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Abstract: The soil moisture at the medium spatial scale is strongly desired in the context of satellite
remote sensing data validation. The use of a ground-installed passive L-band radiometer ELBARA at
the Bubnów-Sęków test site in the east of Poland gave a possibility to provide reference soil moisture
data from the area with a radius of 100 m. In addition, the test site comprised three different land
cover types that could be investigated continuously with one day resolution. The studies were
focused on the evaluation of the ω-τ model coefficients for three types of land cover, including
meadow, wetland, and cropland, to allow for the assessment of the soil moisture retrievals at a
medium scale. Consequently, a set of reference time-dependent coefficients of effective scattering
albedo, optical depth, and constant-in-time roughness parameters were estimated. The mean annual
values of the effective scattering albedo including two polarisations were 0.45, 0.26, 0.14, and 0.54
for the meadow with lower organic matter, the meadow with higher organic matter, the wetland,
and the cropland, respectively. The values of optical depth were in the range from 0.30 to 0.80 for
the cropland, from 0.40 to 0.52 for the meadows (including the two investigated meadows), and
from 0.60 to 0.70 for the wetland. Time-constant values of roughness parameters at the level of 0.45
were obtained.

Keywords: L-band radiometer; soil moisture; wetland; meadow; ELBARA

1. Introduction

Soil moisture (SM) monitoring plays a crucial role in the context of many branches, with
the main impact on agriculture around the world [1–3], as a deficit of water available for plants
is the main factor governing the agricultural drought assessment [4]. On the other hand, soil
moisture monitoring is a still widely explored issue in the research world [5–8]. For the tens
of years of space exploration, soil monitoring techniques have been expanded to include
an additional research area focusing on the harmonisation and fusion of soil moisture
data obtained at different spatial and temporal scales [9–11]. The earliest measurements
of soil moisture mainly involved point measurements using hand-held instruments or
instruments fixed for a specific location. The gravimetric method was recognised as a
reference technique [12]. The method for point in situ measurements is currently mainly
based on TDR [13] or FDR [14] probes. The main disadvantage of point measurements
is related to the high variety of soil moisture in the environment caused by the high
relationship of SM values with soil physical parameters [15,16]. In an environment with
highly diversified physical properties of the soil, point soil moisture measurements provide
data differing by tens of percents in unchanged metrological conditions [17,18]. In practice,
for more precise soil moisture assessment using point measurements, a set of estimations
need to be made to allow for the application of statistical evaluation [19]. This condition is
an important limitation in the monitoring of areas larger that tens of square meters. As an
alternative to, or rather a supplement for, point scale measurements, the remote sensing
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techniques were investigated, especially those using satellite-based instruments. Since
2009, when the SMOS [20] satellite was launched, the satellite has become a very important
source of soil moisture data on a global scale. At the beginning, the spatial resolution
of satellite remote sensing data was estimated at 40 km; currently, this value has been
strongly reduced to 1 km [21], and even lower [22], mainly through the use of Sentinel-
1 constellation [23]. Unfortunately, satellite-based data are very strongly dependent on
many factors, e.g., soil cover or soil roughness and temperature [24–26]. Because of this
dependence and the necessity for a constant improvement in the resolution of satellite
soil moisture data, their applicability at the field scale is still limited. For better use of
wide spatial scale soil moisture data from satellite-based instruments, medium spatial scale
monitoring techniques are strongly desired. For validation of SMOS soil moisture data,
the L-band passive radiometer ELBARA was developed [27]. One of these instruments
was installed in Poland in an area with wetland-meadow-cropland land cover. Previous
research performed to characterise the soil moisture retrievals from the ELBARA instrument
using the L-MEB algorithm [24,28] shows the high discrepancy in point measurements
of reference for soil moisture [29]. The comparisons of the previous analysis were made
for reference measurements realised at one position at the test site. The L-MEB algorithm
was based on the ω-τ model [30] for modelling brightness temperature, accounting for soil
physical properties and land cover parameters. Research focused on global values of ω and
τ coefficients is still in progress [31]; but, as pointed by [32], investigations of the dynamics
of these parameters at the local scale should be conducted.

