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Abstract. In order to improve our knowledge of the emitted signal of forests at L-band (1.4 GHz) we focused
this study on permittivity measurements of heterogenic natural media such as soil or litter consisting of
plant debris and organic matter. This study was done in the context of the upcoming SMOS (Soil Moisture
and Ocean Salinity) satellite mission that will attempt to map surface soil moisture from L-band (1.4 GHz)
passive microwave measurements. In the field of passive microwaves, very little information exists about
the behaviour of the L-band signal of forests especially when litter is included in the soil-vegetation system.
To date very few analyses have investigated the dielectric behaviour of the litter layer and its influence on
the microwave emission of forests is generally neglected.

PACS. 06.20.Dk Measurement and error theory — 77.22.-d Dielectric properties of solids and liquids —
93.90.+y Other topics in geophysical observations, instrumentation, and techniques (restricted to new

topics in section 93)

This paper describes a technique used to measure the per-
mittivity of soil and litter with a rectangular waveguide
taking into account the heterogeneity of the media. The
study was based on soil and litter samples collected in the
coniferous forest of Les Landes, near Bordeaux, France.
Particular attention was given to the impact of measure-
ment errors on the calculation of permittivity. The mea-
surements of the soil and litter dielectric constants were
then used in a numerical model to simulate the microwave
emissivity of the soil-litter system. As an example, it is
shown that error in measurements lead to variations in
the emissivity calculations of up to 0.025 at maximum
(for an emissivity of 0.73, SM = 30%), which equals a
total error of 3.36% of the calculated soil-litter emissivity.

It was found that variations in the litter dielectric con-
stant and layer thickness have a strong influence on the
calculation of forest ground emissivity. As an example a
3 cm litter thickness can lead to a change of ~0.15 between
the soil and the soil-litter system emissivity (which equals
an increase of about 20.4% in terms of surface emissivity).

1 Introduction

The SMOS (Soil Moisture and Ocean Salinity) mission,
which is scheduled for launch in 2008, is the second Earth

a
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Explorer mission to be developed as part of ESA’s Living
Planet Program. The project is a collaboration between
three European Agencies: the European Space Agency
(ESA) [1], the French National Centre of Space Studies
(CNES) [2] and the Spanish Centre for Technical and In-
dustrial Development (CDTI). SMOS will carry the first-
ever polar orbiting 2-D interferometric radiometer which
will provide spatial and temporal maps of surface soil
moisture over land surfaces and salinity over the oceans.
The data acquired from the mission will contribute to im-
prove our knowledge of the Earth’s water cycle. The ap-
plications of SMOS data are numerous: better weather
and extreme-event forecasting, a contribution to seasonal-
climate forecasting, observations over regions of ice and
snow, etc. [3,4].

Over the land surfaces, it comes as no surprise that
the amount of water in the soil has an influence on climate
variables, as soil moisture is a key variable in the exchange
of water and thermal energy between the land surface and
the atmosphere.

The maps of soil moisture and ocean salinity will
be derived from the SMOS measurements of the emit-
ted microwave radiation around the frequency of 1.4 GHz
(L-band). Over land surfaces, the microwave emission re-
sponds to change in the dielectric constant of materials,
which is mainly a result of variation in their water content.
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The SMOS pixel is approximately 40 km x 40 km and one
image obtained by the radiometer will generally include a
mixture of various cover types. In particular, it will often
include forests since a large fraction of the land surface
is covered by this vegetation type. Very few experimen-
tal campaigns over forests have been carried out to date
and few studies have investigated their microwave signa-
tures [5,24]. Furthermore, in many temperate and boreal
forests, a distinct litter layer (consisting of plant debris
and organic matter) is present between the soil and the
vegetation. Over low vegetation covers such as grass, it
was found that this layer has strong effects. It attenuates
the soil emission and has a strong self-emission. The pres-
ence of this layer generally leads to an important increase
in the surface microwave emission [6-8,25]. The effect of
this layer has until now generally been neglected in the
computation of soil microwave emission and very few ex-
perimental data sets are available to validate modelling
approaches such as that used for SMOS [9,10].

This study aims at investigating a method for measur-
ing the complex permittivity of soil and litter. Tests were
done using samples of soil and litter taken from a conifer-
ous forest stand in the Les Landes forest (near Bordeaux,
France). These dielectric properties were then used in a
multilayer ground model simulating the microwave emis-
sion of the soil-litter medium. The objective was to anal-
yse the influence of the litter characteristics — in terms of
layer thickness (0-10 cm) and moisture content (0-37.5%
for the soil moisture) on the surface emission.

