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L-Band Reflectivity of a Furrowed Soil Surface

Ingo Volksch, Mike Schwank, and Christian Mitzler, Senior Member, IEEE

Abstract—In a combined experimental and model study, we
investigated the thermal L-band signatures of a sandy soil with
periodic topography (furrows) with dimensions close to the ob-
servation wavelength of 21 cm. Measurements were carried out
with a radiometer mounted on a tower and aimed at a soil box
with an artificially prepared furrowed soil surface. Corresponding
reflectivities were derived from brightness temperature measure-
ments performed under dry and moist conditions, with the furrow
direction either along or perpendicular to the plane of incidence.
Results showed that the furrows had a pronounced effect on
the reflectivity, depending on the polarization of the observed
radiance, the direction of the furrows, and the soil moisture. A
physical reflectivity model for dielectric periodic surfaces was
used to explain the soil reflectivities measured for the different
furrow directions and soil-water contents. Using this model im-
proved the agreement between the measured and modeled reflec-
tivities considerably compared to the Fresnel reflectivities. The
observed dependence of soil reflectivity on furrow orientation and
soil moisture could be reproduced by the reflectivity model. The
quantitative agreement with the observed reflectivities was further
improved by using a simple empirical approach to consider the
small-scale heterogeneity of the top soil layer.

Index Terms—Electromagnetic scattering by periodic struc-
tures, electromagnetic scattering by rough surfaces, microwave
radiometry, permittivity.

1. INTRODUCTION

HE TERRESTRIAL surface layer is one of the major

components of the climate system. Mass and energy fluxes
at the earth’s surface control how energy received from the
sun is returned to the atmosphere, thus influencing the climate
considerably. The quantities involved in this mass and energy
exchange are fundamentally linked with the moisture in the soil
surface. For example, soil moisture strongly controls infiltration
processes and the amount of water dissipated to the atmosphere
via evaporation and transpiration. Therefore, it is crucial to
know how much water is stored in the top soil layer in order
to understand the processes that link the terrestrial water and
energy cycles.
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Almost 30 years ago, it was suggested that soil moisture
could be retrieved from remotely sensed thermal radiance mea-
sured with an L-band (1-2 GHz) microwave radiometer [1],
[2]. Today, L-band radiometry is one of the most promising
approaches for remotely monitoring soil moisture on a large
scale. It has the advantage of being unaffected by cloud cover
and solar radiation, which allows all-weather continuous (day
and night) measurements. Furthermore, the emission depth in
soils is relatively large, and the vegetation canopy is semitrans-
parent at L band. The sensitive 1400-1427 MHz frequency
band of most L-band radiometers is protected, which means that
disturbances due to anthropogenic interferences are minimized.

Microwave radiometry is also being deployed in the recently
launched Soil Moisture and Ocean Salinity (SMOS) mission
of the European Space Agency. The Microwave Imaging Ra-
diometer using Aperture Synthesis that is onboard the SMOS
satellite provides global coverage of L-band brightness tem-
peratures with a spatial resolution of approximately 50 km.
The primary objective of the mission is to produce global soil
moisture maps with an accuracy better than 4 vol.% and ocean
salinity maps with an accuracy of 0.5-1.5 practical salinity units
[3]. The reliability of these data products depends largely on
the performance of the emission models applied to interpret
the brightness temperatures measured on the corresponding
footprints. For this reason, a large number of ground-based
(e.g., [4]) and airborne radiometer experiments (e.g., [5]) at
L band over various types of terrestrial surfaces have been
performed during recent decades.

It has been demonstrated that the brightness temperatures
measured are affected not only by the surface moisture but also
by other parameters such as soil roughness and topography.
This finding has led to extensive research on the impact of ran-
dom surface roughness on the signatures measured (e.g., [6]—
[9]). However, a periodic topography of a soil surface can also
affect the thermal microwave signatures [10], [11]. Examples of
such terrestrial surfaces are soils undergoing erosion and disper-
sal processes, which can produce gullies preferentially aligned
with the slope. Agricultural fields may also have pronounced
periodic structures, particularly furrows produced as a result of,
e.g., plowing, sowing, or furrow irrigation.

Extensive experimental and theoretical investigations have
been dedicated to the emission properties of periodic surfaces
in the context of L-band brightness temperature measurements
over the surface of the sea. Knowing these properties made it
possible to correct for wind effects in sea salinity retrievals
[12]. Moreover, correlations between wind direction and the
characteristics of the formed periodic surface waves can be
used to retrieve wind direction [13]. Although the theoretical
background is available (e.g., [14] and [15]), to our knowledge,
not many experimental studies have been dedicated to the
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(a) Setup of the experiment. The dashed line is the antenna main axis; the shaded area illustrates the plane of incidence. (b) Sketch of the setup as seen

from above with transverse furrows (i.e., furrow orientation perpendicular to the plane of incidence) imprinted into the soil surface. (c) Preparation of the furrowed

surface.

thermal emission of soils with periodic surface features in the
range of the observation wavelength.

