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Abstract

:

The sensing depth of passive microwave remote sensing is a significant factor in quantitative frozen soil studies. In this paper, a microwave radiation response depth (MRRD) was proposed to describe the source of the main signals of passive microwave remote sensing. The main goal of this research was to develop a simple and accurate parameterized model for estimating the MRRD of frozen soil. A theoretical model was introduced first to describe the emission characteristics of a three-layer case, which incorporates multiple reflections at the two boundaries. Based on radiative transfer theory, the total emission of the three layers was calculated. A sensitivity analysis was then performed to demonstrate the effects of soil properties and frequency on the MRRD based on a simulation database comprising a wide range of soil characteristics and frequencies. Sensitivity analysis indicated that soil temperature, soil texture, and frequencies are three of the primary variables affecting MRRD, and a definite empirical relationship existed between the three parameters and the MRRD. Thus, a parameterized model for estimating MRRD was developed based on the sensitivity analysis results. A controlled field experiment using a truck-mounted multi-frequency microwave radiometer (TMMR) was designed and performed to validate the emission model of the soil freeze–thaw cycle and the parameterized model of MRRD developed in this work. The results indicated that the developed parameterized model offers a relatively accurate and simple way of estimating the MRRD. The total root mean square error (RMSE) between the calculated and measured MRRD of frozen loam soil was approximately 0.5 cm for the TMMR’s four frequencies.
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1. Introduction


Permafrost and seasonally frozen soil, whose thermal and physical properties differ from unfrozen soil, are key components of the cryosphere. The regional energy and water balance are dramatically modified by the phase transition of soil water during the freeze–thaw process. The freezing–thawing of soil induced the release of decomposable organic carbon, and thus had a profound influence on the overall functioning of ecosystems [1]. However, the degradation of permafrost, which releases latent heat and carbon, has become a positive global warming feedback [2]. Previous experiments have shown that the carbon emission in soil profile varied spatially and temporally and was correlated with soil frozen depth [3]. Hence, it is necessary to determine the soil frozen depth for a given frozen area and explore the extent and distribution of frozen areas.



Satellite remote-sensing technology is an ideal tool for obtaining the spatial and temporal information of frozen areas. Passive microwave remote sensing has been used to provide qualitative information in previous studies because of less vulnerably linked to cloud cover and more frequent revisit time comparing to optical remote sensing. In some previous research, many scientists have devoted to exploring freeze/thaw discrimination methods using passive microwave remote sensing data [4,5,6,7,8]. Recently, multiple studies have focused on the quantitative frozen ground remote sensing, such as the amount of water released by the phase transition during the freeze/thaw process, the frost penetration velocity [9,10], and so on. It should be noted that in these investigations, land surface properties were monitored using microwave remote-sensing sensors, which provided an integrated microwave emission signal over a certain surface within a certain depth. Knowing this depth is important for this research referred to above. It is an indication of the thickness of the surface layer, within which variations in soil moisture or other soil parameters can significantly affect the emitted radiation at a certain frequency [11,12]. For different frequencies, the depth varies too. Hence, it can be an explanation for some phenomenon in freeze–thaw related research because signals from different surfaces might indicate different depth. In addition, it is useful for planning ground data collection campaigns for model and algorithm development and validation in this field.



However, what the definition of this ‘depth’ is and how deep the ‘depth’ refers to are two main issues in front of us. Many scientists attempt to answer these two questions and have contributed to some related work. Ulaby proposed a penetration depth model for active microwaves [13]. It might cause errors for the active microwave model to be used in passive microwave remote sensing applications because of the disparate working mechanisms between active and passive microwave remote sensing [14]. Wilheit proposed a thermal sampling depth and reflectivity sampling depth based on a multiple-layered and coherent radiative transfer model [15]. The thermal sampling depth is the depth at which thermal radiation upwelling originates in the soil and the reflectivity sampling depth was determined as the depth at which the isothermal and non-isothermal reflectivities were equal. The reflectivity characteristics changed over the depth of approximately 1/10–1/7 of the wavelengths in the medium, and the thermal radiation was generally larger [16]. Blinn and Paloscia gave a feasible way to study the question regarding which depth of soil is responsible for the greatest part of the emission upwelling from soil by conducting a controlled ground experiment [17,18]. The conclusion of the sensitivity of L band emission to the moisture content of a soil layer about 5 cm thick was confirmed. There are also several theoretical and experimental results that demonstrated that the sensing depths were approximately 2–20 cm for different soil conditions at L band [12,19,20,21,22] and about 2 cm at 5 GHz with a soil moisture of 0.1 cm3/cm3 [20].