This study presents the technique used for measur-
ing the dielectric properties of the soil and litter samples.
The measurements were compared with simulation of a
dielectric mixing model and ranges of permittivity were
defined in order to take into account the errors of mea-
surement or the heterogeneity of the considered medium.
Next, a numerical model which was developed in order
to calculate the emissivity of a multilayer system is pre-
sented. This model was used to evaluate the effect of the
litter layer. More specifically, the impact of errors made
in the measurements of soil-litter dielectric properties on
the computed soil-litter emissivity was evaluated.

2 Material and methods
2.1 Measurements

Changes in the dielectric constant of the soil or the litter,
which are mainly due to variations in water content, pro-
duce a variation in the soil-litter system emission. Knowl-
edge of the electromagnetic properties of these two ma-
terials is thus fundamental when computing the system
emissivity.

The objective of this study was to estimate an equiva-
lent permittivity of soil and litter which are strongly het-
erogeneous mediums. A modelling approach using a di-
electric mixing method (e.g. [17]) could have been consid-
ered. However, measurements on samples of sufficient size
(83.85 mm? and 167.7 mm?) make it possible to obtain a
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Fig. 1. (Color online) Measurement instruments (a) with de-
tails of the measurement cell (b).

direct estimate of the influence of actual heterogeneities
on the equivalent permittivity of the medium.

2.1.1 Measurements with a wave guide technique

All dielectric measurements presented in this study were
done using a wave-guide technique (see Fig. 1) in an air-
conditioned room (22 °C +/-1 °C) and using the fre-
quency of the SMOS mission radiometer (1.4 GHz). This
method enabled us to work on samples large enough to ac-
count for the layer heterogeneity, in order to measure the
effective permittivity of the soil and litter media. The sam-
ples were inserted inside a section of the wave guide which
was used as a support containing the sample (Fig. 1). At
the bottom of this wave guide section, a sheet (100 pm
thick Mylar sheet), was used to hold the sample in place.
This sheet was considered to be quasi-transparent for the
electromagnetic waves. According to rough estimates of
the permittivity values of each material, and of the atten-
uation of the wave, two kinds of support were used:

— a1 cm thick support for the soil (high permittivity);
— a2 cm thick support for the litter (weak permittivity).

Manual pressure was applied to the sample to reproduce
as much as possible its density in real conditions.

The electromagnetic parameters of the samples were
determined using the Nicolson, Ross and Weir method
(NRW) [12] for rectangular waveguides. This calculation
process is based on reflection and transmission measure-
ments and the network analyzer is well suited for this type
of measurement. The principle of the calculation is based
on the fact that introduction of the sample into the guide
produces a change of impedance. The waveguide is a two
ports system (each port is an input and an output of the
system) in which multiple reflections within the material
are taken into account by the coefficients Sy; and Sa;.
These latter are the coeflicients of the scattering matrix
which represents the various exchange coefficients between
all the inputs and outputs of the system. This makes it
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possible to calculate I' (|I'] < 1), the coefficient of the first
reflection and T, the coefficient of transmission, using the
following equations [13,14]:

r=K+VK2-1 (1)

T Si11+ 821 — I
1—(S11+ Sa1) "

St — S5 +1

K=" ®)

Because it concerns a non magnetic sample, its electro-
magnetic characteristics are given by:

pr=1
e* =g — je! = 79>‘09 1-r (4)
2 1+ T
where:
= @) = 22 (7)) + jo) (5)
Yo = 2d n 2 n J
and:
1
Mg = —= (6)
a2

with: 7, guided propagation constant in the rectangular
waveguide filled with the sample; Ao, (mm) wavelength in
the empty guide; Ao (mm) vacuum wavelength; A\, (mm)
rectangular guide cut-off wavelength; A, = 2b (mm) where
b is the characteristic waveguide width. For 1.4 GHz band
the waveguide dimensions are: height ¢ = 65 mm; width
b =130 mm; d (mm) sample thickness.

From the above equations (Egs. (1-6)), the average
values of the real and imaginary parts of the dielectric
constant, &’ and £ respectively, are computable from mea-
surements of the coefficients S1; and S51. These computa-
tions were made in the 1.3-1.5 GHz measurement domain
considered in the experimental setup.

In this study, the measurements of the complex co-
efficients S1; and S9; of the scattering matrix were done
with a network analyzer ANRITSU 37325A [18] which was
controlled by a computer for the acquisition and process-
ing of the data. The measurement process began with the
measurement of the So; coefficient from the empty wave
guide followed by a short-circuit measurement of the Si;
coefficient in the support plan, in order to define a refer-
ence plane to calibrate the system. Next the dry sample
was weighed, and then placed in the support of the waveg-
uide. For each measurement, a given quantity of distilled
water was sprayed over the sample using a syringe, then
after a certain time (so as to allow for the diffusion of wa-
ter in the sample) the measurements of S1; and So; were
made. At the end of the measurements the sample was
weighed again, so as to make an additional verification of
the total quantity of water injected in the sample.
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Fig. 2. (Color online) In situ configuration of the collected
samples.