To investigate the thermal emission of a soil with a well-
defined 1-D periodic topography, parallel furrows with a pe-
riodicity of ~27 cm were imprinted into a bare soil surface.
Brightness temperatures at 1.4 GHz were then measured un-
der dry- and moist-soil conditions for a soil with furrows
either aligned with or perpendicular to the plane of incidence
(Section II). For comparison, smooth soil surfaces were also
measured under each moisture condition. From the brightness
temperatures measured, the corresponding reflectivities were
derived (Section III-A) to investigate the impact of periodic
topography on the soil reflectivity for the different furrow
orientations and soil moistures. As the observation wavelength
(A = 21 cm) was similar to the surface periodicity, a physical
reflectivity model (Section III-B) was implemented to explain
the topography-related aspects of the signatures measured.
Modeled values were then additionally corrected for further
effects not accounted for in the physical reflectivity model (e.g.,
small-scale heterogeneity of the top soil layer) with a simple
empirical approach (Section III-D). The reflectivity changes
caused by the differently oriented furrows under dry- and moist-
soil conditions are discussed on the basis of the measurements
and the corresponding model calculations in Section IV.

II. EXPERIMENT

Measurements were performed with the ETH L-Band Ra-
diometer (ELBARA) [16] at the Swiss Federal Research In-
stitute WSL in Birmensdorf (Switzerland) in January 2008
(Fig. 1). A soil box was placed in ELBARA’s footprint, and
brightness temperatures were measured for three different soil
topographies under dry- and moist-soil conditions. The experi-
mental setup, the remote sensing system, and the measurements
performed are described in more detail in the following.

A. Setup

ELBARA was mounted on a small tower with the observa-
tion angle 6 = 50° relative to the vertical direction and the an-
tenna aperture approximately 4 m above the ground [Fig. 1(a)].

An area of about 5 m x 8 m in the radiometer footprint was
leveled and paved with concrete slabs to achieve a horizontal
and even surface. The paving covered at least the —12 dB
footprint of ELBARA. It was ascertained experimentally that
radiation emitted by the grassland surrounding the paving did
not affect the signatures measured.

The 3 m x 4 m x 0.3 m soil box (made of 3 cm wooden
planks mounted on top of a steel frame) was placed in the center
of the paved area with its long sides aligned with the plane
of incidence. It was filled with sandy soil from the research
catchment “Chicken Creek” [17]. Prior to this, the soil was
sieved to remove clumps of soil particles larger than 5 mm,
resulting in a homogenous sandy soil (soil texture: 88% sand,
7% silt, and 5% clay) with a density of 1535 kg-m~3 and
a porosity of approximately 25%. When filling the box, a
layer of moist soil was placed at the bottom and gradually
drier soil was added on top. This resulted in a rather smooth
soil moisture profile, with the soil-water content wc decreas-
ing from ~0.2 m3®-m™> at the bottom of the soil box to
~0.01 m®-m~3 in the top soil layer. The power penetration
depth of the moist soil with we = 0.2 m* - m~ was estimated
as \/(4wImy/e) ~ 5 cm, whereas A =~ 21 cm is the observation
wavelength, and € ~ 16 + 73 is the relative permittivity of the
soil (see Section III-C for the relationship between wc and ¢ of
the soil investigated). This indicates that the radiance emitted
from the pavement below could not permeate the soil box and
interfere with the upward emission of the soil. Furthermore,
the gradual moisture profile reduced coherent effects due to
layering, which, however, cannot be ruled out altogether.

This setup with the shallow observation angle § = 50° and
the small distance of ~5 m between the antenna aperture and
the observed scene was chosen as a compromise. On the one
hand, it ensured that the self-radiation of the antenna reflected
back toward the antenna aperture was negligible, while on the
other hand, the footprint area was kept very confined so that the
measured signatures were largely determined by the soil-box
reflectivity. The observed scene was still within the near field of
the antenna with this setup. Therefore, the fractional contribu-
tion of the soil-box radiance to the total radiance received could
not be estimated using the theoretical antenna far-field pattern
[18]. Instead, we determined this quantity experimentally, as
described in Section III-A.
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B. Instrumentation

The L-band radiometer ELBARA [16] was constructed at the
Institute of Applied Physics, University of Bern (Switzerland),
in 2001 and has been successfully deployed in numerous exper-
iments since then [19]-[25]. It is equipped with a dual-mode
Picket-horn antenna [18] (aperture diameter d = 1.4 m, length
[ = 2.7 m) with a gain of 23.5 dB and a —3 dB full beamwidth
of 12°. ELBARA measures brightness temperatures 7} at
horizontal (p = H) and vertical (p = V) polarization in the
protected frequency band 1400-1427 MHz (A ~ 21 cm). Two
slightly overlapping frequency channels, each with a bandwidth
of 18 MHz (1400-1418 and 1409-1427 MHz), are measured
quasi-simultaneously to enable the detection of narrow-band ra-
dio frequency interference (RFI) within the protected band. As
no disturbances due to RFI were encountered during the mea-
surements, the brightness temperatures associated with the two
channels were averaged to use the total bandwidth of 27 MHz.
The measurements were recorded with 12 s integration time,
yielding a large time—bandwidth product. The estimated abso-
lute accuracy of the T3 measured was +1 K, and the sensitivity
was better than 0.1 K. The measured 7};’s were corrected for
the radiance originating from the cables connecting the antenna
with the radiometer electronics by comparing the measured sky
brightness 1% i, with the values calculated with [26] and then
correcting the measurements accordingly as described in [27].