The aims of the present study were to:

1. Perform a calibration procedure for ELBARA brightness temperature (Tb) retrievals
for a wetland-meadow-cropland test site using the results of five in situ measuring
campaigns realized in 2018 to estimate the time-dependent dynamics of ω-τ model
parameters, focusing on three specific types of land cover present at the Bubnów-Sęków
test site.

2. Afterwards, based on the calibration results in the form of time-dependent ω-τ model
coefficients the medium-scale soil moisture values using brightness temperature levels
recorded using ELBARA in 2019 were evaluated and compared with in situ point
measurements also performed in 2019.

This study is the first part of a series of wider investigations focused on establishment
of the Bubnów-Sęków test site as a reference site for soil moisture retrievals with the Sentinel-1
instrument.

2. Materials and Methods
2.1. Bubnów-Sęków Test Site with an Agrometeorological Station and an ELBARA Instrument

The present research was performed at the Bubnów-Sęków test site operated by the
Institute of Agrophysics of the Polish Academy of Science. The station was located on the
boundary of a wetland, a meadow, and a cultivated field, as shown in Figure 1. The soil in
the area of 100 m × 100 m around the station was composed of sand, silt, clay, and organic
matter [29]. The sand content in the area varied from 86% to 95% and, depending on the
sand content, the content of silt and clay fractions ranged from 2% to 9% and from <1% to
7%, respectively. There was also a high variation of organic matter content, which ranged
from 2% to 30%.

The experimental infrastructure consisted of a meteorology station combined with
the ELBARA instrument. The agrometeorological station was equipped with sensors
for point monitoring basic variables, i.e., soil moisture at the depth of 1 m, air humidity,
air temperature, soil temperature, wind speed and direction, and solar radiation with
10 min time resolution. Data have been collected since 2011. A detailed description of the
measuring capabilities of the Bubnów-Sęków agrometeorological station was presented by
Gluba et al. [29].
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Figure 1. Localisation of the agrometeorological station with the ELBARA instrument at the Bubnów-
Sęków test site (a), and the elevation angle definition of ELBARA instrument (b).

2.2. ELBARA L-Band Passive Radiometer

The third generation ELBARA (ESA L-band Radiometer) instrument was installed
at the Bubnów-Sęków test site in 2016. Originally, the unit was designed for the purpose
of validating the data received from the SMOS satellite. ELBARA is a passive radiometer
working at the 1.4 GHz frequency, and is designed to perform measurements of brightness
temperature at two polarisations described as horizontal (TbH) and vertical (TbV). The
instrument was installed at a 6.5 m tower with the ability to move at two axes—the rotation
(azimuth) in the range from 0 to 360 degrees (with a step of 10◦), and the elevation angle
(elevation) in the range from 30 to 80 degrees (with a step of 5◦)—and at 155 degrees
for sky calibration, as shown at Figure 1. Each day, ELBARA performed four series of
396 automatic measurements for different azimuth-elevation configurations plus one sky
calibrating readout. It is assumed that the measurement for elevations from 35◦ to 75◦

covered an ellipsoid-shaped area with the length of the longer axis from 3.23 m to 49 m,
respectively. The third-generation ELBARA is equipped with an improved system for
radio frequency interference (RFI) identification. Previous research has shown that the
measurements at the azimuths from 270◦ to 300◦ are strongly interrupted by RFI coming
from the electrical elements of the agrometeorological station [29]. An example of a visual
representation of ELBARA footprints for an elevation angle of 75◦ and azimuths 30◦, 90◦,
180◦, and 320◦ is presented in Figure 2.

The brightness temperatures registered using ELBARA in 2018 included 6992, 6232,
6956, and 6204 total measurements for the specific azimuths 30◦, 90◦, 180◦, and 320◦,
respectively. Since four measurements were realised per day for each azimuth, for the
further data evaluation, the data were arranged in a daily manner using mean values as the
results. ELBARA retrievals for two polarisations, and for four analysed azimuths together
with daily precipitation, and soil moisture together with Leaf Area Index (LAI) assessed
during the measuring campaigns are shown in Figure 3. In 2018, there were two significant
data gaps in the periods 21 January 2018–6 February 2018 and 16 July 2018–15 August 2018,
both as a result of maintaining works.
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Figure 3. Brightness temperatures registered using ELBARA at an elevation angle of 75◦, and
azimuths 30◦, 90◦, 180◦, and 320◦ for two polarisations V (red circles) and H (red dots) in 2018. Green
squares denote soil moisture values from the in situ measurement averaged in ELBARA footprints,
and blue lines show daily precipitation registered at the agrometeorological station.

