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Abstract—Measuring the microwave brightness temperature 

(TB) using a radiometer is important for estimating soil moisture 

(SM). However, no study has demonstrated the effect of 

environmental conditions on these measurements. With this 

technology being explored for use in precision agriculture, indoor 

application and/or utilization in environments close to buildings 

becomes a certain reality. Therefore, an experiment was 

conducted in a warehouse of concrete and steel construction to 

investigate this issue. An L-band microwave radiometer known as 

ELBARA III was used to measure the surface TB over a soil box 

at different incidence angles and moisture contents. An 

environmental correction equation was applied to offset the effect 

of the indoor environment on the TB observed by the sensor. 

Accordingly, the effect of the TB environment on the TB 

observations at different incidence angles and moisture contents 

were analyzed. The environment correction equation provided a 

substantial improvement in estimating the direct TB emitted from 

the soil relative to model estimates with a reduction in root-mean-

squared error (RMSE) from 57 K to 4 K. Overall, the results 

demonstrated that the built environment had a substantial 

influence on the TB observed by the sensor, and that it was not 

possible to directly use indoor measurements for reliable SM 

retrieval. Use of the environment correction equation offers 

inspiration for SM retrieval from indoor measurements, but 

further studies are required. This result provides an early glimpse 

into the ability of microwave radiometers for SM monitoring in 

indoor environments. 

 
Index Terms— Passive microwave remote sensing, brightness 

temperature, indoor measurement, environment effect correction. 

I. INTRODUCTION 

T has been known for more than four decades that SM can 

be retrieved from thermal radiance obtained with an L-band 

radiometer [1]. This understanding has led to the Soil 

Moisture and Ocean Salinity (SMOS) mission launched by the 

European Space Agency in 2009 [2] and the Soil Moisture 

Active Passive (SMAP) mission launched by the National 

Aeronautical and Space Administration in 2015 [3]. Moreover, 

L-band (1–2 GHz) microwave radiometry has been proven as 

the most accurate approach for remote SM retrieval when 

compared to other methods [4]. However, because of the nature 

of the technology and the satellite altitude, the current spatial 

resolution from space is approximately 40 km [5]. 
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Nevertheless, it is possible to deploy this technology closer to 

the ground, such as from a fixed location, vehicle or drone, so 

that a spatial resolution of less than 10 m can be achieved. SM 

retrieval by ground-based or aircraft-mounted radiometers 

operating at L-band has been proven in several previous studies 

[6, 7]. It has even been done from a drone [8] and by mounting 

directly onto machinery [9].  

The radiometer measures microwave radiation, also known as 

the brightness temperature (TB), that can be converted into SM 

using a radiative transfer model. Previous studies [10] have 

demonstrated the impact of radiation sources and 

environmental factors on TB observed from these sensors. The 

atmospheric contribution to TB measured from the ground in 

clear and cloudy conditions has also been analyzed [11, 12]. 

Moreover, the Earth's atmosphere is contaminated by man-

made radio-frequency interference (RFI) sources that increase 

the observed TB [13]. Therefore, detecting and minimizing 

these factors is an important issue in microwave remote sensing 

measurement. However, previous studies have only taken into 

account the environmental effects from outdoor measurements, 

and no study has shown the effect of environmental conditions 

on indoor remote sensing measurements. Accordingly, this 

letter seeks to demonstrate the effects of the indoor environment 

on passive microwave remote sensing measurement. 

Consequently, an environmental correction equation was 

applied to calculate the radiation obtained by the L-band 

radiometer antenna directly from the observed surface under 

indoor environment conditions, and the ability to then use it for 

SM estimation assessed. 

II. DATASETS 

As part of the long-term validation program of SMOS, three 

identical L-band radiometer systems were commissioned by 

ESA called ELBARA (L-band radiometer), manufactured by 

Gamma Remote Sensing in Switzerland [14]. These are based 

on the Dicke radiometer concept with an internal two-point 

calibration system. ELBARA-III (Third-generation) is a 

portable ground-based passive microwave radiometer system 

based on this same technology and used in this analysis. It has 

a Pickett-type horn antenna that has evolved from ELBARA-II 
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and a new internal temperature control. This dual-polarized 

(vertical and horizontal polarization) antenna has a 3 dB beam 

width of 31° for measuring TB within the protected frequency 

band 1.4-1.427 GHz. The estimated elliptical 6 dB footprint for 

the antenna is based on an installation height of 2.7 m and 

incidence angle of 40° (Figure 1b). Calibration was performed 

based on sky and blackbody measurements every experimental 

day, giving an accuracy of 1K.  