2.1.2 Sample preparation

The measurements presented in this study were done using
soil and litter samples collected on February 15th, 2006
at the INRA site of Bray in the coniferous forest of Les
Landes (southwest France). A geometric representation of
the soil-litter system over the site is given in Figure 2. In
certain cases, the soil-litter system can be overlain by a
layer of dead grass (mainly Molinia caerulea L. Moench).
In this study, we focus our investigations on the effect
of the litter layer, and the dead grass layer will not be
considered.

Before carrying out the dielectric measurements at
1.4 GHz, the soil and litter samples were dried for one
day (24 h) at 105 °C for soil and for three days (72 h) at
65 °C for litter. These protocols were specifically designed
not to denature the soil or litter material [11,17]. Dur-
ing the measurement process, the samples were gradually
moistened and the change in weight due to the increase in
moisture content was monitored continuously.

In this study the classical calculation methods of soil
and litter moisture content were used [11]. Volumetric soil
(SM) and gravimetric litter (LM ) moisture content were
defined by:

WS
SM = —p, (7)
Dry
L
LM = % (8)
WDTy + WW

where Wi, is the water weight in the sample (g) with
I = S for soil and I = L for litter; W{)Ty is the weight of

the dry sample (g) and py is the soil bulk density (g/cm?).

2.2 Modelling

The emissivity e of an object is the ratio of energy radiated
by this object to the energy radiated by a black body of the
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same temperature. It is a measure of a material’s ability
to absorb and radiate energy. This emissivity depends on
configuration parameters such as polarization, wavelength
and emission angle. According to the Rayleigh-Jeans ap-
proximation, emissivity in the microwave region may be
expressed as [11]:
T
= = (9)
s

where eg is the surface emissivity, T is the brightness
temperature and Tyg is the physical temperature of the
surface. Tz can be measured with a microwave radiome-
ter which is a passive and highly sensitive microwave sen-
sor [15].

Soil emissivity is related to reflectivity through the
equation:

€s

63117]15 (10)

where I's is the reflectivity of the soil which depends
mainly on soil permittivity and roughness.

2.2.1 Microwave models

In this study, two models were used to simulate the mi-
crowave emissivity of the soil-litter medium in the Les
Landes forest:

(i) a simple radiative transfer model considering a three-
layer medium (soil-litter-air) and accounting for reflec-
tion of the microwave intensity at the soil-litter and
litter-air interfaces. Detailed equations can be found
in (Ulaby et al. [21]). This model will be referred to as
the “incoherent” model in the following, since coherent
effects are neglected in that modelling approach;

a numerical model based on a finite elements method
which was developed with the ANSOFT’s HFSS (High
Frequency Structure Simulator) [16] simulation soft-
ware. The HFSS radiobrightness model was used to
compute the reflectivity and the microwave emissiv-
ity of a multilayer system, accounting for the moisture
content of its different components. Characteristics of
the simulations are given in Figure 3.

(i)

A plane wave polarized along the OY axis with propaga-
tion vector k in direction OZ is generated. The frequency
selective surface allows for the calculation of Si; coeffi-
cients of the model by describing the relationship between
the incoming and outgoing fields of the system. The mas-
ter and slave faces make it possible to impose conditions
of periodicity to model an infinite medium in plane XY
Through this condition the model is free of edge effects.
A layered impedance boundary condition makes it possi-
ble to simulate a succession of layers of different materials
and variable thicknesses. During these simulations conver-
gence criteria were imposed on the scattering matrix, one
of which was the variation AS of the elements of the scat-
tering matrix. A value of 0.01 (1%) was chosen and had to
be obtained on 2 consecutive iterations of calculation. This
model, which accounts for possible coherent effects during
the microwave radiation propagation within the soil and
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Fig. 3. Presentation of the simulation and the boundary con-
ditions with HFSS.

litter medium, will be referred to as the “coherent” model
in the following.

For both models and in order to simplify the analysis,
the medium was characterized by plane surfaces at the
soil-litter and litter-air interfaces, a uniform structure, and
no thermal or moisture gradients. The measured equiva-
lent permittivity of both the soil and the litter media was
integrated in the two “coherent” and “incoherent” models
so that any phase shifts within the materials themselves
were thus neglected. However, using the “coherent” model,
phase shifts will occur at the transition between the two
media (air-soil and soil-litter). This can involve resonance
phenomena. These phenomena are attenuated in a nat-
ural litter media due to its heterogeneity and thickness
variation. For particular layer sizes, avoiding resonant ef-
fects, both the “coherent” and “incoherent” models may
produce very similar results (Ulaby et al. [21]).