2.3. In Situ Measurements at the Bubnów-Sęków Test Site

For the purpose of ELBARA calibration, five in situ measurement campaigns in the
area around the ELBARA instrument were realised in 2018. Moreover, 4, 2, and 1 campaigns
were realised in 2019, 2020, and 2021, respectively. During the in situ measurements, the
soil moisture at three depths of 5, 10, and 17 cm was registered using TDR probes. Also, the
soil surface temperature was assessed using a probe installed on the FOM/mts instrument,
and Leaf Area Index (LAI) was assessed using a LI-COR manufactured instrument. The
arrangement of the point measurements in the five measurement campaigns in 2018 is
presented in Figure 4. Soil moisture, soil surface temperature, and LAI for the specific
footprint and date were extracted from the point measurements registered during the in
situ campaigns. The extraction was carried out by averaging the point measurements
covered by the polygons, representing a specific ELBARA footprint presented in Figure 2.
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Figure 4. Arrangement of point measurements (red dots) around the ELBARA instrument during the
measuring campaigns in (a) 23 May 2018, (b) 27 June 2018, (c) 16 August 2018, (d) 13 September 2018,
and (e) 30 October 2018. The four ellipsoids represent the polygons for the four ELBARA footprints
analysed in the present work.

2.4. τ-ω Model for ELBARA Tb Parametrisation

The ELBARA brightness temperature retrievals for a specific polarisation (p = H or
V) mostly depend on the soil roughness and canopy cover. According to L-MEB, the
microwave emission of the soil surface expressed as a brightness temperature (Tb) can be
evaluated using the τ-ω model [30] using the following equation:

Tbsim
p =

(
1 −ωp

)(
1 − γp(θ)

)(
1 + γp(θ)·rp(θ)

)
·tc + (1 − rp(θ))·γp(θ)·ts (1)

where ω is the effective scattering albedo for polarisation p (p = H, V), γp represents the
vegetation attenuation depending on the specific measuring angle θ, rp(θ) is the soil surface
reflectivity depending on the measuring angle θ and for specific polarisation p (p = H, V),
and tc and ts are canopy and soil surface temperature, respectively.

The rp reflectivity depends on two roughness parameters Hr and Nr according to
the equation:

rp(θ) = r*
p(θ)·e−Hr·cosNr(θ) (2)

where r*
p(θ) for specific polarisation (p = H, V) is assessed with the following Fresnel

equations:

r*
H =

∣∣∣∣∣∣
cos(θ)−

√
ε− sin2(θ)

cos(θ) +
√

ε− sin2(θ)

∣∣∣∣∣∣
2

(3)

r*
V =

∣∣∣∣∣∣
ε·cos(θ)−

√
ε− sin2(θ)

ε·cos(θ) +
√

ε− sin2(θ)

∣∣∣∣∣∣
2

(4)
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where ε represents a real component of the dielectric constant for a specific frequency
calculated using the dielectric mixing model proposed by Mironov [33]. For ε calculations,
reference measurements including soil moisture (SMref), soil temperature (ts,ref), and clay
content (CC) are needed. In the present study, the reference values were obtained from the
in situ measurements carried out during the 2018 campaigns.

The vegetation attenuation coefficient γp(θ) according to the Beer’s law could be
expressed as a function of vegetation optical depth τ as follows:

γp(θ) = e−
τp

cos(θ) (5)

The evaluation was performed for the elevation angle of 75◦, and four characteristic
azimuths (presented in Figure 2), 30◦, 90◦, 180◦, and 320◦, represent the four different soil
properties and land coverage, as described in Table 1.