Although, previous studies have revealed different definitions and results of the passive microwave remote-sensing depth, a feasible method to estimate a depth that determined as the source of the predominant microwave remote-sensing signals has been poorly investigated. As a result, scientists commonly use an empirical depth. For example, although the depth varies with frequency and soil characteristics, soil moisture measurements with depths of at least 0–5 cm are widely used to validate remote-sensing data at L band [23,24,25]. It is possible that for unfrozen soil the measurements of soil moisture are only partially representative of average values measured by a radiometer. Finally, it can be seen that most of the research referred to unfrozen soil. As the dielectric and microwave radiation characteristics of unfrozen soil are quite different with that of frozen soil [26,27,28], the models of estimating penetration depth for unfrozen soil usually do not work well for frozen soil.



In this research, we will try to propose a passive microwave remote-sensing response depth (MRRD) and develop a simple parameterized model to determine its value for frozen soil. A field experiment using a truck-mounted multi-frequency microwave radiometer (TMMR) will be introduced in Section 2.1. Field experiment data will be used for validation. In Section 2.2, we propose the theory used to investigate the passive microwave remote sensing response depth and develop a parameterized model to estimate the frozen soil response depth. The measurements are analyzed and discussed in Section 3 and Section 4. In Section 5 we give the conclusions of this study.




2. Materials and Methods


2.1. Field Experiment


As has already been done by other investigators [17,18], we carried out a “microwave radiation response depth experiment” by putting soil samples over a metal plate. A TMMR was used to measure the microwave radiation from an aluminum sheet covered with soil samples of various thicknesses. The controlled experiment data is used to investigate the effects of frequency and soil parameters on the microwave remote sensing response depth and validated a parameterized model of the microwave radiation response depth (MRRD) in frozen soil. The detailed field experiment is presented in the following sections.



2.1.1. Experimental Setup and Material Preparation


The experiment was performed in Baoding, Hebei Province, China (38°42’10.21’’N, 115°23’18.23’’E) from 12 to 19 January 2012. During this period, the soil typically froze at night and thawed during the day. The most important instrument in this experiment is the TMMR. It is an eight-channel radiometer with four frequencies (6.925, 10.65, 18.7, and 36.5 GHz), with vertical and horizontal polarization at each frequency. The TMMR can collect data at multiple angles, both in the zenith (from −90° to 90°) and azimuthal directions (from 0° to 360°). The TMMR was calibrated on a four-point calibration scheme before the experiment, and the precision of measurements was also tested by measuring a calm water area. An absolute Tb accuracy of 1 K could be achieved with the accuracy of calibration target temperature sensors and the minimization of thermal gradients. Detailed calibration and test procedures were described in [29].



The radiometer was placed on a truck using a hydraulic lifting platform, which lifted the apparatus to 4.78 m above the ground. Figure 1 presents the observation field. Measurements were made toward the south to avoid the shadow of the truck. The incident angle was fixed at 45° during the whole experiment. The −10 dB footprints of the four antennas were calculated and labeled on the ground according to the radiometer configuration. Due to the low emissivity of aluminum, aluminum sheets were used as the background for the following measurements. Eight aluminum sheets (each 1 m × 2 m) were arranged on the ground in two rows to form a 4 m × 4 m mosaic, which completely covered the four antenna footprints. This can ensure that the signals received by TMMR are from the objects on the aluminum sheets. The soil was air dried and sieved to ensure a homogeneous soil moisture and texture.



For each thickness, the appropriate amount of water was mixed with the dried soil to obtain the desired soil moisture. The mixture was used to cover the aluminum sheets, and the layer was artificially smoothed. To improve soil plasticity and artificially smooth the soil surface, appropriate soil moisture content is needed. Note that covering the eight aluminum sheets with the area of 16 m2 using the mixture and artificially smoothing the sample surface is a very time-consuming and labor-intensive process. In addition, a heterogeneous soil temperature profile may exist if the soil thickness is too large. Conversely, soil samples with thin thickness are more easily to be freeze uniformly. Thus, only five and relatively thin soil samples were analyzed in this experiment.




2.1.2. Measurements


The TMMR was used to measure the microwave radiation from the aluminum sheet to obtain the emissivity at four frequencies. During the experiment, the brightness temperature of the aluminum sheet, which was covered by various soil layer thicknesses, was measured using a TMMR. To eliminate the atmospheric effect on each measurement, the atmospheric downward radiations in different frequencies were measured by TMMR and then were used to calculate the emissivity values of soil samples.