The main advantage of the “incoherent” model is that
it is very simple. However simulations based on that model
are not sensitive to coherent effects. Even if coherent ef-
fects in natural media are probably attenuated due to (i)
heterogeneities within the medium, (ii) roughness char-
acteristics (at the soil-litter and litter-air interfaces) and
(iil) litter thickness variations (in relation with rough in-
terfaces), as noted above, these effects may not be neg-
ligible and their effects have already been observed from
experimental data (Jackson et al., for instance [22]).

Conversely, the coherent model based on the HFSS
simulations is much more complex and simulations may
be time—consuming for some specific medium configura-
tions. Moreover, for media with plane-interfaces, which
are considered in this study, simulations of coherent in-
terference effects are probably over-estimated in compari-
son to what actually happens in natural media. However,
this approach is more powerful than analytical approaches
since it can also take into account many characteristics of
natural media, such as surface roughness, moisture gradi-
ents, thickness variation or the presence of structural het-
erogeneities. These different variables were not accounted
for in the present study but will be the focus of further
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studies for which the advantages of the HFSS model will
be very interesting.

In the present study, simulations were mainly based
on the coherent modelling approach. However, for some
specific cases, simulations using both the “coherent” and
“incoherent” models were compared. By comparing sim-
ulations based on a model which neglects completely all
possible coherent effects (the “incoherent” model) and on
a model which overestimates these effects for the specific
plane-interface configuration considered in this study (the
“coherent” model), we attempted to estimate the possible
effects of coherent interferences within natural media.

2.2.2 Dielectric models

The model of Dobson [17] is used currently in the forward
model (L-MEB) of the SMOS Level 2 algorithm [9]. How-
ever, this model was developed from experimental data
acquired over a limited range of soil texture and tem-
perature conditions. Recent results by Mironov et al. [20]
showed that the Dobson model simulations could not be
extrapolated: they may provide poor (or even non physi-
cal) results for soils with a large fraction of clay or sand
(for fractions of sand larger than about 30% for instance).
However, these soil types represent a very large area at
global scale, considering only the semi-arid and arid re-
gions. Recently, a new approach to model the dielectric
properties of soils as a function of soil moisture has been
proposed and developed by Mironov [23] and will be re-
ferred to as the Mironov model. The approach is based
on the dielectric spectrum of soil water, which is mea-
sured in situ for both free and bound soil water types.
It allows the development of a physically based dielectric
model for moist soils as the soil water molecules relaxation
characteristics can be accurately measured and introduced
as physically proven parameters. The Mironov model was
used in this study to compute the dielectric properties of
soil, considering that this model is more accurate for soils
with a large percentage of sand as it is the case for our
soil samples (the percentage of sand exceeding generally
~70% in the Les Landes forest).

3 Results and discussion

In this section, the dielectric measurements of the soil and
litter samples are analysed as a function of their moisture
content. In a preliminary step of the current study, the
possible perturbing effects of the water diffusion in the
soil and vegetation samples were investigated before fur-
ther detailed measurements were made. Then, an analysis
of the measurement errors was carried out in order to de-
termine the uncertainties associated with the estimation
of ¢/ and €” due to the sample heterogeneity.

3.1 Influence of water diffusion in the sample

The quantity of water injected into the sample was fixed
and the sample was also weighed after the measurement
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Fig. 4. Time variations in the measurement of £ (a) and &”
(b) after water spraying over the soil sample.

to compute its water content. In this way, it was possi-
ble to verify that the sample did not dry out during the
whole measurement period. The injection of a fixed quan-
tity of water produced a variation of the water content
in the sample. However, water diffusion from the surface
to the whole volume of the sample may have a significant
effect on the measurements. A specific study was carried
out to investigate this effect for the soil and litter mate-
rial. As an illustration, the time variation in the measured
permittivity after spraying water over a sample, for a vol-
umetric moisture content of 15.54% (see Eq. (7)) is shown
in Figures 4a-4b.

From these two figures, it is can be seen that the mea-
sured values undergo a transitional stage whose duration
is ~300 min. After this delay, the measured values are
almost stable, as seen in Table 1.

The same procedure was used for litter and results
are illustrated for a sample of 16.9 g with a gravimetric
moisture content of 44.95% in Figures 5a—5b.

An analysis similar to that illustrated in Figures 4a—
4b and Ha-5b was made for several specific soil and lit-
ter samples. From these measurements and the results of
the measured standard deviations (presented in Tab. 2),
the time we must wait between each measurement
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Table 1. Summary of the results within the soil samples.

