blade length exceeds the

L-band wavelength cm does not cause a problem for

Fig. 6. Ellipsoidal inclusions (clover leaf and grass blade) used in the dielectric
mixing model for calculating the effective permittivity of the vegetation. For the
evaluation presented in Section IV-C we used a = 1 cm, b = 0:75 cm,
c = 75 �m (= leaf thickness), a = 75 �m (= grass-blade thickness),
b = 0:5 cm, c = H=2 (H = grass-blade length).

the application of the dielectric mixing approach because the
other grass blade dimensions are still much smaller than [30].

The effective permittivity of a mixture comprising asym-
metric inclusions with preferred orientation is represented by a
diagonal tensor with eigenvalues ( , , ), giving permittiv-
ities in three dimensions x, y, and z in space. However, given
our assumptions concerning the orientation of the vegetation
components before and after the hail event, the permittivities
for all directions parallel to the soil-surface plane are the
same, . Hence, the effective vegetation permittivity is
characterized by the two values ( x z) determining the
propagation of the x and z mode.

The inequality in effective dielectric constants ( x z)
is due to the direction dependent polarizabilities , ,
of the clover leaves and grass blades , , as well as
the corresponding depolarization factors , , and

, , , and the assumed orientation of the inclusions.
Consequently, expression (13) for the scalar has to be mod-
ified to calculate ( x z).

Two different canopy states are distinguished representing the
clover grass during the growth phase and after the hail event on
day 190 (Fig. 7). At the end of the growth phase, the canopy
is assumed to be composed of randomly oriented clover leaves
and upright grass blades ( along z) with arbitrary orientation
around their length-axes [Fig. 7(a)]. The damaged canopy
after the hail event is described as horizontal grass blades (
lying in the x-y plane parallel to the soil-surface), randomly
oriented with respect to their length-axes and their vertical
axis . Furthermore, the fraction of the clover
leaves are assumed to be horizontal ( along ) and randomly
oriented around their and axes. The remaining fraction

of the clover leaves are considered as randomly
oriented just like before the hail [Fig. 7(b)]. These simple model
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Fig. 7. Sketch of the canopy structure composed of clover leaves and grass blades (a) before and (b) after the hail event.

assumptions are suitable for demonstrating the effect of the hail
damage qualitatively (Section IV-C). Nevertheless, the assumed
random orientation of the lying grass blades after the hail might
be somewhat problematic as local patches of grass with predom-
inant orientations were observed.

Before the hail ( x z) values are calculated by av-
eraging the clover leaf polarizabilities , , over the
three directions (random leaf orientation). The contribution of
the grass blades to is considered by averaging and
over the horizontal directions and the contribution to is given
by alone. With the number densities and [m ] of
clover leaves and grass blades, the effective permittivities
( x z) for the x and the z mode propagating through the
canopy are

(15)

(16)

After the hail [Fig. 7(b)], the fraction of the lying clover
leaves contributes to with the averaged polarizabilities
and , whereas their contribution to is exclusively deter-
mined by . The clover leaf fraction ( ) remaining ran-
domly oriented after the hail contributes the same to and
with the averaged polarizabilities over the three directions. The
contribution of the lying grass blades to is represented by
averaging and lying in the x-y plane, and their contri-
bution to is considered by , which is the vertical compo-
nent. The permittivities ( x z) of the vegetation layer
after the hail are

(17)

(18)

The number densities and of the clover leaves and
grass blades within the canopy are calculated from fresh vegeta-
tion mass column density [kg m ], fractional mass contri-
bution of clover leaves, clover leaf, and grass blade volume

and [m ], mass
density kg m of wet vegetation material (without
interspaces within the canopy), and canopy height [m]

(19)

The polarizability component of an ellipsoid with semi-
axes , , , volume and permittivity em-
bedded in dielectric background host is [28]

(20)

Likewise the - and -directed components and of the
polarizability can be written, by replacing the
depolarization factor with and . Analytical expres-
sions exist for the depolarization factors of ellipsoids

(21)

For the depolarization factor (or ), interchange and
(or and ) in the above integral. For a sphere with radius

this yields
[compare (14)].