In this experiment, the initial soil moisture of soil sample is 0.433 cm3/cm3, and the thicknesses of five soil samples were 0.18, 0.43, 0.63, 0.96, and 1.06 cm, respectively. The continuous measurements of each sample lasted for approximately 24 hours to include the typical thawing and freezing processes that occur during the day and night, respectively. Because the physical temperature remained too high for completely freezing during the first 24-hour period, the 1.06 cm soil sample was observed for about two days. To avoid soil moisture evaporation, a plastic film was used to cover the soil. A trial conducted before our experiment revealed that the effect of the plastic film was negligible. The soil temperature and moisture were automatically measured every 3 minutes by the temperature and moisture sensors and collected using an Intelligent Data Acquisition Collector (IDAC) (Figure 1). As one thickness measurement was being conducted, another sample was being prepared. The thickness of the soil sample was measured after one sample observation was performed.



A cutting ring was used to measure the soil bulk density. The mean bulk density was 1.41 g/cm3. The soil texture is classified as loam (sand: 30.16%, silt: 48.85%, clay: 20.99%) according to the U.S. Department of Agriculture classification scheme.





2.2. Methodology


To develop a parameterized model to estimate MRRD of frozen soil, the definitions of the MRRD and the theoretical model utilized were introduced firstly. Sensitivity analysis were then performed to determine the relationship between MRRD and soil parameters using the theoretical model. The parameterized model was developed based on sensitivity analysis results. The field experiment data introduced in 2.1 were used for validation of theorical model and parameterized model. A flow chart has shown the parameterized model development and validation process (Figure 2).



2.2.1. Microwave Radiation Response Depth (MRRD)


To describe the characteristics observed by passive microwave remote sensing, the MRRD was defined in this paper. We used the following experiment to obtain an expression for the MRRD. A radiometer was used to measure the emissivity of aluminum sheets (theoretically, its emissivity is 0 and reflectivity is 1.0) covered with various soil thicknesses. As a result, when the soil layer was thin, the brightness temperature measured by the radiometer was very low. The observed brightness temperature increased as the soil thickness increased, and it will stabilize when the soil thickness increases. Because the emissivity can be deduced by normalizing brightness temperature to a physical temperature of the target, herein, the emissivity was used to describe the definition of MRRD. If the observed emissivity reaches emax, i.e., achieves stability, the MRRD can be defined as the depth at which:


emax−ez=0.001,



(1)







Where, ez is the emissivity of soil with thickness of z. The above formula indicates that at depth z, the difference between the emissivity and the maximum emissivity (the stable value) is only 0.001 (approximately 0.1–0.3 K for frozen soil). This depth is defined as the MRRD. The MRRD provides a reference for the primary source of the observed signals.




2.2.2. Theoretical Model


A three-layer case was used to illustrate the theoretical model for frozen/thaw soil (Figure 3). We define the air, soil, and aluminum sheet as the first, second, and third layers and the air–soil and soil–aluminum sheet boundaries as the first and second boundaries, respectively.



The model was used to calculate emissions using the radiative transfer theory [13]. It is a non-coherent model, which does not include interference. The brightness temperature consists of two contributions:


TB(θ1;p)=TB2(θ1;p)+TB3(θ1;p),



(2)




where TB2 and TB3 are the brightness temperature contributions due to the layer 2 and 3 emissions, respectively. θ1 is the angle of the radiation emitted into layer 1.



Multiple reflections at the two boundaries were incorporated into this model. Each of the two bottom layers is assumed to isotropically radiate, and the boundary roughness is ignored. We are only interested in the radiation that is emitted into layer 1 at an angle of θ1. The only radiation of interest in layer 2 is that emitted at boundary 1 at an angle of θ2. This consists of upward emissions and downward emissions that are reflected by boundary 2 toward boundary 1. The contributions of these two components to TB2 can be designated by the upward emission, T2U, and downward emission, T2D:


TB2(θ1;p)=T2U(θ1;p)+T2D(θ1;p),



(3)







Consider a thin horizontal stratum in layer 2 at a depth of ζ and a thickness of dζ. In the upward direction, this stratum’s emissions are first attenuated by the stratum at depth ζ and boundary 1 along the path. Then, at boundary 1, a fraction of this attenuated emission is transmitted across the boundary and the remainder is reflected. The reflected portion decreases as it travels to boundary 2. It is then partially reflected toward boundary 1 and partially transmitted into layer 3. This process will infinitely continue. In the downward direction, this stratum’s emissions are also attenuated by the stratum at depth ζ and boundary 2 along the path. A fraction is transmitted across boundary 2, while the remainder is reflected. It then experiences the same reflections between boundaries 1 and 2 as the upward emission. The total energy can be found by integrating over the 0 to d depth range.