This experiment was conducted in a warehouse with a 4 m × 

7 m “soil box” containing 200 mm thick sand material (100 % 

sand) as indicated in Figure 1c. According to prior research, it 

is anticipated that the medium below 100 mm will not have any 

major impact on observed TB under the conditions of this 

experiment [15]. The roof structure of the warehouse consists 

of interwoven plastic panels, metal panels and steel beams 

(Figure 1d). The soil box has been sized so as to contain the 

radiometer footprint at 6 dB (Figure 1b). ELBARA III was 

mounted on a movable electric host (Figure 1a), such that the 

horn antenna height above ground level can be adjusted by an 

electric control and the horn antenna angle changed from 0 to 

180°. Hence, ELBARA III was used to provide information on 

TB at different incidence angles to the soil surface (from 0 to 

40° at 5° steps) and of the roof (from 180 to 140° at 5° steps). 

A laser profiler was used to measure the surface roughness. A 

total of four Stevens Water Hydra Probes were used to record 

vertical soil temperature and SM profiles at 50 mm depth 

increments down to 200 mm. SM was also measured using 

physical samples taken within the footprint.  

The experiment was performed for four moisture contents 

(SM 1 = 0.02 m3/m3, SM 2 = 0.05 m3/m3, SM 3 = 0.06 m3/m3 

and SM 4 = 0.09 m3/m3) and 9 incidence angles of the antenna 

(from 0 to 40 degree at 5° steps). The initial soil moisture 

condition was 0.02 m3/m3 prior to watering with sprinklers to 

increase the soil moisture. However, because the material used 

in this experiment was sand, the hydraulic conductivity rate was 

high, and so it was not possible to sustain moisture contents 

greater than 0.09 m3/m3.  

The experimental environment was checked for RFI by 

measuring the TB of the soil surface and the concrete with 

ELBARA when the entire building's power (and all of its 

devices) was turned on and off. No difference was observed 

confirming that there was no RFI effect on the measurements in 

this experiment. 

III. METHODOLOGY 

The total microwave energy emission (the microwave 

brightness temperature or TB) that is observed by the 

radiometer can be expressed by the sum of two components as 

  

𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  =   𝑇𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝑇𝐵𝑒𝑛𝑣𝑖𝑟𝑜𝑚𝑒𝑛𝑡 , (1) 

 

where 𝑇𝐵𝑠𝑢𝑟𝑓𝑎𝑐𝑒 and 𝑇𝐵𝑒𝑛𝑣𝑖𝑟𝑜𝑚𝑒𝑛𝑡  are the TB of the soil 

surface and the environment background radiation (sky, 

building, or roof, etc), respectively. 

The microwave TB of a soil surface is expressed as the 

product of the surface temperature and the surface emissivity. 

Moreover, for outdoor measurement, the TB contribution from 

the atmosphere or “sky” is typically ignored with 𝑇𝐵𝑠𝑘𝑦  ≃ 4 K 

[16]. Therefore, the TB of an outdoor bare soil surface is related 

to the physical temperature of the soil (𝑇𝑠𝑜𝑖𝑙) through the 

emissivity such that 

 

𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  =   (1 − 𝑟)* 𝑇𝑠𝑜𝑖𝑙  + 𝑟* 𝑇𝐵𝑒𝑛𝑣𝑖𝑟𝑜𝑚𝑒𝑛𝑡   

 =  (1 − 𝑟)* 𝑇𝑠𝑜𝑖𝑙  + 𝑟 ∗ 4   

 ≃  (1 − 𝑟)* 𝑇𝑠𝑜𝑖𝑙 , (2) 

 

where r is the soil surface reflectivity. 

However, for indoor measurement, the TB of the 

environment can be much higher than the TB of the sky. 

 
Fig. 1. Picture of the (a) completed soil box with the ELBARA-III mounted on a movable electric hoist, (b) ELBARA-III footprints 

for H- and V-polarization at 40° incidence angle, (c) sand surface with irrigation system for changing the moisture content, and 

(d) the roof structure. 
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Therefore, the downward TB of the roof in this experiment, 

propagated down to the soil surface and then reflected and 

transmitted upwards to the antenna, needs to be considered. 

Assuming specular reflection theory is applicable [17], the TB 

from a smooth surface is that from the same incidence angle (𝜃) 

as observed by the radiometer as indicated in Figure 2.   

In this setup, the TB from the roof (and/or wall etc) provided 

a substantial contribution to the TB observed by the radiometer. 

Hence, for indoor measurements such as this, the TB observed 

from the bare soil surface is related to the physical temperature 

of the soil (𝑇𝑠𝑜𝑖𝑙) and TB of the roof/wall (𝑇𝐵𝑟𝑜𝑜𝑓) through the 

reflectivity (r) such that 

  . 

𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  =  (1 − 𝑟 )* 𝑇𝑠𝑜𝑖𝑙  + 𝑟* 𝑇𝐵𝑒𝑛𝑣𝑖𝑟𝑜𝑚𝑒𝑛𝑡    

 =  𝑇𝑠𝑜𝑖𝑙  + (𝑇𝐵𝑟𝑜𝑜𝑓  - 𝑇𝑠𝑜𝑖𝑙)* 𝑟.  (3) 

 

Accordingly, a forward model was established to predict 𝑇𝐵𝑠𝑜𝑖𝑙   

for bare soil in two scenarios. The first was according to Eq. 2 

which neglects the environmental contribution. The second was 

according to Eq. 3 which considers the contribution of the 

environment. In the second scenario, observations of both 

𝑇𝐵𝑟𝑜𝑜𝑓  and 𝑇𝑠𝑜𝑖𝑙  were used to estimate 𝑇𝐵𝑠𝑜𝑖𝑙 . Specifically, the 

reflectivity (r) was calculated from the soil dielectric constant 

(obtained from the Dobson model [18] and the incidence angle 

(θ) using the Fresnel equations (𝑟 = (𝜀𝑠, 𝜃)), for the horizontal 

(H) and vertical (V) polarization [19]. Other parameters 

required in the model, including soil roughness parameters and 

the effective soil temperature, were calculated; a detailed 

description of the equations used in this study can be found in 

[20]. The 𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  with the environmental contribution data 

𝑇𝐵𝑟𝑜𝑜𝑓 , collected from ELBARA at a range of angles and 

moisture contents, was used to evaluate the forward simulation 

when using Eq. 2 and Eq. 3. SM was subsequently retrieved by 

iteratively running the forward model to match with the known 

𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  from ELBARA according to the cost function from 

the L-MEB (L-band Microwave Emission of the Biosphere) 

inversion model [21]. Finally, SM retrieval results using the 

environmental correction in Eq. 3 is presented and evaluated. 

IV. RESULTS AND DISCUSSION 

A. Impact of incidence angle on indoor TB observations 

The simulated TB of the soil surface using Eq. 2 and Eq. 3 at 

different angles were estimated and compared to the 

observation data at the four moisture contents. From the results 

of Figure 3, the following points were identified: 

• Observed data at different angles showed that the value 

of TB for the surface was about 300 K with no change when 

changing the incidence angle.  

• When using Eq. 2, simulation results provided a TB value 

ranging from 200 to 270 K, while Eq. 3 provided values of 

about 300 K, being equivalent to those observed. 

• When using Eq. 2 to simulate TB for the surface at 

different angles, the difference between horizontally and 

vertically polarized TB increased with increase in incidence 

angle. The difference was 0 K at 0° and increased to about 40 

 
Fig. 3. The TB results at incidence angles ranging from 0 to 

40°, including TB observation of the soil surface and the roof 

from ELBARA, TB simulation of the soil surface when using 

Eq. 2 and Eq. 3 at (a) SM 1 = 0.02 m3/m3, (b) SM 2 = 0.05 

m3/m3, (c) SM 3 = 0.06 m3/m3, and (d) SM 4 = 0.09 m3/m3. 

 
Fig. 2. Indoor microwave radiative transfer concept. 

 
Fig. 4. The effective soil temperature (𝑇𝑠𝑜𝑖𝑙) and TB values at 

different moisture contents (from 0.02 to 0.09 m3/m3), 

including observed and simulated TB when using Eq. 2 (blue) 

and Eq. 3 (red) at 0° (top) and 40° (bottom). 
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K at 40°. However, the results from observation and simulation 

using Eq. 3 showed that the TB did not have any difference with 

angle. 

In Figure 3, the TB measurements from the roof appear unstable 

across different angles due to a variety of reasons, including the 

influence of other surrounding environmental components 

(such as walls) at higher incidence angles, the difference in roof 

structure/ material across the span, and/or the temperature 

differential between different days. 

B. Impact of soil moisture on indoor TB observations 

The relative soil dielectric constant for the sand material used 

in this study was calculated as 5, 7.5, 8.3, and 10.7 for the SM 

values of SM 1 to SM 4 respectively. The TB simulation of the 

soil surface using Eq. 2 and Eq. 3 at different moisture contents 

was estimated and compared to the observation data at 0° and 

40°. From the results of Figure 4, the following points were 

identified: 

• Higher SM should lead to a decrease in TB, however, 

observed TB data showed that the values remained unchanged 

at around 300 K when changing SM. 