Table 1. Characterisation of soil present in the four footprints of the ELBARA instrument.

Azimuth (Description) Soil Properties Coverage

30◦ (meadow with lower OM content) Sand = 89%, silt = 8%, clay = 3%, OM = 7% Grass with a height from 5 cm to 50 cm,
max LAI: 2

90◦ (meadow with high OM content) Sand = 93%, silt = 4%, clay = 3%, OM = 25% Grass with a height from 5 cm to 50 cm,
max LAI: 4

180◦ (wetland) Sand = 94%, silt = 3%, clay = 3%, OM = 16% Permanent grass with a height of 50 cm,
bushes with a height up to 3 m, max LAI: 6

320◦ (cultivated field) Sand = 90%, silt = 7% clay = 3%, OM = 6% Bare soil, wheat, max LAI: 2

Using the reference values of soil moisture (SMref) and soil temperature (ts,ref) mea-
sured during the measuring campaigns in 2018, as well as the clay content assessed for
the test site [29], Equation (1) was evaluated for four specific azimuths relating to two
polarisations. The evaluation included the first step iteration of four coefficients, ω, τ, Hr,
and Nr, in the following ranges and steps: ω (range: 0.05–0.8, step: 0.05), τ (range: 0.1–1,
step: 0.01), Hr (range: 0.1–0.8, step: 0.1), and Nr (range: 0.1–0.8, step: 0.1). The aim of the
calculation was to find the set of coefficients (ωp,i,fp, τp,i,fp, Hrp,i,fp, and Nrp,i,fp) resulting in
the most compatible values of Tbsim

p,i,fp and Tbmeas
p,i,fp for a specific date, i, meeting the condition

min
ω,τ,Hr,Nr

∣∣∣Tbsim
p,i,fp − Tbmeas

p,i,fp

∣∣∣. Taking into account that the land use does not change in time

at the analysed test site, the second step of the study was focused on the characterisation
of the effective scattering albedo, ω, and vegetation optical depth, τ. For that purpose,
coefficients Hr and Nr were fixed (based on the results from the first evaluation), and
the second evaluation of Tbsim

p was realised with iteration of ω and τ only (using un-

changed ranges and steps). At this time, the condition min
ω,τ

∣∣∣Tbsim
p,i,fp − Tbmeas

p,i,fp

∣∣∣ was applied

as well. Based on the obtained results, the time-dependent reference coefficient—ωref
p,i,fp,

τref
p,i,fp—and constant-in-time coefficients Hrref and Nrref were established for two polarisa-

tions (p = H,V), and the particular analysed ELBARA footprint (fp = 30◦, 90◦, 180◦, and
320◦) represented specific land cover conditions.

2.5. Soil Moisture Retrievals Using an ELBARA Tb

The set of the reference coefficients (ωref
p,i,fp, τref

p,i,fp, Hrref, and Nrref) was used for the
assessment of soil moisture retrievals for dates, i, using ELBARA brightness temperature
measurements collected in 2018 and 2019. The SM values were calculated using an in-
version of the Mironov model [34] by an estimation of the real part of the soil dielectric
constant for a particular date, i, specific polarisation, p, and footprint, fp, meeting the con-
dition min

ε′

∣∣∣Tbsim
p,i,fp

(
ωref

p,i,fp, τref
p,i,fp, Hrref

p,fp, Nrref
p,fp

)
− Tbmeas

p,i,fp

∣∣∣. The minimisation was realised
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for epsilon in the range from 3 to 70, corresponding approximately to soil moisture values
in the range of 0.01–0.86 m3m−3.

3. Results and Discussion

Using Equation (1), simulated values of brightness temperatures Tbsim were evaluated.
During the calculation, the coefficients ω, τ, Hr, and Nr were sampled in fixed ranges, and
values that met the minimisation condition were selected. For each set of the coefficients,
the mean values in time were also calculated. Based on the mean values for Hr and Nr, and
taking into account that the land use in the considered area is stable, the constant values
for Href

r and Nref
r were fixed to 0.45 for all azimuths.