For layer 3, the upwelling emission at angle θ3 is transmitted by boundary 2 and attenuated by layer 2, then reflected toward boundary 1, which is the only component we consider. It can be computed in a similar manner as layer 2. The theoretical model can be described as:


TB(θ1;p)=(1−Γ1)(1−Γ1Γ2/L22)[(1+Γ2L2)(1−a)(1−1L2)T2+(1−Γ2)T3L2],



(4)







The above expression gives the total brightness temperature, TB, of the three layers. In the model, Γ is the reflectivity of a boundary, and the subscripts 1 and 2 indicate boundaries 1 and 2. The reflectivity can be calculated using Fresnel’s law at the first boundary. T is the physical temperature of each layer. Subscripts 1, 2, and 3 indicate layers 1, 2, and 3, respectively. θ θand p are the incident angle and polarization. L is the power loss factor, which can be expressed by:


L=exp(κedsecθ2),



(5)




where d is the soil thickness, θ2 is the real transmission angle, and κe is the extinction coefficient. If soil medium scattering is ignored, κe is approximately equal to the absorption coefficient, κa, given by:


κe≅κa=4πλ0|Im(ε)|,



(6)




where λ0 is the wavelength in free space and ε=ε′−jε″ is the corresponding permittivity of soil.



The low emissivity of the aluminum sheet makes it an ideal background material. Additionally, it can shield signals from below the aluminum sheet. We assume that the soil properties are uniform with depth, the reflectivity of the aluminum sheet is 1.0 and the single scattering albedo is sufficiently small that diffuse scattering can be ignored (a = 0). The implications of these assumptions will be discussed in Section 4.



Because the physical characteristics of the soil layer are unknown, several empirical models were introduced. Unfrozen soil can be considered a mixture of air, solid soil, bound water, and free water. Dobson developed an empirical model to calculate the permittivity [30], which has been widely used in soil permittivity estimations.


εmα=1+(ρb/ρs)(εsα−1)+mvβεfWα−mv,



(7)




Here, εm, εs, and εfW are the dielectric constants of the unfrozen soil, solid soil, and free water, respectively. ρb and ρs are the bulk density and specific density in g/cm3, respectively. mv is the volumetric soil moisture in cm3/cm3. α is a constant shape factor, and β is a coefficient dependent on the soil textural composition.



Due to the adsorption forces and curvature at the soil particle surfaces in frozen soil, a certain amount of water remains unfrozen, even when the soil temperature is below 0 °C. This is called the unfrozen water content. The amount of unfrozen water mainly depends on the physical properties of the soil. Typically, the specific surface, which is the ratio of total surface area to the mass of the soil, controls the binding force on the water. The higher the soil specific surface area, the greater the binding force, making the water prone to remaining unfrozen. However, the unfrozen water content overcomes the adsorption forces of soil particles and freezes as the soil temperature continues to decrease. Anderson developed an empirical model for estimating the unfrozen water content using the soil temperature and specific surface area of the soil [31] which is given by:


mu=a|T−273.15|−blna=0.5519lnS+0.2618lnb=−0.264lnS+0.3711,



(8)




where mu is the unfrozen water content (cm3/cm3), T is the soil temperature in Kelvin, and S is the soil specific area in m2/g, which is determined based on the particle-size distribution of the soil. The soil specific area can be predicted using an empirical model [32] based on the sand, silt, and clay contents:


S=0.042+4.23clay%+1.12silt%−1.16sand%



(9)







The unfrozen water content directly affects the permittivity of the frozen soil due to the large difference in the permittivity between ice and water. Based on Dobson’s work, Zhang added a term to the parameterized model to describe the ice fraction contribution to the frozen soil permittivity [26]. This model can be used for various soil types and includes soil texture, bulk density, soil moisture, and temperature inputs. It has been used in previous passive microwave remote sensing studies of frozen soil [7,9]. The simulated results were also validated using experimental data obtained with an Agilent PNA Network Analyzer E8362B. The expression can be written as:


εmfα=1+(ρb/ρs)(εsα−1)+mνuβεfwα−mvu+mνiεiα−mvi,



(10)




where the subscripts s, i, fw, vu, and vi refer to solid soil, ice, free water, volumetric unfrozen water, and the volumetric ice content, respectively.