Average
value

Standard
deviation

Error on the
average value (%)

Based on the entire

experiment

7.16
0.41

1.71%
7.14%

0.122
0.029

Based on measurements

8/
E//
E/
from 300 mn to the end &’

7.02
0.38

0.33%
0.91%

0.023
0.003

Table 2. Summary of the results within a litter samples.

Average
value

Standard  Percentage deviation based
deviation on the average value (%)

2.58
0.22

Based on the entire

experiment

0.026 1.00%
0.006 2.74%

2.60
0.22

Based on measurements

6/
8//
6/
from 200 mn to the end ¢&”

0.003 0.13%
0.003 1.24%

2,70

2,65
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Fig. 5. Time variations in the measurement of ¢’ (a) and &
(b) after water spraying over the litter sample.

400 450
Time (min)

was estimated. The analysis showed that a time of about
300 min for soil and 200 min for litter was necessary be-
fore a stabilization of the measured values can be obtained
(see Figs. 4 and 5). This stabilized value, obtained af-

ter diffusion processes within the sample were almost fin-
ished, was considered as the best estimate of the sample
permittivity. This preliminary study highlights a transi-
tory phenomenon in the measurements. It shows that wa-
ter absorption is not instantaneous and will thus influ-
ence the sample permittivity value which is monitored by
the continuous measurements. It is therefore necessary to
wait for a sufficiently long time until the resulting error
is small enough. It is likely that such transitory phenom-
ena may have an effect on the microwave signature of the
soil-litter system at the beginning of rainfall events in the
real environment.

Under natural conditions, volumetric soil moisture
usually varies between 0% and 40% and saturation values
are generally close to 50% [17]. For this reason the mea-
surements were limited to the 0-40% SM range. Based
on the preliminary study described above, all further mea-
surements were carried out according to the following pro-
tocol for the soil samples:

1) wave guide calibration;

2) measurement of the sample dry weight;

3) introduction of a given quantity of water; weighing of
the sample; “instantaneous” measurement of the per-
mittivity (the sample was left for 2 min between the in-
troduction of the water and the “instantaneous” mea-
surement);

4) waiting for 300 min (for soil);

5) waveguide measurement; weighing of the sample.

Steps 3-5 were carried out for three soil moisture contents:
12.5%, 256% and 37.6%. The results are presented in Fig-
ures 6a—6b. A significant increase in both &' and &” with
soil moisture can be seen in these figures.

Contrary to the soil, the litter remains wet for a long
time and is therefore rarely completely dry in forests. Its
gravimetric moisture generally varies between 15% and
80%, which is the range of litter moisture which will be
considered in this study.

The measurements were carried out for litter using a
similar protocol to that described above for the soil, but
with a waiting period (step 4) of 200 min. Steps 3-5 were
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Fig. 6. (a) Real part of the soil permittivity, (b) imaginary
part of the soil permittivity. 4 instantaneous measurements,
A measurements after waiting 300 min, — fitted curve.

carried out for five litter moisture contents: 16.6%, 31.7%,
44.5%, 57.3% and 66.8%.

Results are given in Figures 7a—7b. As in the case of
soil, a significant increase in both ¢’ and ¢” with moisture
content can be seen in the figures for litter. A difference
between the two types of measurements (instantaneous
and after a waiting time of 200 min) is observed mainly
for &’ at rather high moisture contents.

According to the measurements, the relationship be-
tween permittivity and moisture content for the soil and
the litter media was approximated by the following ana-
lytical formulas (see Figs. 6a—6b and 7a—7b):

for soil:

el u = 6.5tanh(8(SM — 0.26)) + 6.5 SM + 8.67 (11)

elq = tanh(12(SM —0.28)) + 0.1 SM + 1.1 (12)
for litter:

Elitter = 2.3 tanh(8(LM — 0.65)) + 5.8 LM + 4.%13)

Elitter = 1.25 tanh(18(LM — 0.63)) + 1.35 (14)

where tanh is the hyperbolic tangent; SM the volumetric
soil moisture (m?3/m?); LM the gravimetric litter moisture

(kg/kg).
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These equations will be used in the following to com-
pute the soil and litter permittivity values as input data
for the “coherent” and “incoherent” model simulations.

For soil, the measurements were compared with simu-
lations made using the Mironov soil dielectric model [20]
which computes the soil dielectric constant over a wide
range of soil moisture, texture and mineral content. The
results of this comparison are given in Figures 8a—-8b. We
used two values for sand percentage (70 and 80%) as in-
puts for the dielectric model corresponding to values gen-
erally found in soil samples collected at the Bray site [5]. A
good agreement was obtained between measured data and
simulations for sand percentage of 70% for the real part
of soil permittivity (Fig. 8a), while the simulations of the
imaginary part of the permittivity are similar for both
sand contents (70 or 80%) and are larger by about 30%
than the measured data. Possible explanations for the dis-
crepancies between measured and simulated values could
be related to the effects of the material density (within
the measurement cell it was difficult to reproduce exactly
the compactness of the original material which was sam-
pled in situ), heterogeneities in the sample which are not
accounted for by the Mironov model and measurement er-
rors. To improve our knowledge of these different aspects,
an evaluation of the effects of the measurement errors and
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sample heterogeneity on the measured permittivity values
was carried out. It is given in the following paragraph.

