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Abstract: Organic soils play a key role in global warming because they store large amount of soil
carbon which might be degraded with changing soil temperatures or soil water contents. There
is thus a strong need to monitor these soils and, in particular, their hydrological characteristics
using, for instance, space-borne L-band brightness temperature observations. However, there are
still open issues with respect to soil moisture retrieval techniques over organic soils. In view of
this, organic soil blocks with their vegetation cover were collected from a heathland in the Skjern
River catchment in western Denmark and then transported to a remote sensing field laboratory in
Germany where their structure was reconstituted. The controlled conditions at this field laboratory
made it possible to perform tower-based L-band radiometer measurements of the soils over a period
of two months. Brightness temperature data were inverted using a radiative transfer (RT) model
for estimating the time variations in the soil dielectric permittivity and the vegetation optical depth.
In addition, the effective vegetation scattering albedo parameter of the RT model was retrieved
based on a two-step inversion approach. The remote estimations of the dielectric permittivity were
compared to in situ measurements. The results indicated that the radiometer-derived dielectric
permittivities were significantly correlated with the in situ measurements, but their values were
systematically lower compared to the in situ ones. This could be explained by the difference between
the operating frequency of the L-band radiometer (1.4 GHz) and that of the in situ sensors (70 MHz).
The effective vegetation scattering albedo parameter was found to be polarization dependent. While
the scattering effect within the vegetation could be neglected at horizontal polarization, it was found
to be important at vertical polarization. The vegetation optical depth estimated values over time
oscillated between 0.10 and 0.19 with a mean value of 0.13. This study provides further insights into
the characterization of the L-band brightness temperature signatures of organic soil surface layers
and, in particular, into the parametrization of the RT model for these specific soils. Therefore, the
results of this study are expected to improve the performance of space-borne remote sensing soil
moisture products over areas dominated by organic soils.
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1. Introduction

Hydrological states of the land surface affect energy and matter fluxes between the atmosphere
and the land surface. Global information on these transfer processes is highly relevant to improving
predictions of weather and environmental disasters and, in general, to advancing research on climate
change. Organic soils, typical of the northern cold climate zone, are known to be sensitive to global
warming due to increased losses of soil carbon with increasing temperatures to both the atmosphere
in the form of greenhouse gases and in a dissolved state to the hydrosphere [1,2]. Additionally, soil
moisture plays a key role in determining the rate of soil carbon cycling and the type of carbon emission
(e.g., [3,4]). There is thus a strong need to monitor these soils and, in particular, their hydrological
characteristics in order to better understand the processes that link the terrestrial water and carbon
cycles in these climate-sensitive northern regions.

Space-borne remote sensing techniques are particularly well adapted to globally monitor dynamic
processes on the Earth’s surface. During the last decade, significant progress has been made in the
development of satellite-based instruments for hydrological applications [5]. Thus far, three innovative
space missions with passive L-band (1-2 GHz corresponding to vacuum wavelengths of 30-15 cm)
microwave instruments aboard have been launched, with the objective to provide frequent-revisit
global mapping of surface soil moisture. The European Space Agency (ESA) Soil Moisture and Ocean
Salinity (SMOS) satellite launched in 2009 was the first L-band radiometer mission [6], followed by
the U.S. National Aeronautics and Space Administration (NASA) and Argentinean Space Agency
(CONAE) Aquarius/Satélite de Aplicaciones Cientificas (SAC)-D mission in 2011 (and stopped in
2015) [7], and the NASA Soil Moisture Active Passive (SMAP) satellite launched in 2015 [8].

In addition to soil moisture retrieval at global scale, these new space missions provide
opportunities for improved understanding and monitoring of plant water status. Indeed, the thermal
radiance, also called brightness temperature, emitted from the soil surface and measured by the L-band
radiometer is affected by attenuation through the vegetation canopy. This attenuation, referred to as
vegetation optical depth, is proportional to the vegetation water content, and, therefore, might be used
to get insight into plant water status, plant growth, plant health, and consequently into the processes
linking the water and carbon cycles [9,10].

Compared to higher microwave frequency bands used in the past (C-, X-, and K-bands), the
L-band frequency range has several advantages for soil moisture monitoring. The soil emission depth
at L-band is larger, which makes it possible to obtain information not only from the top surface but also
through the first few centimetres of the soil. Additionally, the frequency range 1.400-1.427 GHz within
the L-band is protected, which means that the brightness temperatures at these frequencies are less
affected by man-made radio frequency interferences (RFI). Sensors operating at lower frequencies (UHF
or P-band) could also be used to obtain information deeper into the soil. Nevertheless, the required
antenna size (increasing with increasing wavelength) and the large presence of RFI make it difficult
to use these sensors for space-borne remote sensing. Finally, compared to optical measurements,
microwave observations can be performed at almost any time because the atmosphere and clouds are
largely transparent to microwave radiations and the observations are independent of solar radiation.