In addition to the radiometer measurements, air and ground
temperatures were also measured. Air temperature 7,;. was rec-
orded with a shaded Pt-100 temperature sensor installed on the
radiometer scaffolding, and in situ soil temperatures 7T g ¢, Were
measured with three thermistors (Campbell S-TL107) buried
in the soil along a transect at a depth of 18 cm. The accuracy
of these temperature measurements was approximately £1 K.
Tiscm and Ty;, were used to estimate the effective temperature
Ts, which predominantly determines 7} § (Section ITI-A).

C. Measurements

Brightness temperature measurements were performed on
January 10 and 19, 2008. Both days were dry, sunny, and
unseasonably warm, with mean air temperatures during the
measurements of 12 °C and 13 °C, respectively. Mild and
rainy weather prevailed between the two days of measurements,
resulting in natural wetting of the sandy soil. On January 10
(dry-soil measurements), the near-surface soil-water content
was determined to be we = 0.014 m® - m~3 from soil samples
taken from the surface layer (approximately the topmost 5 cm).
On January 19 (moist-soil measurements), wc ranged from
0.067 to 0.094 m3 - m~3,

Three different types of surface topography were prepared
for the T, measurements: 1) a surface with periodic fur-
rows parallel to the plane of incidence (longitudinal furrows);
2) a surface with periodic furrows perpendicular to the plane
of incidence [transverse furrows, shown in Fig. 1(b)]; and 3) a
plane surface (i.e., a smoothed surface without furrows). The
plane surface was prepared by pulling a board back and forth
over the soil until the surface was very smooth. This resulted
in a surface with reflection characteristics that were as close
to specular (Fresnel) reflection as was experimentally feasible.
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Fig. 2. Tllustration of the cross section of the prepared furrows (solid line) and

its mathematical representation in the reflectivity model (dashed line).

The furrowed surfaces were prepared from plane surfaces by
pulling a wooden stencil formed like a triangular snow plow
through the soil [Fig. 1(c)] in either a longitudinal or a trans-
verse direction. The cross sections of the longitudinal and the
transverse furrows were identical and can be described as an iso-
sceles triangle with an altitude of 5 cm, side lengths of ~15 cm,
and a base length of ~27 cm, corresponding to the period P
of the furrows (Fig. 2). This geometry was chosen to resemble
“natural” structures such as irrigation or plowing furrows to
some degree while at the same time being experimentally fea-
sible and well defined. The smoothness of the furrow faces was
approximately the same as the smoothness of the plane surface.

During both the dry- and moist-soil measurements, the soil
topography was changed in the following order: 1) plane sur-
face; 2) surface with longitudinal furrows; 3) plane surface;
4) surface with transverse furrows; and 5) plane surface. For
each soil topography 1) to 5), T}’s were measured 20 times,
and two soil samples were taken randomly from the top soil
layer, from which wc was determined gravimetrically in the
laboratory. Afterward, the next topography was prepared, and
the procedure was repeated in the same way.

These measurements resulted in a data set of 7} for the plane
and for the two furrowed soil surfaces at different wc. The three
measurements, namely, 1), 3), and 5), of the plane surface under
dry and moist conditions provided a reference, which helped to
distinguish the 7} variations due to the different topographies
from the changes caused by varying we.

III. MODELS

Reflectivities RP of the soil under test were derived from
the 7% measurements of the soil box placed in the footprint
using the radiative-transfer model described in the following.
These measured reflectivities were then compared to modeled
reflectivities, computed with the physical reflectivity model for
dielectric periodic surfaces outlined in Section III-B. The soil-
water content wc is taken into account through the relative
permittivity ¢ of the soil, which is linked to we. Section III-C
presents the experimentally derived relationship between wc
and ¢ for the sandy soil used in this study. The modeled
reflectivities were later corrected for effects not considered
in the physical reflectivity model using the simple empirical
approach described in Section III-D.

A. Radiative Transfer

The measured brightness temperatures 7% (p = H, V) are a
composite of the radiances emitted from the soil box and from
the surroundings. This is considered in the radiative-transfer
model (1), which describes Tg as the linear combination of the
soil-box radiance and the radiance of the surrounding paved
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area. These contribute with the fractional amounts p” and
(1 — pP), respectively. The corresponding reflectivities are the
reflectivity R of the soil under test and the reflectivity Rf of
the paving, whereas a uniform effective ground temperature 7
is assumed for both areas. With T g, = 5 K [26] being the
sky brightness, this yields

Th = P [(1 — RP)Ty + RPT iy
+(1=p”) (1= R Ty + RiTsey] . (1)

This zero-order radiative-transfer model fulfills Kirchhoff’s
law. Furthermore, the terms (1 — RP) and (1 — R}) express
the emissivities of the soil under test and the paved area,
respectively, if thermodynamic equilibrium is assumed.