3.2 Measurement errors

Errors occurring during the measurement procedure of the
soil and litter permittivity may have several causes. They
are due to the weighing of the sample and support, to the
methods of measurement and calculation of the permittiv-
ity, and to the sample heterogeneity. These different types
of errors are analysed in the following sections.

3.2.1 Instrumental errors

As for the uncertainties due to the measurement method,
the calibration of the network analyzer corrects for some
imperfections of the system but other errors still remain.
This kind of measurement uncertainty is random, intrinsic
to the apparatus and is due to phenomena such as errors
in the measurement of the standards, measurement noise
(interfering signals), various drifts (thermics, atmospheric,
electronic) or connections.

Other uncertainties related to the method of calcula-
tion are due to rounding approximations during numeri-
cal calculations. These two types of errors are difficult to
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quantify, nevertheless, we estimate their influence on the
measurement results to be approximately 5% [18].

3.2.2 Calculation errors in the sample weighing

The error in the calculation of moisture is mainly due to
errors in sample weighing. The standard deviation of the
measured values is £0.05 g.

The maximum uncertainty of a function y with several
variables x, z is calculated in the following way:

y=f(z,2)
_|of of (15)
Ay = ‘% Az + ‘@ Az.
It then follows from equation (7) that:
SM SM
ASM = 'W—VSV AW + WS AWS,, (16
Y

and from equation (8) that:

LM (1— LM)

ALM = ‘ -
WW

‘ AW

LM (1—LM)
+ L
WDry

‘ AWE,,. (17)

Taking into account the measurements considered in this
study, we obtain the following ranges for each variable:

Soil :

Litter :

Using the above values together with equations (16)
and (17) we assume an error of +0.10 g on the weights,
because the water and dry weights are calculated, respec-
tively, by differences between the wet and dry weights,
and between the weight of the sample and the support
and the weight of the support alone. For soil and litter,
this results in errors in soil and litter moisture of +0.17%
and +0.58%, respectively.

3.2.3 Sample heterogeneity
As an attempt to account for the heterogeneity of the

medium in our results, we tested five different types of
measurements:
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Table 3. Average values and standard deviations of the mea-
sured permittivity for specific moisture contents of the litter
or soil sample.

Moisture Average value Standard deviation
¢’ soil 40% 19.66 0.4
¢” soil 40% 2.95 0.14
¢’ litter 16.6% 2.53 0.1
e” litter  16.6% 0.16 0.02

— No. 0: initial measurement;

— No. 1: the sample is taken out of the guide and rein-
stalled in the guide before measuring the permittivity;

— No. 2: the sample is taken out of the guide, turned 180°
and positioned back in the guide before measuring the
permittivity;

— No. 3: the sample is modified (the material is mixed
inside the guide) before measuring the permittivity;

— No. 4: the sample is modified, taken out of the guide
and reinstalled in the guide before measuring the per-
mittivity;

— No. 5: the sample is mixed, taken out of the guide,
turned 180° and reinstalled in the guide before mea-
suring the permittivity.

The tests were made for various moisture conditions. Ex-
amples of the results obtained for one moisture content
for the litter and for soil samples are given in Table 3.

Taking the results of all moisture conditions together,
it was possible to estimate the standard deviation due
to the heterogeneity of the medium. This value was then
considered in the final result through the form of a range
around each measured value of permittivity.

3.3 Permittivity ranges

The various errors or measurement variations presented
above led to the definition of a range of permittivity which
changes according to the moisture content of the consid-
ered medium, instead of a sole curve describing the per-
mittivity changes as a function of the sample moisture
content. Two ranges were defined, the first one was called
the range of possible permittivities and the second the
corrected range of permittivity. The first range includes
the observed measurement fluctuations (accounting for
the heterogeneity of the medium) while the second addi-
tionally includes the measurement errors. The first range
is obtained by adding the estimated standard deviation
to the measured values (see Sect. 3.2.3). Then the second
range is obtained by adding the instrumental error (see
Sect. 3.2.1) and the error due to the sample weighing pro-
cedure (see Sect. 3.2.2) to this first range. These results
are presented in Figures 9 and 10. In these figures, the
dashed lines are the boundaries of the range of possible
permittivities and the continuous lines represent the per-
mittivity range including all the listed errors. The mea-
surements were done at different moisture contents (see
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Fig. 9. (a) Range of the real part of the soil permittiv-
ity. (b) Range of the real and imaginary part of the soil
permittivity.

previous study in Sect. 3.1) and the curves were obtained
by interpolating computed values between two successive
moisture contents.