• Simulation results from Eq. 2 provided TB values that 

dropped from 250 K to 230 K when SM increased from 0.02 

m3/m3 to 0.09 m3/m3, while Eq. 3 provided higher values of 

about 300 K that remained constant at different moisture 

contents. 

C. Improved indoor TB observations and impact on soil 

moisture retrieval results 

The TB comparison of all 36 scenario measurements 

including at 9 angles from the soil surface under four moisture 

contents, with simulated values using Eq. 2 and Eq. 3, are 

plotted in Figure 5. The results showed a substantial 

improvement in observed and calculated TB when using Eq. 3 

(RMSE of 4 K) compared to when using Eq. 2 (RMSE of 57 

K), due to the roof effects for indoor measurements. 

While Eq. 3 can theoretically be used to retrieve SM from 

observations taken indoors, it was found to be impossible based 

on the data collected in this experiment. For example, the 

observed TB of the roof for the 0° scenario and the effective 

soil temperature, were approximately equal; (𝑇𝐵𝑟𝑜𝑜𝑓 −  𝑇𝑠𝑜𝑖𝑙) 

≃ 0K; Fig. 4 (top).  Under these conditions the observed TB of 

the soil surface from the sensor was approximately the same as 

the soil temperature (𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  ≃ 𝑇𝑠𝑜𝑖𝑙  ) at different moisture 

contents, and so it was impossible to identify the correct value 

of soil surface reflectivity (r) as any value of r between 0 and 1 

gave a similar TB result consistent with the observations (Fig. 

6). Similarly, the effective soil temperature and observed TB of 

the roof were approximately equal at 40° ((𝑇𝐵𝑟𝑜𝑜𝑓 −  𝑇𝑠𝑜𝑖𝑙) ≃ 

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡); (Fig. 4 (bottom)). Thus, the observed TB of the soil 

surface from the sensor was similar (𝑇𝐵𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑  ≃ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡), 

despite the different moisture conditions, making it impossible 

to retrieve the correct value of soil moisture, as different r 

values from different moisture conditions gave an 

approximately equal TB result (Fig. 6). Accordingly, the SM 

could not be retrieved in this experiment. 

V. DISCUSSION 

By examining the differences of simulated and observed TB 

with and without correcting for environmental effects, the 

results of this study have demonstrated that the influence of the 

indoor environment on passive microwave sensor 

measurements can be profound. The TB observed from the 

surface by the radiometer can be much higher than the TB 

which would be observed in a natural outdoor setting when the 

contribution of the environmental TB (roof/wall TB in this 

study) is not considered. The expected TB can be estimated 

satisfactorily when incorporating this contribution under the 

assumption of specular reflection; all experiments in this study 

were performed on a flat sand surface, and so assuming specular 

conditions was appropriate. This result leads to an expectation 

 
Fig. 6. Examples of the simulated TB observed from the soil 

surface at different surface reflectivity (r) at 0° and 40° at the 

first (SM 1 = 0.02 m3/m3) and fourth (SM 4 = 0.09 m3/m3) 

moisture conditions (lines) and observations in the 

experiments (stars). 

 
Fig. 5. Comparison of 36 TB measurements at four SM contents 

(SM 1 = 0.02 m3/m3, SM 2 = 0.05 m3/m3, SM 3 = 0.06 m3/m3 

and SM 4 = 0.09 m3/m3), and at nine incidence angles (from 0 

to 40° at 5° steps). The scatterplot includes observation data 

compared to simulation using Eq. 2 and Eq. 3. 
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that SM can be retrieved from a radiometer measurement 

indoors. However, the TB from the soil could not be estimated 

in this experiment, as any changes in reflectivity had an 

equivalent effect on the total observed TB, meaning that SM 

retrieval could not be achieved. Accordingly, insights from the 

results of this study can contribute to further research on indoor 

radiometer measurement for SM retrieval. 

VI. CONCLUSION 

Environment brightness temperatures have a substantial 

influence on indoor measurements resulting in the observed TB, 

being higher than their actual TB by as much as 57 K. 

Moreover, under such conditions the observed TB did not 

change with changes in incidence angles or moisture content. 

Therefore, the effect of the environmental TB on L-band 

radiometer measurements must be corrected under such 

conditions. Theoretically, indoor measurements can be 

corrected to obtain useful moisture content, as it was shown to 

reduce the RMSE to only 4 K, but the data collected in this 

experiment could not be used to satisfactorily retrieve SM 

information. Future experiments and studies covering different 

soils, a wider range of moisture conditions, broader array of 

indoor settings, and utilization of more complex reflection 

theories need to be performed to confirm the effectiveness of 

SM retrieval from indoor measurements. 
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