Similar to the parameterization proposed in [28], T was
estimated as the mean of the air temperature 7Ty;, and the
ground temperature 7T}g.,. This approximation might deviate
somewhat from the unknown true value of the effective ground
temperature. However, its temporal variation is assumed to be
synchronous to that of the true 7. The reflectivities Rf' = 0.38
and Ry = 0.13 of the paving were derived from 75 = (1 —
R{)Ty + R{Tg sky measured before the soil box was placed in
the radiometer footprint [25]. The values for u” were estimated
from brightness temperatures Tg,mesh measured for the soil
box covered with a reflector (aluminum mesh with mesh size
~2 mm). Inserting T |, together with R} ; =1 and the
previously determined R} in (1) and solving for u? yielded
pH =0.71 and ;v = 0.81. The difference between pf and
uV is attributed to the polarization-dependent reflectivity of the
wooden board of the box facing the radiometer, which was not
covered with the reflector during the 7%, . measurements.

With all the quantities in (1) except for the soil reflectivity
RP known, RP can be derived from the 7}; measured with

TE — T, 1
RP=—_—-B = 4+ (1-— )R} 2
1Ty — T0) + ( Hp) 0 (2

B. Reflectivity of a Dielectric Periodic Surface

Models using full-wave electromagnetism are required to
simulate the interaction of electromagnetic waves with dielec-
tric structures featuring spatial periodicities in the range of
the observation wavelength. In contrast to models based on
physical optics (short-wavelength approximation) or geometric
optics (which ignore wave effects), the full-wave electromag-
netic approaches seek solutions for Maxwell’s equations at the
dielectric boundaries. An extensive theoretical overview can be
found in, e.g., [14] and [15].

To explain certain aspects of the signatures measured for the
periodic soil surfaces described in Section II, we implemented
the reflectivity model presented in [15, Ch. 3]. This physical
model solves Maxwell’s equations for the electric and magnetic
fields at a 1-D dielectric periodic surface using the extended
boundary condition approach. This approach uses scalar func-
tions for the surface fields, which are represented by their
Fourier series expansion. The corresponding unknown Fourier
coefficients are derived by solving the T-matrix equations
(see [14, Ch. 2, Sec. 7]).
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To simplify the evaluation of the model, the surface was
assumed to be represented by a sinusoidal function with am-
plitude h and periodicity P perpendicular to the direction of
the furrows, as shown in Fig. 2 (the surface is invariant along
the furrow direction). Furthermore, the relative permittivity
of the soil was assumed to be constant with depth. In that
case, closed-form expressions for the T-matrix elements exist
and can be expressed by using Bessel functions. Once the
surface fields (actually their Fourier coefficients) are known, the
fields scattered in discrete upward directions (Floquet modes)
are computed. Finally, the reflectivity RP of the sinusoidal
surface is derived as the ratio between the power reflected
per surface period and the corresponding incident power. The
power reflected is expressed by summing up the powers carried
by the Floquet modes propagating in an upward direction. This
approach allows RP of our furrowed surface (approximated as
a 1-D sinusoidal surface with amplitude A and period P) to
be computed for arbitrary elevation and azimuth angles of the
incident wave with respect to the furrow direction. The period
and amplitude were set to P = 27 cm and h = 2.5 cm, respec-
tively, resulting in a sine function with the same periodicity and
amplitude as the prepared triangular furrows (Fig. 2). Another
feasible assumption would have been to choose h such that the
sinusoidal surface features the same root-mean-square height
as the prepared furrowed surface (h =~ 2.0 cm). Both options
yielded similar results, whereas the choice of h = 2.5 cm gave
the best overall agreement of model results with observations.

Implementation of this mathematically quite complex reflec-
tivity model was time consuming and demanding. In order
to forestall errors in the coding, the model was programmed
independently in Mathematica, as well as in Matlab. Exemplary
calculations yielded identical results for both implementations.
To further validate the coding, the examples presented in [15]
were recalculated and could be reproduced.

C. Soil Permittivity

The relation between the volumetric water content wc
(m® - m~3) and the complex relative permittivity ¢ = &’ + ic”
of the sandy soil used was determined experimentally. The
resulting relation £(wc) was then used as input to the reflectivity
model (Section III-B) to compute RP for the different soil
topographies at the different soil moistures wc, whereas wc was
assumed to be constant with depth.

To derive e(wc), first, soil samples with wc between
0 m3-m™3 (oven dry) and 0.2 m® - m~2 (almost water satu-
rated) were prepared. The corresponding £ was then measured
at room temperature (23 °C) with a network analyzer (Hewlett
Packard 8753 ES) and an attached coaxial chamber (diameter of
the outer conductor: 60 mm, diameter of the inner conductor:
26 mm, length: 200 mm, volume: ~470 cm?) containing the
respective soil sample. The frequency range measured was
0.1-2 GHz. In analogy to the empirical relation proposed in
[29], a third-order polynomial equation was fitted to the real
and imaginary parts of € measured for 1.4 GHz

e = 671.2we + 173.9we® + 4.5we + 2.66
£ = 603.2wc® — 88.9we? + 8.2we + 0.03. 3)



VOLKSCH et al.: L-BAND REFLECTIVITY OF A FURROWED SOIL SURFACE

-
w
1

8""/’8”

101

Soil permittivity &

0.10
Soil-water content we (m3m'3)

0 0.05

Fig. 3. Measured relationship between relative soil permittivity ¢ = &’ + i’/
and soil-water content wc (solid symbols). The solid and dashed lines are the
empirical best fit equations (3). For comparison, the empirical relation [29] is
also shown (dotted line).