The brightness temperature signatures measured at microwave frequency are not only dependent
on soil and vegetation water content but also on soil surface roughness and organic matter content.
Many researchers have already investigated the effect of soil surface roughness on microwave
signals [11,12]. During recent years, the effect of soil organic matter on passive L-band microwave
signals has also been studied in the context of the ESA SMOSHiLat project [13]. L-band radiometer
algorithms for soil moisture retrieval are based on the use of a radiative transfer (RT) model [12,14,15]
and a dielectric mixing model [16-18] to derive soil moisture information from brightness temperature
observations. The listed dielectric mixing models were developed for mineral soils and no information
on organic matter content can be accounted for. However, organic soils are known to exhibits specific
hydrological characteristics such as high porosity and low bulk density, high water holding capacity
and bound water fractions due to their complex structure with large specific surface areas, as well
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as a higher potential for water infiltration because of the macropores created by the organic matter.
For this reason, dielectric mixing models were recently also developed for organic soil layers [19-22].
The empirical model proposed by Bircher et al. [19] is currently being implemented in the SMOS soil
moisture retrieval algorithm to replace the Mironov et al. [17] model wherever organic soil surface
layers are present. Calibrated on a wide range of organic substrate types over the entire wetness range
and not requiring any auxiliary input that may be difficult to obtain globally, this model is suitable
for such global applications. However, there are still open issues with respect to such soil moisture
retrieval techniques from passive L-band observations over organic soil surfaces. For example, the
roughness and vegetation parameters applied in the RT equations should be specifically calibrated
over organic soil surfaces.

The objective of this study is to evaluate experimentally the possibility of retrieving the dielectric
permittivity of organic soils from ground-based passive L-band microwave remote sensing data.
A further motivation is to derive specific soil roughness and vegetation parameters for organic soil
surfaces, which could be used to improve the space-borne passive microwave soil moisture products
acquired above such surfaces. To this end, organic soils collected from a heathland in the Skjern River
catchment in western Denmark were monitored over a period of two months using a tower-based
L-band radiometer. Brightness temperature data were inverted to derive the time variations in the soil
relative dielectric permittivity. It must be noted that relative dielectric permittivity is a complex value.
In this study, the relative dielectric permittivity denomination (e,) refers to its real part. The remote
estimations of the relative dielectric permittivity were finally compared to in situ measurements.

2. Materials and Methods

2.1. Experimental Setup

Organic soils with their vegetation cover were collected from a heathland located in the Gludsted
plantation in the Skjern River catchment in western Denmark (latitude 56°04'19” N, longitude
9°17'39" E). The test site has been intensively investigated in the framework of the Danish Hydrological
Observatory (HOBE, www.hobecenter.dk).

The soil type is podzol of coarse sandy texture (85% sand, 14% silt, and 1% clay content) with
a pronounced organic surface layer. Figure 1 illustrates the corresponding soil profile in form of a
photo as well as a detailed and simplified scheme. The organic layer is classified as moder with all
horizons OL-OF-OH present, although with a less pronounced semi-decomposed (OF) part. The
OH horizon is intermixed with sand lenses below a certain depth. To the naked eye, it is difficult to
discern the OH horizon from the underlying mineral Ah horizon as the latter still contains a substantial
organic fraction (16% organic matter). Only a consistency change (from very slimy/sticky to more
grainy/loose) and a significant drop in ThetaProbe wetness measurements (not shown) from the
organic to the mineral sandy layer gave clear indications in that respect. The vegetation above the soil
is mainly composed of moss, scotch heather, crow berry, cranberry, and grasses.

Forty blocks of undisturbed soil-vegetation were excavated in August 2013 and carefully
transported in four wooden boxes to the Selhausen experimental test site, which is part of the Terrestrial
Environmental Observatories (TERENO, www.tereno.net) network in Germany (Figure 2). Each block
had an area of about 60 cm by 70 cm totalling an area of approximately 17 m? of soil. The thickness of
the soil layers (organic + mineral layers) was 13-15 cm and the height of the vegetation was around
15-20 cm (Figure 1).

To characterize the L-band emissions of the organic soil surface layers and their vegetation cover,
the field laboratory for ground-based remote sensing developed by Jonard et al. [23] at the Selhausen
test site (Germany) was used (Figure 3). This field laboratory offers the unique possibility of highly
controlled acquisitions of microwave remote sensing data accompanied by the essential in situ soil
and vegetation data such as temperature and moisture profiles. It includes an L-band radiometer
installed at 4 m height with a fixed incidence angle of about 36° to measure time series of brightness
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temperature at horizontal (H) and vertical (V) polarizations. The radiometer is directed towards a
2m x 2 m box filled with sand down to a depth of 1 m. To increase the sensitivity of the radiometer
measurements to radiance originating from the sand box and to minimize the influence of radiance
from the surrounding area, a wire grid with a mesh size of 0.5 cm was placed around the sand box.
A complete description of the setup is available in [23].

Profile photo Scheme detailed Scheme simplified

. 15-20cm

- 35cm
= 5-7cm

"~ 13cm

Figure 1. Photo (left) as well as detailed (middle) and simplified (right) scheme of vegetation-soil profile
as encountered at the HOBE site in the Gludsted heathland, Denmark, and reinstalled at the Selhausen
remote sensing field laboratory in Germany, on top of the sandbox surface covered with a wire grid.

Figure 2. Undisturbed soil-vegetation blocks excavated using a hydraulic excavator from the HOBE
heathland test site in the Skjern River catchment, Denmark (left), and transported in wooden boxes
(right) to the Selhausen remote sensing field laboratory in Germany .