2.2.3. Sensitivity Analysis


The attenuation of electromagnetic waves in the soil is determined based on the soil’s permittivity and the wavelength. Hence, the MRRD is mainly affected by the factors impact on the dielectric characteristics of the soil. A sensitivity analysis was conducted to determine the relationship between MRRD and soil parameters using the theoretical model described above. We have performed the comparison between MRRD computed using the theoretical model for horizontal and vertical polarization. It can be concluded that the MRRDs for horizontal and vertical polarization are highly correlated and have negligible difference when the incident angle equals zero. However, the MRRD for horizontal polarization was slightly higher than that for vertical polarization because different Fresnel reflectivity of polarizations exists at the air–soil boundary if the incident angle is not zero [12,33]. For simplicity, the vertical polarization brightness temperature is used in the following analysis. A simulation database covering a wide range of soil characteristics and frequencies was created. The unfrozen water content, soil temperature, frequency, bulk density, and soil specific surface area were selected as the factors to be analyzed. The key input parameters of the theoretical model are listed in Table 1. Note that the unfrozen water content was calculated by temperature and soil specific surface area using Equation (8). The incidence angle determines the microwave radiation path, which can be calculated with vertical path. Therefore, it was set to be 55° according to the commonly used Advanced Microwave Scanning Radiometer–Earth Observing System (AMSR-E) observation configuration.



To compare the sensitivity of soil characteristics and frequencies to MRRD, the normalized index for each parameter was used in the sensitivity analysis. The normalized index for a parameter can be expressed as


PN=(Pi−Pmin)/(Pmax−Pmin),



(11)







Where, Pi indicates the values of soil temperature, frequency, soil specific surface area and bulk density. PN is the normalized value of these parameters. The subscript max and min are the maximum and minimum value of the corresponding parameters set in the simulation database.



As described above, not all of the liquid water transforms into ice when the temperature drops below 0 °C. The unfrozen water in the soil is determined based on the temperature and soil texture. Figure 4a–c show the dependence of the MRRD on temperature, soil specific area, and unfrozen soil water content, respectively. For a given frequency, the MRRD increases when the temperature varies from −2 °C to −30 °C and the soil specific surface area ranges from 253.042 to 37.442 m2/g. This can be explained by the positive correlation between the unfrozen water and temperature. The unfrozen water content in the frozen soil decreases as the temperature decreases, leading to a lower soil permittivity and weaker electromagnetic extinction when all other soil characteristics are held constant. Another parameter affecting the unfrozen water in the soil is the soil texture, which impacts the soil particle water adsorption. The higher the specific surface area, the stronger the water binding force, leading to more unfrozen water and a higher permittivity (Figure 4b). Figure 4d illustrates the MRRD decrease with increasing frequency (decreasing the wavelength). Additionally, at −15 °C, the difference in the MRRD is 2 cm (approximately 8 cm and 6 cm) for frequencies ranging from 6.925 GHz to 10.65 GHz, but only 0.4 cm (5.1 cm and 4.7 cm) for frequencies from 18 GHz to 36.5 GHz. The MRRD is weakly dependent on the frequency above 10 GHz. This behavior is clearly shown in Figure 4d and agrees with our expectations of the microwave remote sensing penetrability.



Overall, the MRRD is negatively correlated with all parameters. The sensitivity of MRRD to unfrozen water content, temperature, frequency, and soil specific surface area is larger than that to bulk density (Figure 4e). Furthermore, the bulk density generally relates to the composition of soil particles. Hence, it is not considered in the parameterized model development.




2.2.4. Parameterized MRRD Estimated Model Development


Based on the sensitivity analysis in part 2.2.3, we concluded that the observation frequency, unfrozen water content, temperature, and specific surface area are important factors for determining the frozen soil MRRD. Note that the measurements of unfrozen water content in frozen soil is generally very complicated and difficult. Furthermore, the unfrozen water content was represented by temperature and soil specific surface area. Therefore, it was not included in the parameterized model development. Hence, three parameters, including temperature, frequency, and specific surface area, were used to develop a simple, accurate model to estimate the MRRD in this research. The relationship between the temperature and MRRD was analyzed firstly based on the simulation database as shown in Figure 5.