Fig. 3 shows the measured relationship £(wc), together with
(3) and the empirical relation of [29]. It is apparent that the
latter yields only poor results for the soil under test, whereas
(3) fits the observations well. For the range 0 m? - m™3 < we <
0.1 m® - m—2 observed during the radiometer measurements,
the errors of the relations (3) are < 0.23 for ¢’ and < 0.05 for ¢”.
It is furthermore assumed that using the soil-specific relation
(3) yields more accurate results than applying semiempirical
dielectric mixing models, such as [30] or [31].

D. Correction for Heterogeneities Affecting Soil Reflectivity

The soil reflectivity can be affected by a number of additional
factors besides the furrows, which are not accounted for in the
reflectivity model outlined in Section III-B. On the one hand,
small-scale surface roughness is superimposed on the prepared
surfaces, and the top soil layer is expected to exhibit a certain
heterogeneity due to the manipulation of the soil surface and
due to drying in the course of the measurements. On the other
hand, soil moisture (and thus soil permittivity) is assumed to
be constant with depth in the reflectivity model, whereas in
reality, the soil moisture increased with depth. Other factors
are uncertainties in the effective soil temperature 7 and the
deviation of the real cross section of the furrows from its
mathematical representation in the reflectivity model (Fig. 2).
Not least, it has to be noted that both the reflectivity model and
the radiative-transfer approach (1) are based on the assumption
of a fixed observation angle # = 50° for the entire observed
scene, whereas in reality, the observed soil box covered local
view angles ranging from approximately 40° to 60° as seen
from the center of the antenna aperture.

As these factors cannot be quantified (measured) exactly and
since our study focuses on the influence of surface topography
on soil reflectivity, we applied a very simple empirical approach
to account for these effects

RP* = RP exp(—hP). 4)

That means that (uncorrected) reflectivities R? (p = H, V)
were multiplied with an exponential correction function, yield-
ing modified values RP* corrected for the combination of the
effects mentioned earlier. This single parameter correction can
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be seen as a simplified form of the roughness model proposed in
[32]. It results from [32] when polarization mixing is assumed
to be negligible which is a common practice when correcting
passive L-band signatures for small-scale roughness [9], [33].
However, it is important to note that the model [32] and, even
more, the relation (4) are empirical in nature, and therefore, no
clear physical meaning should be associated with the empirical
hP parameter used in (4). Furthermore, h” can be distinctly
different for horizontal and vertical polarizations as a result of
dielectric anisotropy in the air-to-soil transition zone [34], [35].

The values of h? were obtained by minimizing the cost func-
tion C'F'(h?) representing the sum of the squared differences be-
tween the modified RP* and the corresponding observations RP

CF(h?) =Y (R — R")*. (5)

This approach simply adapts model results to observations
empirically. This yields rather good results when applied in
addition to the physical reflectivity model, as will be shown in
Section IV-C.

IV. RESULTS AND DISCUSSION

In Section IV-A, we present the results of the measurements
and the model simulations. The impact of the furrows on the
measured and modeled soil reflectivities is further discussed in
Section IV-B on the basis of the relative reflectivity changes
(relative to the plane surface reflectivity) caused by the furrows.
Since both sections focus on the influence of the surface topog-
raphy on the soil reflectivity, only the (uncorrected) simulations
performed with the physical reflectivity model (Section III-B)
are considered. The modeled reflectivities, corrected with the
approach introduced earlier, are shown in Section IV-C, where
the model performance is discussed.

A. Reflectivities

Fig. 4 shows the results of the measurements (solid symbols)
and the model simulations (empty symbols). The measured and
modeled reflectivities RP at horizontal (squares) and vertical
polarization (circles) are shown for the different soil topogra-
phies and soil moisture conditions investigated. Panel (a) shows
the results for dry soil, and panel (b) shows those for moist soil.

The measured RP’s were derived from the measured bright-
ness temperatures 7}, using (2). The mean values of the
20 measurements performed for each surface type are given.
Since the associated standard deviations were very small
(< 0.003) in all cases, no uncertainty ranges are shown. The
modeled RP’s for the different surface topographies and soil
moistures were computed with the physical reflectivity model.
The necessary soil permittivity e(wc) was determined from
the measured near-surface soil-water content wc using (3). The
error bars in panel (b) represent the range of RP resulting from
using the highest and lowest values of the ten wc observations
made during the moist-soil measurements. This illustrates the
uncertainty in R” modeled due to the temporal and spatial
variation of wc observed on that day. No error bars are shown
in panel (a) since wc of the soil-surface layer was constant
throughout the dry-soil measurements.
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Fig. 4. Measured (solid symbols) and modeled (empty symbols) reflectivities R (p = H, V) of the different surfaces at horizontal (squares) and vertical
polarization (circles). The abscissa labels indicate the different surface topographies (plane surface, longitudinal furrows, and transverse furrows) and the

3

corresponding in situ measured soil-water contents wc (m3 - m~3). Panel (a) is for dry soil, and panel (b) is for moist soil. Plane surface measurements are

highlighted in gray for the sake of clarity.