Figure 3. The Selhausen remote sensing field laboratory (Germany) consisting of an L-band radiometer
(yellow box + conical horn antenna) fixed at 4 m height on an aluminium arc and a sand box covered
by the soil-vegetation blocks in the centre of a wire grid.
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Several undisturbed soil-vegetation blocks from the HOBE test site were placed together on
top of the sand box and cut to exactly cover the 2 m x 2 m area. Below the soil, a horizontal metal
sheet was installed to control the bottom boundary condition in the microwave emission model. As a
result, regions underneath this metal sheet have no influence on the measured brightness temperature.
Outside the radiometer footprint, a second area of 2 m x 2 m covered with additional soil-vegetation
blocks was installed to get a reference observation area for destructive soil and vegetation samplings.
Time-lapse radiometer observations were then carried out over two months, from the 2 October
(DOY 275) to the 26 November (DOY 330) 2013, to collect time series of brightness temperature at
different soil-vegetation moisture conditions. The soil in the sandbox within the radiometer footprint
as well as the reference plot were watered (about 300 L per plot) on 8 October (DOY 281). The
measurements were performed under natural drying and wetting conditions. Unfortunately, frequent
rain events kept the soil water content quite constant over the experimental duration.

At the end of the measurement period, a three-day experiment was carried out, in which the
surface vegetation and soil layers were removed sequentially (i.e., Step 2 and Step 3 in Figure 4:
vegetation layer removed first and then organic layer removed) and put back on with a wire grid
between each layer (i.e., Step 4 and Step 5: organic soil layer alone, then vegetation layer alone on a
wire grid), and finally the vegetation and organic layers together on a wire grid (Step 6) in order to
acquire radiometer measurements of each layer separately as well as all combinations of the layers.

reflector

step1 step2 step3 step4d stepb step 6

\J

time

Figure 4. Sketch of the different measurement configurations during the layer experiment.

Simultaneously with the L-band observations, soil relative dielectric permittivity, soil temperature,
and soil bulk electrical conductivity data were recorded using capacitance sensors 5TE (Decagon
Devices Inc., Pullman, WA, USA). The 5TE sensors were installed horizontally at two different depths
(3 and 10 cm) in triplicates in the radiometer observation footprint as well as in the reference plot.
Additional soil moisture measurements were carried out with a FDR (frequency domain reflectometry)
sensor ThetaProbe ML2x (Delta-T Devices Ltd., Cambridge, UK) in both plots, whereby the sensor was
inserted from the top down 6 cm. Furthermore, soil and vegetation samples were periodically collected
from the reference plot to estimate the volumetric water content of the organic and mineral layers as
well as the gravimetric water content of the vegetation. Soil samples were also used for laboratory
measurements of physicochemical properties (texture, bulk density, and organic matter content).
In addition, the destructive volumetric soil water content measurements were used to calibrate the
in situ soil moisture sensors (see [24]).

2.2. L-Band Radiometer

L-band microwave remote sensing measurements were performed using an ELBARA II
radiometer, which is a similar instrument to those used by the European Space Agency (ESA) for
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ongoing SMOS validation and research activities. The ELBARA II measures brightness temperatures
within the protected part, i.e., 1400-1427 MHz, of the microwave L-band. The radiometer was attached
to a Pickett-horn antenna to perform measurement at H and V polarizations (Figure 3). The absolute
accuracy of the brightness temperature measurements is better than 1 K, and the sensitivity is < 0.1 K.
Internal calibrations were performed before each measurement by using internal noise reference
sources, i.e., a hot resistive noise source at about 313 K and an active cold source at about 40 K. The
radiometer was also regularly calibrated by measuring sky radiance at an elevation angle of about
55° above the horizon and oriented approximately toward the north. Radiometer measurements were
performed every 15 min during the two-month experiment.

2.3. Radiative Transfer Model

The brightness temperature or thermal radiance measured by the L-band radiometer (TB,, K) at
horizontal (p = H) and vertical (p = V) polarization can be expressed as the linear combination of the
radiance emitted from the scene of interest (TBs , K) and the radiance emitted from the surrounding
area covered with the wire grid (TBo y, K), i.e.,

TB, =n,TBs, + (1 —n,)TBo,p, (1)

where 1, and (1 — 1) are the fractional amounts of radiance emitted from the scene of interest and
the surrounding area, respectively. The weighting factor n, can be derived from TB, measurements
performed with the scene of interest (i.e., the sand box) covered with different surfaces with known
reflectivities as described in [23] and using

TBy =np[(1 — Rsp)Ts + RepTeey] + (1 =1,)[(1 = Rop) To + RopTeky, @)

where R, and R, are the reflectivities of the scene of interest and the surrounding area, respectively;
Ts (K) and T, (K) are the effective physical temperatures of the scene of interest and the surrounding
area, respectively; and Ty (K) is the sky brightness temperature (Tgy ~ 4.8 K).