The permittivity of the inclusions, representing the wet
vegetation material, is calculated from a semiempirical formula
for the complex dielectric permittivity of leaves [31]

(22)

This formula was proven to be applicable in the frequency
range from 1–100 GHz for leaves with dry-matter fractions

and salinity ppt (parts per thousand).
The saline water permittivity was calculated using a fit
for the microwave complex dielectric constant of saline water
of temperature and frequency using two Debye relax-
ation wavelengths [32]. In the model calculations, we used

as calculated for ppt, C
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( average temperature during the experiment) and fre-
quency GHz. Temperature variations within the
measured range did not affect the model results.

The basic relation is used to calcu-
late the field attenuation coefficients [m ] for the two field
modes ( x z) from the complex effective permittivities

. Expressed in terms of and this
yields

x z (23)

The corresponding mode opacities ( x z) defined to
be the negative exponential in Beer’s law for the canopy trans-
missivities of the x and z mode are

x z (24)

The relations (15)–(24) allow for estimation of mode opaci-
ties ( x z) of the canopy from the considered structural
canopy parameters.

IV. RESULTS AND DISCUSSION

A. Measured and Calculated Reflectivities

The reflectivities deduced from the radiometer (rm)
measurements are calculated from time-series of brightness
temperatures at horizontal and vertical polarization
( h v). The simple relation (2) with and with
approximated by (3) is used to calculate these data plotted in
Fig. 8(a). Fig. 8(b) shows soil reflectivities ( h v)
calculated from the permittivity profiles obtained from the
in situ TDR measurements. The coherent radiative transfer
model [24] for stratified dielectrics mentioned in Section III-A
was used to calculate from these permittivity profiles.

The soil reflectivities ( h v) calculated from the
TDR data are correlated with the reflectivities ( h v)
based on the L-band brightness temperatures ( h v)
emitted from a smooth bare soil surface. During the vegeta-
tion-free period (Fig. 9) and for the observation
angle are in good agreement. Furthermore, a time
delay between the increase of and can be observed,
which is caused by precipitation at day 149 and 152. The
slightly prior increase of is a consequence of the higher
surface sensitivity of the radiometer measurements compared
with the in situ TDR measurements. The correlation coefficient
between the and data is . Corresponding
correlation coefficients for the angles 45 , 50 , 55 , 60
and both polarizations are listed in Table II. The high correla-
tion between ( h v) and the radiometrically mea-
sured reflectivity ( h v) during the vegetation-free
period justifies the interpretation of as reflectivity of the
soil. Furthermore, the assumption of a flat soil surface leading
to a specular reflectivity is corroborated at least for the veg-
etation-free period. We assume the soil surface remains elec-
tromagnetically flat in the course of the experiment. However,
a slightly increasing roughness due to growing vegetation and
drying/wettening cycles is expected, but not considered in the
presented evaluation.

Fig. 8. (a) Time-series of measured reflectivities r (p = h; v) of the
observed scene. (b) Calculated soil reflectivities r (p = h; v) derived
from in situ TDR measurements.

Fig. 9. Soil reflectivities r and r (for h-polarization and # = 50 )
calculated from in situ TDR data and measured with the radiometer (rm) during
the vegetation-free period at the beginning of the experiment (day � 149

and 154). Correlation coefficients R of corresponding datasets for h- and
v-polarization and # to # are listed in Table II.
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TABLE II
CORRELATION COEFFICIENTS R CALCULATED FOR RADIOMETRICALLY

MEASURED AND IN SITU MEASURED SOIL REFLECTIVITIES r

AND r (p = h; v) DURING THE VEGETATION-FREE PERIOD

Fig. 10. Time-series of effective soil temperature T , IR temperature T

averaged over the four incidence angles # to # , and in situ soil temperatures
T and T measured at 2- and 45-cm depth, respectively.

As can be seen by comparing Fig. 8(a) and (b) the deviation
between and ( h v) increases with time. The
measured reflectivities ( h v) decrease and become
less sensitive to the incidence angle whereas the calculated
soil reflectivities ( h v) do not show this trend. This
is due to the effect of developing vegetation obscuring the soil.
The increasing deviation between the calculated soil reflectivi-
ties and the measured reflectivities requires the in-
terpretation of ( h v) as reflectivities of the observed
scene (system reflectivity).