Now that ranges of permittivity have been com-
puted taking into account measurement errors and sam-
ple heterogeneities, measured values were again compared
against simulated values using the Mironov soil dielectric
model [20] in Figures 11a—11b. It can be seen that the
estimated range of the measured values of ¢’ are in good
agreement with the Mironov simulations using a sand frac-
tion of 70% (Fig. 11a). Also, it can be seen (Fig. 11b) that
the higher limit of the range of measured values of &” is
relatively close to the Mironov simulations using a sand
fraction of 70% or 80%. Differences between measured and
simulated values of €’ could be due to the effects of soil
heterogeneities (for instance the presence of organic mat-
ter) and density (the sample compactness may affect the
value of the measured "), which are not taken into ac-
count in the simulations.
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3.4 Simulation of the “Les Landes” surface microwave
emissivity

In this section, we investigated the effect of litter on the
surface microwave emissivity. Simulations were made with
the coherent and incoherent models for soil and litter con-
ditions corresponding to those of the Les Landes forest.
We used the dielectric measurements made over soil and
litter and described in the previous section. The simula-
tions were made for a system of one or two layers (soil or
soil-litter) whose thicknesses is semi-infinite for soil and
varies between 3 and 10 cm for litter. Ground measure-
ments made at the same test site during a 6 month pe-
riod and for varying wetness conditions made it possible
to compute an approximate relationship between the vol-
umetric moisture of the soil (SM) and the gravimetric
moisture of litter (LM) [5]:

LM (grav. %) = 2.7201 SM (vol. %) — 8.6223. (18)
This relationship was used in the current study and
changes in LM were directly derived from changes in SM.
In the simulations, the volumetric soil moisture content
varied between 0% and 30%, resulting in litter moisture
contents between 0% and 73%. We used both the coherent
and incoherent models, defined in the previous sections, to
compute the emissivity of the soil-litter system. The re-
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sulting effects of the litter layer thickness on the emissivity
of the soil-litter system are illustrated in Figures 12a—12b.

For both models, it can be seen in these figures that
the litter characteristics, in terms of moisture content and
thickness, have a strong influence on the emissivity of the
soil-litter system. The emissivity of a soil surface overlaid
by a litter layer is always higher than that of a bare soil,
considering both model simulations and all possible config-
urations in terms of soil moisture or litter thickness. When
the litter thickness increases, two inverse effects affect the
soil-litter emission: (i) a decrease in soil contribution due
to an increased attenuation of the soil emission by the
litter layer and (ii) an increase in litter emission due to
the increase in litter biomass [9]. It seems that the effects
of litter self-emission are the most important so that the
emissivity of the soil-litter system is larger than that of
the soil surface alone.

However, except for this result, predictions given by
both models are generally quite different. Using the in-
coherent model, simulations for a litter thickness of 3, 6
or 10 cm produced almost the same emissivity values and
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Fig. 12. Emissivity of the soil-litter system computed as a
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(0, 3, 6 and 10 cm) using the incoherent (a) and coherent (b)
model.

emissivity is found to be a decreasing function of soil mois-
ture (and litter moisture through Eq. (18)).

Conversely, using the coherent model, the emissivity is
not a decreasing or increasing function of the litter thick-
ness or moisture content. For instance, for SM < 20%, the
emissivity of the soil-litter system for a litter thickness of
3 cm is predicted to be larger than for a litter thickness
of 6 or 10 cm. Also, small “peaks” in the function relating
emissivity to SM can be seen for values of SM close to
25% (for a litter thickness of 6 or 10 cm). It is likely that
all these effects obtained with the coherent model are due
to coherent interference effects. The pattern of oscillation
corresponding that these “peaks” is similar to that pre-
dicted by coherent radiative transfer models for a layered
media with sharp dielectric boundaries [21,22], such as the
soil-litter and litter-air interfaces considered in this study.

It is likely that such coherent interference effects are
not so marked in natural environment as such “sharp” in-
terfaces do not exist, in relation with the natural spatial
variations in litter characteristics (in terms of thickness,
moisture content, composition, structure, etc.). However
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they might not be completely absent, as predicted by the
incoherent model, which neglects all possible coherent in-
terference effects.

In a second step the soil-litter emissivity was simulated
accounting for heterogeneities of the litter and soil media
and for uncertainties in the measurements of the litter
and soil dielectric constants as shown in Figures 9 and 10.
To do this, each measured permittivity range was intro-
duced into the models (coherent and incoherent) and then
the resulting emissivity range was computed. A value of
3 cm for the litter layer thickness was used as this value is
close to the actual (spatially averaged) value measured in
the Les Landes forest. The resulting soil-litter emissivity
trend as a function of SM is given in Figure 13.