A first set of 10 measurements was performed with the sand box covered with a reflector (wire
grid), for which the reflectivity Rs is assumed to be 1. The mean values of the TB measurements
obtained with this setup were 14.9 K and 14.3 K for the H and V polarization, respectively. A second
set of 10 measurements was performed with the sand box covered with a microwave absorber (EPP22,
Telemeter Elektronic, Donauworth, Germany), for which Rs is assumed to be 0. In this case, the mean
values of the TB measurements were 160.3 K and 166.3 K for the H and V polarization, respectively.
Based on these specific assumptions for R, Equation (2) can be reduced to:

TBp =1, Tey + (1 =1,)[(1 = Rop)To + RopTeiyl, 3)

and
TBp =MNp Ts + (1 - np)[(l - Ro,p)To + Ro,stky]/ 4)

for the L-band TB measurements with the sand box covered respectively with a reflector (Equation (3))
and an absorber (Equation (4)). Solving Equations (3) and (4) for the two unknowns (i.e., n, and
Royp) yielded ny = 0.52, ny = 0.54, Ry = 0.92, and R,y = 0.93. Once the weighting factor n, and
the brightness temperatures of the surrounding area TBo , are known, the brightness temperatures
emitted from the observed soil-vegetation scene TBs, can be derived from the L-band radiometer
measurements using Equation (1).

The brightness temperatures emitted from the soil-vegetation scene (TBs ;) were simulated using
a simple radiative transfer (RT) model, referred to as the tau-omega (t-w) model [15], which describes
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the emission contributions of soil and vegetation. The T-w model is a zero-order solution of the
radiative transfer equations:

TBsp, = (1 —wp) (1 —yp) Tc+ (1 —wp) (11— yp)yp Ry Tc+(1— Rp)yp TG, (5)

where T (K) and Tc (K) are the effective soil and vegetation temperatures, respectively; Ry, is the soil
surface reflectivity; wy is the effective scattering albedo, which accounts for scattering effects within
the vegetation canopy [25]; and vy, is the vegetation transmissivity, computed from the vegetation
opacity or optical depth 1, as follows:

Yp = &P <_ co:’EG) > ’ ©)

where 0 (rad) is the incidence angle.
Soil surface roughness was accounted for in the modelling of the radiometer data by using the
semi-empirical approach of Wang and Choudhury [26], which can be described as follows:

Ry = [(1— Qr) R} + Qr R:] exp[—Hg cos (0)"¥], @)

where Ry, is the rough soil surface reflectivity and R,* is the specular reflectivity, g is the opposite
polarization of p, QR is the polarization mixing parameter (Qr = 0 as polarization crosstalk is assumed
to be negligible [11,27]), Nr expresses the angular dependence of roughness (Ng = —1 as proposed
in [11,27,28]), and HR accounts for the intensity of the roughness effect.

The soil surface roughness was considered as constant during the experiment. The value of the
Hpg parameter can be obtained by inverting the TBs, data derived from the measurements collected
during the layer experiment for the setup configuration with the soil without the vegetation (Step 2
in Figure 4, 10 measurements X 2 polarizations). In that case, only the soil parameters have to be
retrieved, i.e., &; and Hy, because only the soil contributed to the measured TBg’p. To better constrain
the inversion, ¢, was estimated from the in situ measurements.

The vegetation effective scattering albedo parameter w;, was considered as unknown. It was also
assumed to be polarization dependent (wy # wy) and constant over time as the vegetation structure
did not significantly change during the experiment.

The vegetation optical depth parameter 1, was considered as unknown but independent of
polarization (T = Ty = T) and varying over time to follow the time changes of the vegetation water
content during the experiment.

The soil relative dielectric permittivity ¢, and the vegetation parameters, i.e., wy, wy and 7,
were then retrieved through inverse modelling. To limit the number of parameters to be retrieved
simultaneously as only two TBs , data (TBs i and TBsy) were available for each time step (i.e., every
15 min), a two-step inversion approach was used. Values of the parameters wy and wy were first
assumed to be in the range 0-0.2 as proposed in [12]. For each possible combination of wy and wy in
that range (i.e., 21 x 21 combinations considering a step of 0.01 for the w values), only T and ¢, were
derived for all time steps. Optimal parameter values can then be obtained after finding the minimum
of the objective function ¢ (minimum of the sum of the squared difference between the measured
and modelled TBs ) between the 21 x 21 inversion runs. All optimizations were performed using the
global multilevel coordinate search (GMCS) algorithm as introduced by Huyer and Neumaier [29].

Another approach to estimating wy and wy separately is to analyse the layer experiment data
for the setup configuration with the vegetation shielded from the soil by a grid (Step 5 in Figure 4).
In this case, only the vegetation parameters have to be retrieved, i.e., wy, wy, and T, because only the
vegetation layer contributes to the measured TBs . The system can also be considered as stable during
the radiometer measurements because of the short duration of the experiment (~30 min). More than 3
observations (10 measurements X 2 polarizations) are then available to retrieve the three parameters.
Unfortunately, inconsistent parameter values were obtained by this method. This could be explained
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by a non-adequate setup (difficulty in properly placing the grid just below the vegetation layer without
damaging the vegetation), which did not allow accurate measurement of the radiation originating
from the vegetation layer only.

To reduce the noise observed in the TBs, data, a sliding window of five measurements was
applied to the whole dataset. Data before, during, and directly after the irrigation were not considered
either in the inversion process to limit the complexity of the interpretation of the results.