1) Dry-Soil Measurements [Fig. 4(a)]: All three measure-
ments of the plane dry-soil surface at p = H yielded RY =~
0.13. With longitudinal furrows, RY decreased almost by half
with respect to the plane surface to R™ ~ 0.07. Transverse
furrows also decreased the reflectivity of the soil surface sig-
nificantly (R ~ 0.1) but not as much as the longitudinal fur-
rows. The measurements of the plane surface at p = V yielded
values 0.02 < RY < 0.03. Longitudinal furrows (RY ~ 0.02)
slightly decreased RV with respect to the plane surface re-
flectivity, whereas transverse furrows (RY =~ 0.04) slightly in-
creased RV. The generally low values of RV are due to the
fact that the observation angle § = 50° was only slightly below
the Brewster angle, which is f = arctan \/E ~ 59° for the
observed we = 0.014 m® - m =3,

The modeled reflectivities at p = H showed the same pat-
tern as the measured reflectivities: R modeled for the plane
surfaces was higher than RY computed for the surface with
transverse furrows, which, in turn, exceeded RY computed
for the surface with longitudinal furrows. For all surfaces,
however, the modeled RY overestimated the measurements by
0.02 to 0.03. At V-polarization, the modeled RY also deviated
from the measurements while still showing the same sequence
with different topographies as the measured RV . In this case,
however, the measurements were underestimated by the model
by 0.01 to 0.02.

2) Moist-Soil Measurements [Fig. 4(b)]: The reflectivities
RP measured for the plane moist-soil surfaces decreased in
the course of the day from 0.27 to 0.22 at p = H and from
0.07 to 0.06 at p = V. The decrease is attributed to the drying
of the soil surface due to solar radiation and wind. Drying
was observed visibly, particularly during the last two mea-
surements (transverse furrows and plane surface), and was
also partially noticeable in the wc measured. However, the
reflectivity decrease associated with surface drying was quite
small in comparison with the influence of the furrows. At
H-polarization, the RY of both furrowed surfaces was substan-
tially lower than the R™ measured for the plane surface (R ~
0.13 for longitudinal furrows and RY =~ 0.11 for transverse
furrows). At V-polarization, in contrast, longitudinal furrows

led to smaller reflectivity (RY =~ 0.04) and transverse furrows
led to slightly larger reflectivity (RY = 0.07) compared to the
adjacent measurements of the plane surface.

The modeled RP values displayed the same pattern as the
measurements, but they generally over- (p = H) or underesti-
mated (p = V) the measured RP, respectively, similar to what
was observed for the dry-soil surface. The deviations between
model results and measurements were in the same range as
for the dry soil (0.02-0.04 for p = H; 0.01-0.02 for p = V),
except for the RY of the moist-soil surface with transverse
furrows. Here, an exceptionally high deviation (0.08) between
the measured and modeled R™’s was observed (whereas the
value measured for the moist-soil surface was only marginally
larger than the corresponding RY measured for the dry-soil
surface). Generally, however, it can be stated that moist furrows
affected RP similar to the dry ones, whereas the RP’s of all
moist surfaces were higher than the RP’s of the corresponding
dry-soil surfaces.

B. Relative Reflectivity Changes

The relatively constant offsets that we observed between
the measured and the modeled reflectivity values are mainly
attributed to a combination of the different effects mentioned
in Section III-D. One important factor is that the reflectivity
model does not take into account small-scale surface roughness
which is, in reality, superimposed on the prepared surfaces,
as well as the small-scale heterogeneity of the top soil layer
caused by the manipulation of the surface. Another cause for
the discrepancies observed might be the assumption in the
reflectivity model that soil moisture is constant with depth. Sim-
ulations, performed with a coherent radiative-transfer model
for layered dielectric media [36] for hypothetical soil moisture
profiles, indicated that the observed discrepancies could, to
some degree, be errors introduced through this assumption.
However, this effect cannot be quantified accurately since the
exact soil moisture profile is not known.

Given the observed deviations, it seems expedient to refer to
the relative reflectivity changes  R”, which were caused by the
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furrows (in comparison to the plane surface reflectivities), when
discussing the effects of the furrows on the soil reflectivity

furrow

SRP = (Rp - Rglane) R 6)

This definition of § RP (where p = H, V as before) is the rel-
ative difference between the reflectivity R} of a furrowed
surface and the reflectivity R} of the corresponding plane
surface. Consequently, the ratio (6) is much less vulnerable to
the effects discussed previously, and additionally, the influences
of errors introduced through the assumption of a fixed observa-
tion angle and of uncertainties in the effective soil temperature
T, are strongly reduced. Therefore, it can be expected that the
values of J R? derived from the modeled and measured R” are
directly comparable and thus suitable for analyzing the effects
of the furrows on soil reflectivity.