In this figure, the ranges of computed emissivity for
the soil-litter (grey zone) and bare soil (black zone) system
are presented. The large effects of the litter on the global
soil-litter emissivity can be noted. Errors on litter and
soil permittivity measurements lead to variations in the
emissivity calculations (grey zone) up to ~0.025 (at SM =
30%), which corresponds to an error of 3.7% relatively to
the value of the soil-litter emissivity (~0.68). This value
is small in comparison with effects of litter overlying the
bare soil surface.

For instance, the presence of the litter layer (for SM =
30% and a 3 cm litter layer thickness) lead to an increase
in emissivity of about 0.09, compared to the value for the
bare soil surface. This increase corresponds to a variation
of 6.5% relatively to the average value for this soil moisture
(SM = 30%) of the calculated soil and soil-litter emissiv-
ity. In the worst case (minimum value of soil emissivity and
maximum value of the soil-litter emissivity computed for
the same soil moisture) this increase in emissivity due to
the presence of litter may reach ~0.153, corresponding to
a relative variation of emissivity of ~20.4% (SM =~ 22%).

4 Summary and conclusion

In this study, a technique for measuring the permittivity of
soil and litter media was investigated. This technique was
based on a rectangular waveguide containing the soil or
litter sample and takes into account the heterogeneity of
natural media. In this study, the measurements were car-
ried out over soil and litter samples which were collected
in a coniferous forest in the region of Les Landes. The
measurements of the soil and litter dielectric constants
were used in two models (an incoherent and a coherent
numerical model) to simulate the microwave emissivity of
the soil-litter system. Using a specific relationship between
litter moisture and soil moisture, estimated from ground
measurements over the same forest type these simulations
allowed us to evaluate the effects of soil moisture content,
litter moisture content and litter thickness on the emissiv-
ity of such a system.

It was found that variations in the dielectric constant
of the litter and soil media had a strong influence on the
resulting soil-litter emissivity. Using the incoherent model,
the simulations showed that the soil-litter emissivity gen-
erally increases as a function of litter thickness. This trend
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Fig. 13. Soil-litter and bare soil emissivity computed accounting for the permittivity ranges computed in the previous sections

— coherent model simulation.

results from two inverse effects that affect the soil-litter
emission: (i) a decrease in the soil contribution due to
an increased attenuation of the soil emission by the lit-
ter layer and (ii) an increase in litter emission due to the
increase in litter moisture content. The fact that the emis-
sivity of the soil-litter system generally increases as a func-
tion of litter layer thickness indicates that the effects of
litter self-emission are important. However, using the co-
herent model, the soil-litter emissivity was found to be a
non monotonous function of litter thickness. This result
could be explained by resonance effects parameterized by
the ratio of the radiation wavelength (around 20 cm at L-
band in free space) and the litter thickness. In particular,
the general decreasing form of the relationship relating the
emissivity to the soil moisture content (SM) was affected
by small peaks close to the value SM = 25%. Consider-
ing the disagreements between the simulations based on
the two modelling approaches (coherent and incoherent),
more studies based on experimental measurements are re-
quired to define which modelling approach is best suited to
simulate the emissivity of the soil-litter system in natural
environment.

In a second step of the study, particular attention was
given to measurement errors in the calculation of per-
mittivity and emissivity. Uncertainties in the values of
soil-litter emissivity, computed as a function of SM, were
evaluated. It was found that these uncertainties were rela-
tively low in comparison with the range of emissivity vari-
ations due to the effects of soil moisture (between dry and
wet surface conditions) or litter thickness (between 3 and
10 cm in this study).

All the simulations carried out in this study were done
for uniform conditions of the soil-litter system, i.e. assum-
ing no heterogeneities in the soil structure, no soil or litter
roughness (the soil-litter and litter-air interfaces were as-
sumed to be plane) and no moisture or thermal gradients
in the soil and litter media. Future studies will consider
more realistic conditions of soil and litter heterogeneity.
In the present study a uniform litter layer was consid-
ered (of 3, 6 or 10 cm thickness) although it was shown

that the thickness of this layer significantly influenced the
emissivity of the soil-litter system. In the natural envi-
ronment, changes in the litter thickness from ~1 cm to
~15 cm generally occurred in the forest at small spatial
scales (~1 m) due to natural changes in soil roughness, to-
pography, tree density, etc. Therefore, further studies will
consist of studying long-term variations of the soil-litter
emission and will account for a variety of conditions in
terms of thermal and moisture gradients within the soil
and litter layers, as well as specific effects such as frost.
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