2.4. Ground-Penetrating Radar Measurements of Soil Surface Roughness

Ground-penetrating radar (GPR) measurements were also performed to characterize the surface
roughness of the organic soils. In particular, GPR measurements were performed when the vegetation
layer was completely removed (Step 2 of the layer experiment, see Figure 4) in order to avoid any
effect of the vegetation on the GPR signal.

The GPR system, operating in the frequency domain, consisted of an ultrawideband
stepped-frequency continuous-wave radar connected to a monostatic doubled-ridge horn antenna
(BBHA 9120 A, Schwarzbeck Mess-Elektronik, Schonau, Germany) with 14 cm x 25 cm aperture area
and 22 cm height (Figure 5). The antenna nominal frequency range is 0.8-5.2 GHz and its isotropic
gain ranges from 4.4 to 14.0 dBi. The antenna was connected to the reflection port of a vector network
analyser (VNA, ZVL, Rohde & Schwarz, Munich, Germany) and situated at an average height of 40 cm
above the soil surface with a normal incidence. Measurements were performed with a frequency step
of 4 MHz. Before each set of measurement, the VN A was calibrated at the connection between the
coaxial cable and the antenna using a standard open-short-match calibration kit.

Figure 5. Pictures of the off-ground ground-penetrating radar (GPR) system fixed above the organic
soils (with the vegetation layer removed) consisting of a vector network analyser connected to a horn
antenna with a low-loss N-type 50 () impedance coaxial cable.

The radar data can be described using the antenna-medium model developed by
Lambot et al. [30]. In this model, the far-field radar antenna is modelled using frequency-dependent
global reflection and transmission coefficients and Green functions are used to model the frequency
response of the soil medium. Soil surface roughness was accounted for in the modelling of the GPR
data using the approach proposed by Jonard et al. [31].

Soil relative dielectric permittivity (e;) and soil surface roughness, i.e., the standard deviation of
the surface height (o, m) can be retrieved through inverse modelling in the time domain by focusing
on a time window containing the surface reflection only. To better constrain the inversion of og, ¢ was
estimated from the in situ measurements as for the estimation of the soil roughness from radiometer
data (see above). In addition, inversion of the data was performed in a limited frequency band,
between 0.8 GHz and 2.2 GHz, and with a central frequency close to that of the ELBARA II radiometer.
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2.5. Laboratory Measurements of Vegetation and Soil Water Content

Vegetation and soil (organic and mineral layers) water content were determined using the oven
drying method. For the soil samples, we used a drying temperature of 85 °C for a period of 48 h.
This temperature was used in order to avoid charring of the organic fraction, which may occur at the
standard drying temperature of 105 °C [32]. The vegetation samples were dried at 60 °C for a period
of 48 h.

2.6. Meteorological Data

Meteorological data, in particular, air temperature, precipitation, and wind speed, were
monitored with an automatic meteorological station installed on the test site at about 35 m from
the organic soils (data publicly available on the TERENO data portal: http:/ /teodoor.icg.kfa-juelich.
de/ibg3searchportal2 /index.jsp).

3. Results

3.1. L-Band Brightness Temperature Measurements

Figure 6a shows the time-lapse brightness temperature (TBs) measurements at H and V
polarization. In addition to the small diurnal variations, we observed a significant increase in TBg at
both polarizations after the irrigation event (DOY 281) and a general decrease from DOY 288 to the
end of the experiment (DOY 330). In general, a decrease in TBs ;, is expected after irrigation due to
an increase in soil water content. However, in this case, the increase in TBs,y observed on DOY 281
is explained by an increase in vegetation water content (see Figure 6d) and also in the amount of
intercepted water by the vegetation due to the irrigation [33], relatively larger than the increase in soil
water content. On the contrary, the observed decrease in TBs , from DOY 288 to DOY 330 is explained
by the combined effects of an increase mainly in soil permittivity /water content due to the repetitive
rain events during this period and a general decrease in air and soil temperature (see Figure 6c).
Indeed, at microwave frequencies, the emitted radiance TBs , is linearly related to the effective physical
temperature and to the emissivity of the observed scene, the latter being inversely proportional to the
effective permittivity of the scene (Rayleigh—Jeans law).

As can be seen in Figure 7, about 139 mm of precipitation were recorded over the measurement
period with a relative homogeneous distribution over time. The largest rain event was observed on
DOY 311 with a total rainfall of 14.1 mm.

During the experiment (from DOY 276 to DOY 330), TBs i ranged between 226.3 and 245.8 K,
while TBgy was always above TBg 1y with values ranging from 237.3 to 253.3 K. Missing data (from
DOY 290.5 to DOY 291.7; DOY 301.4 to DOY 304.0; DOY 316.5 to DOY 317.5; DOY 318.4 to DOY
319.6; and DOY 323.5 to DOY 324.7) are due to instrument failures or filtering of inconsistent data, in
particular, during heavy wind events (leading to an incorrect azimuthal orientation of the antenna).