Fig. 5 shows d RP calculated with (6) from the reflectivities
presented in Fig. 4. Solid symbols refer to d R” calculated from
the measured reflectivities (using the mean R}P;lane of the dry-
and moist-soil measurements), together with the corresponding
uncertainty ranges due to the decrease of Rglane in the course
of the respective day. Empty symbols refer to § RP derived from
the modeled reflectivities (Section III-B). The soil permittivity e
used as input to the reflectivity model was computed from the in
situ soil-water content wc using (3). In doing so, Rf, . ’s were
modeled with the wc observed during the respective brightness
temperature measurements, and Rglan . s were calculated either
with the mean wc (symbols) or with the highest and lowest wc
of the day of measurements (error bars).

Furrows reduced reflectivities at horizontal polarization sub-
stantially [Fig. 5(a)]. This is illustrated by the fact that SRH <
0 under both dry and moist conditions and for both furrow
directions. The modeled and measured 6 R™’s caused by the
longitudinal furrows (left panel) were in the range of —0.47 <
SRY < —0.39. This means that longitudinal furrows reduced
the reflectivity of the soil surface by almost half compared to
Rgane, whereas no significant differences between dry- and
moist-soil conditions were observed. The reflectivity decrease
caused by the transverse furrows (right panel) was somewhat

smaller. For dry soil, the measurements and model results both
yielded dRM ~ —0.25, ie., R was reduced by ~25%
compared to Rllflane. For the moist-soil surface, the §R™’s
measured and modeled deviate from each other. The model pre-
dicted approximately the same value as that for dry soil (§ R ~
—0.3), whereas the value measured dropped to 6 R™ ~ —0.55.
This is a consequence of the discrepancy of 0.08 between the
measured and modeled R¥’s for the moist-soil surface with
transverse furrows (see Fig. 4). The strikingly low value for
RY measured cannot be explained conclusively. However, it
is assumed that this was not solely caused by the transverse
furrows but rather is a combination of different effects. Pos-
sibly, the drying of the uppermost soil layer observed during
the day led to a dielectric profile with distinct layering, causing
coherent effects which, in turn, affected RY. Furthermore, an
agglomeration of soil particles near the surface was observed
in the course of the day, which may also have influenced the
measurements. For these reasons, the RY measured for the
moist-soil surface with transverse furrows will be excluded
from the further analysis described in Section IV-C.

At vertical polarization [Fig. 5(b)], the relative reflectivity
changes 0RV caused by the furrows show a more diverse
pattern. The measured and modeled §RV’s for longitudinal
furrows (left panel) are in the range —0.39 < SRY < —0.28,
and it is not possible to detect a clear correlation with soil
moisture wc. The measurements suggest that 6 RV decreases
slightly with increasing wec, whereas the model indicates a
small increase. In contrast, the dRY caused by the transverse
furrows (right panel) is strongly dependent on we. Changing
the surface topography from plane to transverse furrows caused
the measured reflectivities to increase substantially when the
soil surface was dry (6RY = 0.66), but only a small change
was observed under moist conditions (§RY a2 0.07). The cor-
responding modeled reflectivities show the same trend with soil
moisture, whereas the magnitude of the SRV was significantly
higher for dry soil (§RY = 1.79) and somewhat larger for moist
soil (JRY ~ 0.31). It is striking that both the modeled and
the measured 6 R ’s for transverse furrows were > 0 and that
they were larger for dry than for moist soil even when the
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uncertainties of 4RV, arising from the uncertainties in wc, are
considered. It allows drawing the conclusion that reflectivities
at vertical polarization may be increased as a result of polar-
ization crosstalk effects which can change a horizontally or
vertically polarized electromagnetic wave into an elliptically
polarized wave. Similar effects are also predicted by the integral
equation model (IEM) [37] when used to compute reflectiv-
ities of random rough surfaces. For dry soil, this effect is
even greater, as the emission depth increases, which promotes
volume scattering and hence leads to depolarization of the
radiance.

The overestimation of §RY by the model can partly be
explained by uncertainties in the observation angle #. For ex-
perimental reasons, the main direction of the antenna can differ
somewhat from the aspired value 6 = 50° that was used in the
reflectivity model. Furthermore, the local observation angles
are slightly different from 6 for regions on the soil surface
which are not exactly at the intersection with the antenna’s main
direction. Varying 6 by +3° when calculating § R resulted in
significant changes of RV due to transverse furrows under
dry- (0.95 < §RY < 4.11) and moist-soil conditions (0.12 <
SRV < 0.64), whereas for all other cases investigated, the re-
sulting uncertainties in § RP were < 0.1. Furthermore, the over-
estimation of RV due to the transverse furrows by the model
can also be an indication that polarization crosstalk is overrated
by the reflectivity model that we used. Similar discrepancies
were observed in [34] when calculating rough-surface reflec-
tivities with the IEM [37].

C. Model Performance

As we have shown previously, the physical reflectivity model
was able to reproduce reasonably well the observed depen-
dence of soil reflectivity on furrow orientation and soil mois-
ture. However, when the measured and modeled reflectivities
RP (p=H, V) were compared directly, rather than compar-
ing the relative reflectivity changes JRP, the modeled values
differed from the observations. These deviations are ascribed
mainly to the small-scale surface roughness superimposed on

the furrows and the heterogeneity of the soil surface layer due
to drying and the manipulation of the soil surface. Additional
sources of error are the assumption of a fixed observation
angle and a constant soil moisture profile with soil depth, as
well as our approximation for the effective ground tempera-
ture. To further improve the agreement between measurements
and simulations, we used the empirical approach described in
Section III-D. Thereby, the reflectivities calculated with the
physical reflectivity model were adapted to the observations
with (4) using the parameter values A = 0.137 and hY =
—0.399. These values for h? for the best agreement between the
measurements and the model results were found by minimizing
the cost function (5).