The abrupt increase of on day 198 when the clover grass
was mowed and removed from the field site also supports this
assumption. Furthermore, it can be seen that the effect of the
hail event on day 190 is highly polarization dependent.

B. Time-Series of Canopy Optical Depth

The measured canopy optical depths (
h v) at zenith are derived from the presented radiative transfer
model [(5) and (6)] as a function of the measured brightness
temperature at incidence angle , the temperatures and

of vegetation and soil and the reflectivity associated
with the soil–vegetation interface.

The soil effective temperature (solid black line in Fig. 10)
is calculated by approximation (3) using the in situ measured
temperatures at 2-cm and at 45-cm depth (dashed
gray and black line). The temperatures (solid gray line),
measured with the IR radiometer, were averaged over the four
incidence angles to . The mean spread of ( )
measured at these angles was K.

Fig. 11. Time-series of zenith vegetation optical depths � (p = h; v) at
incidence angles # = 45 , # = 50 , # = 55 , and # = 60 . Regression
for polarization-averaged � derived from � (p = h; v) at # (black dashed
lines).

From the beginning of the experiment to day 154, the temper-
atures and the in situ surface-near temperatures agree
within a couple of degrees. This means that is a measure of
soil surface temperature when no vegetation is present. During
vegetation development the disagreement between and

increases, showing more distinct daily variations of the IR
measurements. If vegetation is present measures the tem-
perature of the vegetation, which is determined by the air
temperature close to the soil and by evaporation processes at
plant surfaces. The in situ deep-soil temperature measurements

are least sensitive to meteorological variations.
The calculated soil reflectivities [Fig. 8(b)] associ-

ated with the air-to-soil transition are used for estimating
( h v). This requires that quantifies the reflection at
the soil-to-canopy interface as it is understood in the radiative
transfer model. This is reasonable due to the low effective per-
mittivity of the vegetation and the observed agreement between

and the radiometric bare soil reflectivity before day
154 (Fig. 9 and Table II).

Fig. 11 shows the time-series of the zenith optical depth
( h v) of the vegetation. The values gradually increase
during the growth period ( day ). This behavior
will be further discussed in Section IV-C.

First the -factor of the clover grass, vegetation relating the
polarization averaged optical depth with the water content

of the vegetation is estimated from our radiometer
measurements. The linear relation is widely
used and applicable for a particular vegetation type [33]. The
functional dependence of on the vegetation characteristics was
investigated in [16] on the basis of published microwave emis-
sion data for various vegetation types and wavelengths between
2.25 and 30 cm. Based on L-band emission data from saturated
soil covered with tall grass [34], was estimated to be between
0.1 and 0.2 m kg .

To estimate the clover grass -factor, the polarization aver-
aged optical depth is estimated from the
measurements at the angle by calculating the linear
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regression ( days after day 154) ap-
proximating the corresponding data (black dashed lines in
Fig. 11). Combining with the linear regression

g m d derived from the measured fresh vegeta-
tion mass column density (Fig. 2) and using the vegeta-
tion dry-matter fraction kg kg allows for elimi-
nating and relating with the specific water mass equivalent

stored in the vegetation. From this,
we found a reasonable value for the -factor of the rather dense
clover grass vegetation

with m kg (25)

However, the characterization of the interaction between veg-
etation and microwave radiation using the single parameter
disregards any effect of vegetation structure on the polarization
dependency of the optical depth.

By means of the abrupt change of vegetation structure caused
by the hail event on day 190, we found the vegetation optical
depths ( h v) changed in a significantly polarization
dependent manner. The optical depth at h-polarization in-
creased, whereas at v-polarization was reduced. This ob-
servation is qualitatively explained as the result of the increased
permittivity (and loss) seen by an -polarized wave due to the
greater parallel alignment between the predominant orientation
of the buckled canopy and the electric field at -polarization.
On the other hand, the decrease of is due to reduced permit-
tivity along the direction of the v-polarized field as a con-
sequence of more orthogonal alignment between predominant
canopy structures and . These arguments are elaborated more
precisely in Section IV-C where the dielectric mixing model
presented in Section III-C is evaluated.