3.2. In Situ Measurements

The soil relative dielectric permittivity measured by the in situ sensors progressively increased
over time, from 9.8 and 10.8 at 3 and 10 cm depth respectively at the beginning of the experiment to
29.2 and 22.9 at the end of the experiment (Figure 6b). At DOY 281, a significant jump can be observed
after the irrigation with high values in particular for the near-surface measurements (up to 42.8).
In addition to the general increasing trend, small diurnal variations can be observed. The soil
permittivity values were systematically higher at 3 cm than at 10 cm depth.

The air temperature (T,i;) measurements collected from the meteorological station ranged from
—1.0 (DOY 320) to 24.2 °C (DOY 292) with large daily variations (Figure 6¢). A drop in air temperature
was observed around DOY 285 as well as a general decrease from DOY 292 to the end of the experiment.
Slightly negative air temperature values occurred only on DOY 320. Soil temperature (Tg) values were
similar at the two investigated depths, ranging from 5.1 (DOY 281) to 15.7 °C (DOY 330) during the
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experiment. The general trend of the soil temperatures is similar to that of air temperature but with
smaller diurnal variations.

The gravimetric vegetation water content (VWC, kg m~2) derived from laboratory measurements
ranged from 0.37 (DOY 281) to 2.3 kg m~2 (DOY 323) with a significant increase after the irrigation
followed by a large drop and a second increase from DOY 295 to DOY 323 (Figure 6d). However, only
nine VIWC measurements were performed during the experiment due to time and technical constraints,
with the larger data gap between DOY 304 and DOY 323.
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Figure 6. (a) ELBARA brightness temperature (TBg) at horizontal (blue dots) and vertical (red dots)
polarizations as a function of day of the year (DOY) over fifty-four days and with a measurement
interval of 15 min; (b) soil relative dielectric permittivity (¢;) measured by the 5TE sensors at 3 and
10 cm depth; (c) soil temperature (Tg) measured by the 5TE sensors at 3 and 10 cm depth and air
temperature (T,i;) measured at the meteorological station; and (d) gravimetric vegetation water content
(VWC) derived from laboratory measurements on vegetation samples.
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Figure 7. Daily (P, mm dayfl) and cumulative (Pcym, mm) precipitation measured at the test site.
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3.3. Inversion of L-Band Brightness Temperature Data

Modelled and measured TBs, data are shown in Figure 8a. The modelled radiometer data agree
perfectly with the observations (r = 1 and RMSE =2 x 10~10), which confirm that the RT model with
the retrieved soil and vegetation parameters can accurately reproduce the observed data.
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Figure 8. (a) Measured (blue and red dots) and modelled (green and magenta lines) L-band brightness
temperatures (TBs) at horizontal and vertical polarizations. Modelled TBs , data were obtained using
the T-w radiative transfer model. It should be noted that the modelled data can hardly be seen on the
plot because of the perfect agreement between the measured and modelled data. (b) Vegetation optical
depth (7); and (c) soil relative dielectric permittivity (er) derived from TBs ,, data. (d) Comparison of
hourly mean radiometer-derived ¢, with in situ &, measurements at 3 and 10 cm depth.

3.3.1. Soil Roughness Parameter

Inversion for the soil roughness parameter Hg from 10 radiometer measurements above the
soil-only setup (Step 2 of the layer experiment, see Figure 4) gave a value of 0.49, which corresponds
to a standard deviation of the surface height or of 0.012 m based on the formulation proposed by
Choudhury et al. [34] or a or of 0.013 m if we used the formulation of Wigneron et al. [12]. It should
be noted that the inversion was performed in a large parameter space (0 < Hr < 1), which ensured
finding the global optimum.

In addition, GPR measurements were performed above the same soil-only setup in order to have
an additional estimation of the soil surface roughness. Figure 9 depicts the measured Green’s function
(computed from the radar data S1; using the antenna-medium model [30]) in the time domain. The
soil surface reflection can be clearly observed between 3 and 4 ns. The modelled Green’s function
fits almost perfectly the measured Green’s function at the surface reflection, which means that the
GPR model was able to capture and accurately reproduce the soil surface reflection. The estimated
value of o derived from the GPR data is 0.013 m, which is in a perfect agreement with the soil surface
roughness estimation from radiometer data.
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Figure 9. Measured (solid blue line) and modelled (dash-dotted red line) radar Green'’s function (gix)
in the time (t)-domain.

3.3.2. Effective Vegetation Scattering Albedo and Vegetation Optical Depth

Based on the two-step inversion approach, the optimal values obtained for the effective vegetation
scattering albedo parameter wy, are wy = 0.01 and wy = 0.19. Figure 8b shows the estimated vegetation
optical depth (1) values over time. The inversion was performed in the parameter space 0 <t < 0.6.
The T values obtained oscillate between 0.10 and 0.19 with a mean value of 0.13. The time variations in
the estimated T shown in Figure 8b can be explained by the combined effect of changes in vegetation
water content, changes in water content of the layer litter, and changes in the amount of water
intercepted by the vegetation after rainfall or dew events during the experiment.