The relationship between the MRRD and temperature can be expressed by the exponential function:


d=A|T−273.15|B,



(12)




where d is the MRRD in cm and T is the physical soil temperature in Kelvin. Because the physical temperature is lower than 273.15 K in frozen soil, the absolute value was used in the function.



The empirical coefficients A and B depend on observation frequency and specific surface area. The least squares fitting method was used to seek the relationship between the coefficients and frequency (Figure 6).



According to the fitted results, the coefficient A and B is negatively and positively correlated with frequency, respectively. They can be expressed by a function of frequency as:


A=a1ea2f+a3B=b1+b2/f,



(13)







Then a regression analysis was performed to explore the relationship between the coefficients a1, a2, a3, b1, and b2 with specific surface area (Figure 7). Except for coefficient b2, the coefficients a1, a2, a3, and b1 were high related to specific surface area and the R2 was 0.96, 0.91, 0.93, and 0.84, respectively.



The relationship between the coefficients and specific surface area can be expressed as (14). It should be noted that the b2 was set to be a constant of average values because it is slightly correlated with specific surface area.


a1=−8.316ln(S)+50.991a2=0.0004S−0.368a3=−0.116ln(S)+0.8004b1=−0.197ln(S)+2.1617b2=−3.97168 ,



(14)







Formulas (12) to (14) comprise the parameterized model for estimating the MRRD. In this model, the MRRD can be estimated using three common and easily acquired parameters: soil temperature, T, frequency, f, and soil specific surface area, S. Note that the empirical model was developed according to the AMSR-E configuration, at an incident angle of 55°. Thus, d is the soil layer vertical thickness, not the extinction path in the soil layer. Hence, the MRRD is dsecθ2 when the wave is vertically incident upon the soil.






3. Results


3.1. Measurement Results


The observation duration and the lowest/highest temperature of five soil samples were listed in Table 2. The lowest temperature of all samples is lower than 268.5 K (−4.65 °C) and the highest temperature is higher than 275.9 K (2.75 °C), ensuring all samples occurred complete thawing and freezing processes.



Typical brightness temperature and physical temperature variations are shown in Figure 8. (using a 0.63 cm-thick sample as an example). It can be seen that the soil on the aluminum sheet experienced a thaw-freeze-thaw cycle from 17:52 on 14 January to 16:32 on 15 January. The lowest physical temperature was 265.7K (−7.45 °C), which occurred at 7:47. The highest temperature was 283.7 K (10.55 °C), which occurred at 13:41.



In the experiment, the aluminum sheets were the “cold” source. At the beginning of the measurements, all or part of the signal from the aluminum sheet and wet soil was measured by the radiometer. As the soil’s physical temperature decreases, the liquid water in the soil freezes, which weakens the attenuation ability of the soil and increases its emissivity. Thus, the “cold” signal from the aluminum sheet can easily be observed by the radiometer and initially contribute to the total emissions. Due to the low emissivity of the aluminum sheet, the observed emissivity quickly decreased as its contribution increased. Moreover, due to the greater penetrability, the lower frequency emissivity values were smaller. Hence, the emissivity at 6.925 GHz decreased first, followed by 10.65, 18.7, and 36.5 GHz. After the wet soil was completely frozen, the emissivity values became relatively stable at all four frequencies.



During the soil-thawing process, some of the ice melted, forming liquid water, when the temperature increased on the morning of 15 January. Thus, the “cold” signal of aluminum sheet is shielded by the wet soil, and the observed emissivity increases. However, the emissivity decreases as the amount of ice transformed into liquid water increases. As expected, the emissivity again stabilizes when the soil is completely thawed.



The emissivity and physical temperature trends were similar for each soil sample, regardless of thickness. Two emissivity values exist for each frequency at a given physical temperature (e.g., points A and B on the 6.925 GHz vertical polarization line in Figure 8). At point A, the soil temperature is decreasing from 0+ to 0− °C (‘+’ and ‘−’ indicate that the temperature is just above or below 0 °C). Thus, the soil was freezing. In contrast, point B (from 0− to 0+ °C) corresponds to thawing. Although the temperatures are equal, the physical processes are different, resulting in small emissivity differences. According to a previous experimental study [9,26], at the same negative soil temperature, more unfrozen water can be found in frozen soil during freezing than thawing. Therefore, the unfrozen soil in the thawing process lags behind that in the freezing process. Hence, the unfrozen water content at point B is smaller than at point A. Accounting for the “cold” signal of the aluminum sheet, the observed emissivity at point A is larger than at point B.