In this study, the assumption that the land use of the investigated area is stable during
the consecutive years was made, which is a good approximation, based on the knowledge
gained during the over-ten-year-long experiment at the test site. The mean values of the Hr
and Nr parameters for all the periods, two polarisations, and all the investigated azimuths
were 0.47 and 0.44, respectively. Fernandez-Moran [31] presented the global values of Hr at
the level of 0.4 for cropland and 0.5 for grassland, and these values are in good agreement
with the presented results.

Consequently, as a result of the second evaluation of Equation (1) with fixed Href
r

and Nref
r , the coefficient matrix with the time-dependent ωref

p,i,fp and τref
p,i,fp coefficients was

obtained, as presented in Figures 5 and 6, respectively, separately for each azimuth. The
correlation coefficient for the simulated and measured brightness temperatures for all cases
was not less than 0.998. The most stable ωref

p values for both polarisations were obtained
for azimuth 180◦, where the wetland was presented as a land cover type. For that azimuth,
the standard deviation of ωref

p was equal to 0.01 for both polarisations. Simultaneously, the
highest standard deviation equal to 0.18 was found for ωref

p estimated for H-polarisation
Tb registered at azimuth 90◦, where the meadow with high organic matter was present.
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The reference coefficients were assessed for five dates in 2018 when the in situ mea-
surements were made. For the purpose of soil moisture evaluation, the year was divided
into six periods based on these dates, for which specific reference coefficients were applied
for the future validation assessment in 2019, as shown in Table 2.

Table 2. Values of time-dependent reference coefficients ω and τ, with assumed periods of their
applicability for specific analysed azimuths and two polarisations.

Period of Application
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H
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H
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H
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H
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0.39
0.67

1.0
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16 June–30 July 0.37
0.20
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0.2
0.4

0.16
0.06

0.7
0.4

0.51
0.75

0.9
0.1

1 August–30 August 0.49
0.42

0.5
0.3

0.24
0.08

0.2
0.2

0.19
0.15

1.0
0.8

0.50
0.26
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0.7

1 September–30
September

0.61
0.56

0.3
0.2

0.29
0.19

0.8
0.4

0.13
0.17

0.4
0.9

0.51
0.42

0.8
0.5

1 October–31
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0.51
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0.4
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1.0
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Based on the assumption that the roughness parameters Hr and Nr were stable during
the year, which was also taken into account in the literature [24,35,36], the present study
was focused on finding the time dependence of the effective scattering albedo (ω) and
optical depth (τ) coefficients for each specific investigated azimuth around the ELBARA
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instrument, representing different land cover types. The values of omega and tau presented
in the literature are mostly investigated in the global context [32], and are assumed to be
constant in time [37] for each specific land unit. In our research, we found that assuming
constant roughness of the soil, with the timely fluctuation of ω and τ depending on the
land cover, is the most reasonable approach. This fluctuation for specific polarisations
depends on both the land cover and the soil properties. The mean annual values of ω,
including two polarisations, were 0.45, 0.26, 0.14, and 0.54 for the meadow with lower
organic matter, the meadow with higher organic matter, the wetland, and the cropland,
respectively. The highest fluctuation of ω was noted for the meadow at azimuth 90◦ and
for the H-polarisation. The meadow at that direction was characterised by soil with a
high variation in the organic matter content at the mean level of 25%. The organic matter
content in the soil in Bubnów-Sęków was previously indicated to be an important factor of
the fluctuation in soil moisture estimation based on L-band surface emission [29]. On the
other hand, the most stable values of the ω coefficient during the year were observed for
the wetland at the azimuth 180◦.

The values of τ reported in the literature vary generally in the range 0–0.6 for cropland
and grassland [38,39], reaching values of 0.9 for forest [40]. In the present study, the
maximum variation of optical depth depending on the period of the year was obtained for
the meadows, where the difference between the maximum and minimum values reached
0.9 (azimuth 90◦, H polarisation). The mean annual values of τ were in the range from 0.30
to 0.80 for the cropland, from 0.40 to 0.52 for the meadows (including the two investigated
meadows), and from 0.60 to 0.70 for the wetland. Taking into account that the results
include two polarisations, the obtained values are in good agreement with the global
scale results.