3.3.3. Soil Relative Dielectric Permittivity

The estimated values of the soil relative dielectric permittivity e, are shown in Figure 8c.
The inversion was also performed in a large parameter space (1 < ¢ < 40). The optimized ¢,
values oscillate between 10.80 and 18.82 with a mean value of 14.39. As shown in Figure 8d, the
radiometer-derived ¢, values are significantly lower compared to the in situ measurements. The
corresponding scatter plots between modelled and in situ ¢, and the regression lines are shown in
Figure 10. As can be seen in the scatter plots, a data cloud is detectable. However, the correlations
between the modelled and measured e, are significant with correlation coefficients (r) of 0.50
(p-value < 0.0001) and 0.49 (p-value < 0.0001) for the measurements at 3 and 10 cm depth, respectively
(see Table 1). It should be noted that the correlation coefficients were obtained using the robust least
absolute residual (LAR) method, which has the advantage of being more outlier-resistant than the
classically used least square fitting approach. On the other hand, the slopes and intercepts of the
regression lines (see Table 1) indicate a clear offset between the measured and modelled ¢,, whereby
the modelled ¢, are always smaller than the measured ones. Furthermore, a better agreement is
systematically observed between the modelled ¢, and the in situ ¢, measurements at 10 cm depth
compared to the in situ measurements at 3 cm depth. This is also reflected in the calculated bias of
—10.74 and —5.63 and the unbiased root-mean-square error (ubRMSE) of 3.77 and 1.84, at 3 and 10 cm
depth, respectively (Table 1).
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Figure 10. Comparison of the soil relative dielectric permittivities (¢;) derived from the radiometer
measurements with the in situ ¢; measurements at: 3 cm depth (left); and 10 cm depth (right).
Regression lines are based on the robust least absolute residual (LAR) method and their equation are
shown in red.

Table 1. Parameter estimates (2 and b) and correlation coefficient (r) of the regression lines between the
measured and modelled soil relative dielectric permittivities (¢;) based on the robust least absolute
residual (LAR) method. Confidence intervals (95%) are presented in parentheses. Bias and unbiased
root-mean-square error (ubRMSE) between measured and modelled ¢, are also shown.

3 cm Depth 10 cm Depth
al 0.17 (0.16, 0.18) 0.35 (0.33, 0.36)
b1 10.03 (9.79, 10.27) 7.41 (7.01, 7.80)
r 0.50 0.49
bias —10.74 —5.63
ubRMSE 3.77 1.84

1y =ax+b (with y = modelled &, and x = measured &,).

3.4. Response Surface Analysis

Response surfaces were calculated to analyse the uniqueness of the inverse solution as well as the
parameter sensitivities and the correlations between the parameters of the RT model. Figure 11 shows
the response surfaces of the objective function ¢ in the e.-wy, T-wy, &-HR, T-HR, -7, and wy-wy
parameter planes. These response surfaces were calculated considering data with intermediate soil
dielectric permittivity and optical depth values (i.e., &y = 14.49 and T = 0.146 inverted from TBg jj = 234.8
and TBgy = 241.8 observed on DOY 307), but similar results were obtained for the other conditions
observed during the experiment. Inversions were performed in a large parameter space (1 < ¢, < 40;
0<Hr <1;0<1<0.6; 0 <wy <0.25) and the range of each parameter was divided into 200 discrete
values resulting in 40,000 objective function values for each contour plot. For each response surface,
no local minima can be observed in addition to the global minimum. In the ¢,-HR parameter plane,
the global minimum region suggests a significant positive correlation between the two parameters
(Figure 11c). A similar signal can indeed be obtained for either a low dielectric permittivity with a
low roughness amplitude, or a high dielectric permittivity with a high roughness amplitude. On the
contrary, the T-HR response surface indicates a negative correlation between T and Hy (Figure 11d).
An accurate estimation of ¢, and/or T is therefore not possible without a priori information about Hg.
The ¢;-wy and t-wy response surfaces show an elliptical global minimum region parallel to the wy
axis, which suggest that the two parameter pairs are uncorrelated (Figure 11a,b). In addition, these two
plots indicate that the RT model is less sensitive to wy than to ¢, and t. Similar plots were obtained
when considering wy instead of wy (not shown). For the ¢,-T response surface, a positive correlation
between the two parameters can be observed, which increase parameter estimation uncertainty when
both parameters are retrieved simultaneously (Figure 11e). Finally, no correlation can be observed
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between wy and wy from the wy-wy response surface (Figure 11f). Moreover, the global minimum is
very well-defined in this case.
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Figure 11. Response surfaces of the logarithm of the objective function (logjp(¢)) in the following
parameter planes: ¢,-wy (a); T-wy (b); er-HR (c); T-HR (d); -7 (e); and wy-wy (f).
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4. Discussion

4.1. Soil Roughness and Effective Vegetation Scattering Albedo Parameters

In this study, the roughness parameter Hr was first estimated based on a specific setup and using
in situ dielectric permittivity measurements. The retrieved value for Hy is 0.49, which is close to the Hr
value of 0.4 derived in [27] based on a globally-constant calibration of the soil roughness and effective
scattering albedo parameters from SMOS data. The estimated value for Hg was also confirmed by the
estimation from the GPR measurements performed above the same setup in a similar frequency range.
The relatively high value obtained in this study for Hr might be explained by the large heterogeneity
of the litter and the organic soil surface layer. However, the retrieved value differs significantly from
the value of 0.1 and 0.156 used for areas covered by low vegetation in the operational SMOS and SMAP
Level 3 soil moisture algorithms (namely SMOSL3 and SMAP_SCA). As shown in Figure 11c,d, Hr
is significantly correlated to ¢; and T and can therefore not be retrieved simultaneously with these
two parameters. This means that Hy has to be calibrated first as done in our study or set a priori as
done in SMOSL3 and SMAP_SCA. As can also be seen from the response surfaces, using a Hr value
specifically calibrated for organic soils instead of a default value of 0.1 (SMOSL3) or 0.156 (SMAP_SCA)
might lead to a significant improvement in soil dielectric permittivity and optical depth retrievals over
areas dominated by organic soils.