The vegetation optical depth derived from the measure-
ments at h-polarization after the hail shows a distinct depen-
dency on . This observation cannot be fully explained by the
anisotropy of the canopy permittivity. It is suspected that this is
a consequence of scattering of the exclusively horizontal field

at h-polarization (Fig. 5) with lying vegetation
structures with dimensions of the order [17].

C. Time-Series of Canopy Mode Opacities

Opacities determining the propagation of the
x- ( x) and the z mode ( z) within the canopy are
presented in this section. Model calculations are compared with
opacities derived from the measurements. The measurement
based ( x z) are governed by the transmissivities
( h v) evaluated by the radiative transfer model (5), and the
relations (10) and (11). The opacities ( x z) are plotted
in Fig. 12.

At the beginning of the experiment, values are close to
zero as expected for a bare site. The deviations from
at early vegetation states are mainly due to the inadequacy of
the radiative transfer model which does not consider scattering
effects [17]. Furthermore, errors in measured temperatures
( h v) and reflectivities derived from the in situ TDR
measurements result in inaccurate ( x z).

During the growth period both mode opacities ( x z)
increase gradually with time whereas reaches significantly

Fig. 12. Opacities � = 2 H relevant for the x mode (m = x) and the
z mode (m = z) propagating in the canopy. The solid lines show � derived
from measurements using the radiative transfer model. The dashed lines are
model results calculated with the dielectric mixing model used to characterize
the canopy (Section III-C).

higher values than . The increase of the opacities is in agree-
ment with the increasing canopy optical depths and
(Fig. 11). Furthermore, the predominantly vertically oriented
structure of the developed canopy produces . As a con-
sequence of relation (8) the opacity for the x mode and the
optical depth measured at h-polarization are identical. As
can be seen from comparison of Figs. 12 and 11, the opacity
for the z mode generally exceeds the optical depth . This is
caused by the horizontal field component of the v-polarized
field (Fig. 5), which is less attenuated by the
vertical grass blades.

Unlike the optical depths ( h v) (Fig. 11), the mode
opacities ( x z) are defined to be properties of the
canopy alone. Therefore, ( x z) should not depend
on the incidence angel if the averaged canopy properties do
not differ within the corresponding footprints. As can be seen,
the -dependence of is considerably smaller than the angular
dependence of during the growth period. The situation is vice
versa for the period between the hail and mowing of the field site
( day ).

This shows that the nonscattering radiative transfer model is
adequate when the electric field is at a right angle relative to
the main orientation of the vegetation. With increasing align-
ment between the electric field and the vegetation orientation,
scattering becomes important. Furthermore, the -relation
between the path length through the vegetation along the line
of sight and the perpendicular path length through the vegeta-
tion layer [(10) and (11)] leads to an inaccurate description of
absorption when the medium is not made up of isotropic scat-
terers. This might be the reason for the angular dependence of

( x z) during the growth period and after the hail,
respectively.

This observation shows that mode conversion depends on the
predominant canopy orientation and incidence angle. Consid-
ering such effects would require taking scattering into account
in the radiative transfer model [17].
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On day 190, is abruptly reduced whereas is increased
at least for the data derived from the measurements at the inci-
dence angles and . This observation is in agreement with
the partial conversion of vertical to horizontal oriented vegeta-
tion components. The structural change of the canopy due to
the hail occurs at the same time as wetting the plants. However,
three days after the hail with no precipitation (Fig. 2), the change
of the mode opacities can be interpreted as the effect of the struc-
tural modification separated from the wetting effect.

Mowing and harvesting on day 198 brought about a rather
thin vegetation layer similar to an earlier time during the growth
period. Consequently, the opacities ( x z) are dimin-
ished to values observed at the beginning of the vegetation
period.

The bold dashed lines in Fig. 12 show calculated opacities
( x z) utilizing the relations (15)–(24) of the canopy

model. The evaluation is performed for the parameters given in
Section III-C. The time evolution is considered using the linear
fits cm and to the
measured data of the canopy height and fresh vegetation mass
column density (Fig. 2).