To illustrate the model performance, a scatter plot with the
measured and modeled reflectivities for three different model
levels 7 is shown in Fig. 6. The measured reflectivities R? (plot-
ted along the X -axis) are identical to the reflectivities indicated
by the solid symbols in Fig. 4. They are opposed to the mod-
eled reflectivities RY (i = 1,2, 3) (plotted along the Y -axis),
which are as follows.

1) R’s were simply modeled with the Fresnel equations

regardless of whether the surface was plane or furrowed.
The corresponding tuples (R?, RY) are shown as triangles
in Fig. 6.

2) R%’s were calculated with the reflectivity model for peri-
odic surfaces described in Section III-B. The model dis-
tinguishes between the different soil topographies: plane
surface, longitudinal furrows, and transverse furrows.
RY’s are identical to the modeled reflectivities presented
in Fig. 4. The corresponding tuples (R, Rb) are shown
as circles in Fig. 6.

3) RE’s are reflectivities derived from RY using the empiri-
cal correction described in Section III-D. The correspond-
ing tuples (R?, RY) are shown as squares in Fig. 6.

As expected, using the Fresnel equations results in a poor
agreement between measurements P and model simulations
Rf (triangles). The root-mean-square differences (residua) be-
tween RP and RY are 0.0549 for p = H and 0.0176 for p =
V (Table I). The large residua are mainly caused by the
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TABLE 1
ROOT-MEAN-SQUARE DIFFERENCES (RESIDUA) BETWEEN
THE MEASURED RP AND MODELED Rf FOR THE THREE
DIFFERENT MODEL LEVELS ¢ = 1,2, 3 SHOWN IN FIG. 6

id
model level 7 residua
p=H p=V
1 Fresnel equations 0.0549 0.0176
2 reflectivity model
(Section 111-B) 0.0089 0.0056
3 reflectivity model + 0.0028 0.0020

empirical correction

considerable discrepancies between the reflectivities measured
for the furrowed surfaces and those modeled (solid triangles).

Using the reflectivity model for periodic surfaces yields,
for the plane surfaces, the same reflectivities R) = Rll’ as the
calculations with the Fresnel equations (empty circles). For
the furrowed surfaces (solid circles), however, Rg deviates
considerably from RY, resulting in a much better agreement
between the measurements and simulations. This manifests
itself in the considerably reduced residua of 0.0089 for p =
H and 0.0056 for p =V (Table I). However, at horizontal
polarization, the modeled reflectivity still overestimates the
measurements (RY > RY), while at vertical polarization, the
model underestimates the observations (RY < RY).

Using the correction presented in Section III-D results in a
further improvement of the model performance (squares). At
p = H, the modeled R values are in very good agreement
with the measured RY, resulting in a residuum of 0.0028. At
p =V, the improvement was not as striking, but here as well,
the resulting data tuples (RY, RY ) were moved toward the 1: 1
line, and the residuum was further reduced to 0.0029.

V. CONCLUSION

We found that furrows had a distinct impact on the observed
soil reflectivities at both polarizations and for both furrow direc-
tions investigated. At horizontal polarization, furrows generally
reduced the reflectivity (§R™ < 0). The relative change J R™!
with respect to the plane surface reflectivity was more pro-
nounced for longitudinal furrows than for transverse furrows,
and no significant dependence of R on soil moisture was
observed. At vertical polarization, the reflectivity of the soil
was reduced by the longitudinal furrows (§RY < 0) with no
clear dependence of 6RY on soil moisture. In contrast to that,
transverse furrows led to an increase in the soil reflectivity
(5RV > 0), which, however, showed a strong dependence on
soil moisture. These results demonstrate the importance of
considering the adequate soil topography when retrieving geo-
physical parameters from L-band signatures emitted from a
furrowed soil surface.

The model simulations performed illustrate that this can
be achieved by choosing an appropriate reflectivity model.
When reflectivities were computed with the physical reflectivity
model that takes into account the periodic soil topography,
the residua between the measured and modeled reflectivities
were reduced by a factor of ~6 (p=H) and =3 (p=V),
respectively, in comparison with the residua obtained by using

1965

the Fresnel equations (Table I). The agreement between the
measured and modeled reflectivities was further improved by
additionally applying a simple empirical correction to account
for the small-scale heterogeneity of the top soil layer. This
reduced the residua again by a factor of ~3 (p =H) and
~2 (p = V), respectively (Table I).

The knowledge gained in this study is useful for estimating
the implications of periodic soil topography with dimensions
in the range of the observation wavelength on soil moisture re-
trievals, e.g., from SMOS or airborne radiometer measurements
over agricultural areas. In addition, the findings can be used
to identify such particular surface patterns on the basis of the
brightness temperatures measured.
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