To further analyze the emissivity difference in the same negative temperature between freezing and thawing process, we analyzed the measured emissivity with temperature of 268 K, 269 K, 270 K, 271 K, and 272 K. The emissivity at different frequencies during freezing and thawing process was shown in Figure 9. It has shown that the emissivity at all frequencies during freezing process were higher than that during thawing process with the same soil sample temperature.




3.2. Theoretical Model Validation


The theoretical model was evaluated based on the field experiment radiometer measurements. Five soil samples of different thicknesses were analyzed. The measured emissivities with the soil temperature of 268 K, 269 K, 270 K, 271 K, and 272 K in the field experiment were selected to compare with the corresponding simulated emissivities. The parameters used in emissivity simulation were listed in Table 3. Figure 10 illustrates the comparison between measured and simulated emissivity values for the four frequencies: 6.925, 10.65, 18.7, and 36.5 GHz, during the freezing and thawing processes. As described above, there is little difference between the freezing and thawing soil processes. The RMSEs between the simulated and observed emissivity values are 0.076 and 0.096 for the freezing and thawing processes, respectively.




3.3. Parameterized Model Validation


Five soil samples of different thicknesses were studied in the experiment. Accounting for the emissivity of the aluminum sheet as the background value (soil thickness = 0), we obtained six points on the curve expressing the relationship between emissivity and soil thickness for a given soil physical temperature. Soil thickness is the only variable that affects the observed emissivity if the physical temperature is fixed. The emissivity will increase with increasing soil thickness due to the low emissivity of the aluminum sheet, eventually reaching a stable value. However, due to the time and material limitations of this experiment, we cannot create enough soil samples with varying thicknesses to reach these stable emissivity levels for the four frequencies analyzed. Thus, the least square method was used to fit the curves using experimental data. Furthermore, considering the relationship between the measured emissivity and soil thickness introduced in the expression for the MRRD, the exponential form was used to fit the curves.


efit=α+β·exp(γ·st),



(15)







Where, efit is the fitted emissivity based on experiment measurements, st is soil thickness in cm. α, β, and γ is coefficients.



Using a physical temperature of 268 K as an example, Figure 11 shows the measured and fitted emissivity values as a function of soil thickness at 6.925, 10.65, 18.7, and 36.5 GHz. The initial soil moisture is 0.433 cm3/cm3. As the soil thickness increases, the stable values of emissivity at lower frequencies lags behind that at higher frequencies because lower frequencies can penetrate greater soil depths. Moreover, there is little difference between the freezing (soil temperature varying from 268+ to 268− K) and thawing processes (from 268− to 268+ K) of soil, as noted above.



Using the fitted curve obtained to describe the relationship between the emissivity and soil thickness, it is feasible to estimate the MRRD. The MRRD can be calculated based on the fitted curve for each frequency at a given physical temperature.



The parameterized model was evaluated based on the radiometer measurements from the field experiment. The emissivity values were selected based on a single physical temperature, thereby guaranteeing a consistent soil condition at different soil thicknesses. Thus, the soil thickness is the only variable affecting the observed emissivity for a given frequency. The soil physical temperatures used in this study are 268 K, 269 K, 270 K, 271 K, and 272 K. The MRRD was calculated based on the previously discussed methods at each physical temperature and all four TRMM frequencies (6.925, 10.65, 18.7 and 36.5 GHz). The MRRD can also be estimated using the parameterized model. Because the MRRD from the model and experiment were derived with different incident angles, they must be modified to the appropriate depth at 90° using the real angle of transmission [13]. The estimated MRRD is plotted with the measured values in Figure 12. A good agreement can be seen between the two parameters, except for several points at a low frequency (6.925 GHz), which display a higher MRRD. Our previous study [27] focused on the coherent effects of freezing soil, which may be significant in ground radiometric experiments, especially when using a low-frequency radiometer. This effect could be attributed to the interference caused by frozen layer thickness variations, which results in brightness temperature oscillations (Figure 11). However, the theoretical model used in this study is a non-coherent model, which does not include interference. Furthermore, due to the time limitation and avoiding a heterogeneous frozen soil sample in this experiment, the thickest soil sample was only 1.06 cm. It limited the accuracy of the fitted curves, especially the measurements at lower frequencies, i.e. 6.925 GHz. The fitting curve introduced errors to results of measured MRRD at 6.925 GHz and resulted in disagreement of measured and estimated MRRDs. Therefore, the estimated points at 6.925 GHz do not agree well with the measured MRRD.