During the growth period the model represents the experi-
mentally accessed vegetation opacity well. The highest rel-
ative deviations occur at early vegetation states and under dry
conditions as is the case between day 159 and 163 (Fig. 2). The
calculated opacity for the z mode represents the measure-
ments best performed at and . The observed
increase of as well as the decrease of caused by the struc-
tural change of the canopy due to the hail is reproduced by the
canopy model.

D. Contribution of Soil Radiation

Growing vegetation reduces the sensitivity of the measured
brightness temperature ( h v) with respect to soil
moisture. The fractional contribution of the radiation
emitted from the soil to the total radiation received by
the radiometer can be estimated using the microwave radiative
transfer model [Fig. 4 and relation (1)]

h v (26)

Fig. 13 shows the contour plot of evaluated for the
soil reflectivity and the vegetation optical depth ( h v)
characterizing the soil and vegetation state, respectively. Fur-
thermore, a section of the experimental data pairs
derived from measurements at the incidence angle
and h- and v-polarization ( h v) is plotted.

As expected, decreases with increasing .
Thereby, the optical depth of the vegetation can be increased
for various reasons such as increasing vegetation column den-
sity, structural change of the canopy or measuring at a shallower
angle. As expected declines when soil reflectivity
increases as the consequence of increasing soil water content.
This is the result of reduced direct emission
from the soil and the higher contribution of the
radiation emitted downward by the canopy and reflected at the
soil surface (Fig. 4).

Fig. 13. Shares 	 (r ; � ) (p = h; v) of soil radiation to total radiation T

plotted in the � -r plane together with experimental data [r ; � ] during
the growth period (day 154–190) and after the hail (day 190–198) for# = 50 .

Comparing the data (hollow gray circles) and
(solid gray circles) for h- and v- polarization mea-

sured during the growth period ( ) with cal-
culated shows a decreasing soil moisture sensitivity
with time as indicated by the solid arrows. This is in accordance
with decreasing soil moisture sensitivity in the course of the veg-
etation growth period. For both polarizations ( h v), the
share of the soil radiation decreases from on day
154 to on day 190. As already mentioned, the hail
event increased the vegetation optical depth whereas is
diminished. The temporal evolution caused by the hail is indi-
cated by the dashed arrows. As can be seen, the soil moisture
sensitivity at h-polarization (solid black circles) is decreased
and the sensitivity at v-polarization (hollow black circles) is
enhanced.

V. CONCLUSION

The evaluation of the simultaneously measured radiometer
and in situ data revealed polarization-dependent vegetation
optical depths ( h v) correlated with the canopy internal
structure. The linear fit to the polarization averaged optical
depths measured at 50 resulted in a reasonable relationship
between the specific water mass equivalent and .

Mode opacities for the x mode ( x) and the z
mode ( z) propagating through the canopy were derived
from measurements and compared with calculations using an
anisotropic dielectric mixing model to represent the canopy.
The observed change of the mode opacities ( x z)
as the result of structural change within the canopy caused
by a hail event was successfully reproduced with this model
approach. The results demonstrate that distinct changes in
vegetation structure can be measured with L-band radiometry.

However, the experiment showed the likely influence of scat-
tering, which was neglected in our model [17]. The dissimilarity
of the vegetation opacities for the two modes x and
z and the correlation of with the vegetation structure re-
vealed the need to use anisotropic dielectric mixing models to
represent the emission properties of vegetation. This brings us to
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the conclusion that anisotropic vegetation models are required
within soil water retrieval algorithms for use in upcoming satel-
lite missions.

On the other hand, the demonstrated anisotropy of measured
opacities ( x z) offers the possibility for monitoring
structural parameters of a vegetation layer. Such information
might be useful for future management of extensive agricultural
regions. We believe that it is possible to recognize a wide range
of vegetation structural changes on agricultural fields and pos-
sibly also of forest sites using microwave L-band radiometry.

Furthermore, the results presented contribute toward solving
the problem of measuring water content of soils obscured by a
vegetation canopy. As shown, through knowledge of the optical
depth and the soil reflectivity related to the soil water content,
the share of radiation emitted from the soil can be estimated.
Thus, the sensitivity of measured L-band radiation with respect
to the soil water content can be assessed.
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