The aim of this study was also to test the dependency on polarization of the effective vegetation
scattering albedo w. The results indicate a clear dependency on polarization of w,, which reflects the
significant impact of the vegetation architecture on the scattering of the L-band radiation. In addition,
the value of wy close to 0 indicates that the scattering effects across the vegetation can be neglected at
H polarization, while the high value for wy (i.e., 0.19) indicates that the scattering effects are important
at V polarization. Figure 11f clearly shows that the wy and wy parameters are uncorrelated and can
thus be retrieved simultaneously during the inversion process. This dependency on polarization was
also observed by Saleh et al. [35] over grass with wy = 0 and wy between 0.05 and 0.2 depending on
grass type as well as by Kurum et al. [25] for corn and soybean canopies. The results obtained in this
study showed that the assumption of a polarization independent w currently used for the operational
SMOSL3 (wpy = wy =0) and SMAP_SCA (wy = wy = 0.05) algorithms is not valid and could lead to
inaccuracy in the soil dielectric permittivity /water content and vegetation optical depth retrievals,
while the sensitivity of the RT model to wy is relatively low (see Figure 11a,b).

4.2. Soil Relative Dielectric Permittivity Retrieval

The results of the inversion of the TBs , data show that the radiometer-derived ¢, are significantly
correlated with the in situ measurements, but their values are systematically lower compared to the in
situ ones (Figure 8d). The lower values obtained for the modelled compared to the in situ &, could
be explained by the difference between the operating frequency of the radiometer (1.4 GHz) and that
of the 5TE sensors (70 MHz). Bobrov et al. [36] found that the dielectric permittivity of soils in the
frequency range from 10 MHz to 1 GHz increased with decreasing frequency and increasing soil water
content. In addition, the largest variations with increasing frequency were observed under high clay
and organic matter contents. Kelleners et al. [37] also observed in dispersive clay soils a frequency
dependence of the dielectric permittivity below 500 MHz with lower values of dielectric permittivity
at higher frequencies as observed in the current study (see also [38]). Similar effects might indeed be
expected in organic soils as in clay soils, as the organic constituents have also large specific areas with
high surface charges. In addition, because of the positive correlation between ¢, and T observed in
Figure 11e, some uncertainty in the estimation of these two parameters can be expected when both
parameters are retrieved simultaneously.
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5. Conclusions

We experimentally carried out retrievals of electromagnetic and hydrological characteristics of
organic soil surface layers using ground-based L-band radiometry data. To this end, undisturbed
organic soil blocks with their vegetation cover were collected from a heathland in the Skjern
River catchment in western Denmark. The soil structure was then reconstituted at the Selhausen
remote sensing field laboratory in Germany, which made it possible to perform L-band radiometer
measurements of the soils over a period of two months. Time-lapse brightness temperature data were
inverted using the tau-omega (t-w) RT model for estimating the time variations in the soil relative
dielectric permittivity and the vegetation optical depth. In addition, the effective vegetation scattering
albedo parameter of the RT model was retrieved based on a two-step inversion approach. The remote
estimations of the relative dielectric permittivity were finally compared to in situ measurements at
3 and 10 cm depth.

The results indicated that the radiometer-derived dielectric permittivities were significantly
correlated with the in situ measurements, but that their values were systematically lower compared
to the in situ ones (bias = —10.74, ubRMSE = 3.77 for the in situ measurements at 3 cm depth; and
bias = —5.63, ubRMSE = 1.84 for the in situ measurements at 10 cm depth). This could be explained by
the frequency dependence of the soil dielectric permittivity at low frequency (70 MHz) in organic rich
soils. The effective vegetation scattering albedo parameter was found to be polarization dependent.
While the scattering effect within the vegetation could be neglected at horizontal polarization
(wp = 0.01), it was found to be important at vertical polarization (wy = 0.19). The vegetation optical
depth estimated values over time oscillated between 0.10 and 0.19 with a mean value of 0.13.

These results should be confirmed and extended in future by conducting additional tower-based
experiments with passive but also active L-band microwave sensors and with different soil types
exhibiting a range of organic matter content and moisture content. There is also room for improvement
by considering more advanced RT models accounting for a multi-layered soil medium instead of the
widely used T-w model, which considers the soil as a homogeneous medium. This would make it
possible to take account of the effect of the under-laying mineral soil layer and the effect of a vertical
gradient of organic matter content in the organic soil surface layer.

Finally, this study provides a further contribution to the characterization of the L-band emissions
of organic soil surface layers, which might be used to improve the quality of space-borne remote
sensing soil moisture data acquired over areas dominated by organic soils.
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