By incorporation of the set of reference coefficients, soil moisture values for each
specific azimuth in 2018–2019 were calculated based on ELBARA retrievals for two polari-
sations, and are presented in Figures 7–10. The SM values were combined with the in situ
measurements results, precipitation, and values of Tb at two polarisations registered using
the ELBARA radiometer. For each azimuth, periods with missing data were observed. Two
sources of missing data were identified. The first was related to the lack of recording of
brightness temperatures using the ELBARA instrument for a specific date and azimuth due
to the incorrect operation of the instrument. The second source was associated with the min-
imisation process, and corresponded to the instance when the estimated epsilon reached
the lower or higher limit (3 and 70), i.e., there was no correlation between the simulated
and measured Tb values. The largest numbers of uncorrelated instances were registered
for data assessed for azimuth 320◦ at the H polarisation. As observed in Figures 7–10, less
variation was observed for Tb retrievals at V polarization. At azimuth 180◦, where the
permanent wetland is present, the most Tb data for H polarization were excluded in results
of uncorrelation effect in result of present of dense plant cover on that azimuth during
the year. At the same time, much less data were rejected for V polarization. However, the
most Tb measurement data were lost for the H polarization in the 320◦direction. This area
included an arable field where agrotechnical treatments were carried out and grain was
grown in the investigated period. Although it is necessary to carry out additional statistical
tests, Figures 7–10 clearly show that the convergence of soil moisture values determined
from brightness temperature data with in situ measurement data is strongly dependent
on the direction of observation and, consequently, on the land cover that exists in a given
area. This is particularly visible when comparing the results of simulated soil moisture for
the cultivated area (azimuth 320◦) with the other directions. It is clearly visible that the
results for the area under cultivation are much more stable and have a lower dispersion
throughout the year.
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and values of the soil moisture measured in situ (green squares). The precipitation registered by the 
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Figure 7. Soil moisture calculated (blue stars) from retrievals registered using ELBARA (black circles)
at azimuth 30◦ at polarisation H (lower graph) and V (upper graphs) in 2018–2019 combined with
simulated values of brightness temperatures (red dots) calculated using reference coefficients and
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agrometeorological station is shown (grey bars).
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measuring campaigns in 2019 and the measuring gaps in Tb retrievals, the simulated re-
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Figure 10. Soil moisture calculated (blue stars) from retrievals registered using ELBARA (black
circles) at azimuth 320◦ at polarisation H (lower graph) and V (upper graphs) in 2018–2019 combined
with simulated values of brightness temperatures (red dots) calculated using reference coefficients
and values of the soil moisture measured in situ (green squares). The precipitation registered by the
agrometeorological station is shown (grey bars).
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4. Conclusions

Most of the recent studies in the literature focused on investigations of land parameters
of the radiative transfer model in the global context, and the parametrisation of specific
areas at the field (medium) spatial scale is still under research. Investigations on the medium
spatial scale give a possibility to perform research in a better monitored environment and,
in particular, bridge the gap between point and satellite measurements. The present study
was aimed to provide data and new knowledge on the ω-τ model parametrisation for three
specific land cover types, i.e., meadow, wetland, and cropland. The results show that, in
the case of medium-scale assessment of soil moisture, the time-dependent coefficient of
effective scattering albedo and vegetation optical depth are desired, as this dependence
plays a significant role in the final results. Because of the lack of the input data on the in situ
measurements of soil moisture in the consecutive years, only four measuring campaigns in
2019 and the measuring gaps in Tb retrievals, the simulated results of soil moisture could
not be quantifiably compared with in situ values, and this issue should be addressed in
future research. The possibility to investigate the time dependence is provided by the use of
the L-band passive radiometer ELBARA instrument installed at the Bubnów-Sęków test site
in the east of Poland. At the present stage of research, the instrumentation and methodology
for future work have been established. In the next step, additional in situ measurements
will be carried out to fulfil the gap in the in situ soil moisture data, and the results with
extended statistical examination of the data will be presented. The first comparisons with
soil moisture data from remote sensing provided by the Sentinel-1 platform are currently
being prepared and will be presented separately.
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