The averaged root mean square errors (RMSE) of the soil at the four frequencies are 0.402 cm and 0.537 cm for the thawing and freezing processes, respectively. Note that the validation conducted based on controlled experimental data (i.e., specific soil moistures, textures, temperatures and other parameters). In addition, the parameterized model accuracy is difficult to address based on real soil data. However, the parameterized model was derived based on the radiative transfer theory and the assumptions are both reasonable and consistent with previous research. Thus, there is reason to believe that the developed parameterized model offers an acceptable and simple way for estimating the MRRD using three common parameters: temperature, frequency, and specific surface area.





4. Discussion


In this study, the theoretical model was used to describe the soil microwave radiation in the soil freezing and thawing process. It was then used to develop the parameterized model for estimating the MRRD by using multiple regression analysis based on a simulation database. However, the developed parameterized model has its limitations because the diffuse scattering is not taken into consideration. At low microwave frequencies, the wavelength in soil is in the order of several centimeters, which is significantly larger than the soil particles. At high frequencies, which correspond to shorter wavelengths, the soil particles and voids between particles may cause scattering. For the frozen soil, their emission characteristics are similar to very dry soil, due to an absence of liquid water. Thus, scattering is possible, especially at higher frequencies.



However, there are few published models to describe the complicated diffuse scattering of soil. Herein, the diffuse scattering of soil was ignored in our work and the effect of soil diffuse scattering on MRRD estimation was evaluated by analyzing MRRD at different frequencies as a function of the single scattering albedo (Figure 13). It has shown that the single scattering albedo varying from 0.01 to 0.09 resulted in about 0.43, 0.46, 0.56, and 0.75 cm variation of MRRD at 6.925 GHz, 10.65 GHz, 18.7 GHz, and 36.5 GHz, respectively. This finding suggests that the omission of diffused albedo can lead to a slight MRRD overestimation.



The assumption of equal soil moisture and soil temperature throughout the soil is not strictly true. Temperature and moisture gradients exist within the frozen soil, especially when the soil depth is very thick and the soil temperature is approximately 0 °C. Because the soil sample on the aluminum sheet is not very thick and the data used in this study were below −1 °C, the assumption of uniform soil properties with depth is reasonable.



Another explanation for the disagreement between the measured and estimated MRRDs is the difference of aluminium sheet emissivity used in the theoretical model and measurements. Theoretically, aluminium is an ideal conductor and the waves transmitted to a smooth aluminium sheet will be totally reflected [34]. Therefore, the emissivity of the aluminium sheets should be zero at any observation angle or frequency. In the theoretical model, the emissivity of aluminium were set to be zero. Obviously, they are about 0.01 ~ 0.03, which may be caused by the surface oxidation of the aluminium sheets in the experiment (as shown in Figure 11, when the soil thickness is zero, the measured emissivity is not zero). These results were also found in our other field experiments [35].




5. Conclusions


The objective of this work was to develop a simple, accurate approach for calculating the MRRD of frozen soil. The concept of the MRRD was proposed to describe the source of the primary signal of passive microwave remote sensing and provide a specific expression to define the depth. A controlled truck-mounted experiment was conducted using a three-layer setup. A three-layer theoretical model was then introduced and altered to satisfy the specific experimental design of the study. A database was constructed and sensitivity analysis was conducted based on this theoretical model to study the relationship among the MRRD, soil properties, and frequency. According to the sensitivity analysis, the sensitivity of the MRRD to soil bulk density is much less than that of the three main variables temperature, frequency, and specific surface area for the frozen soil. A parameterized model was then developed for estimating the MRRD of frozen soil using three common and easily acquired parameters: temperature, frequency, and specific surface area. Finally, the parameterized model was validated using experimental data. Some interesting conclusions can be made regarding the MRRD of frozen soil. The soil temperature, frequency, and soil texture are the three main variables affecting the MRRD. The MRRD is negatively correlated with soil temperature, frequency, and specific surface area. Additionally, the MRRD is more sensitive to temperature and frequency than specific surface area. Based on the sensitivity analysis, a parameterized model was developed for estimating the MRRD, and the validation results indicated that the parameterized model has an acceptable accuracy. The RMSEs of MRRD at TMMR’s four frequencies were 0.402 cm and 0.537 cm for the thawing and freezing soil processes, respectively. However, because the validation was performed based on controlled experimental data (i.e., specific soil moistures, textures, temperature variations and other parameters), the parameterized model should be further tested in future studies prior to application. This testing could include field data collection and brightness temperature simulation using a radiative transfer model.
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Figure 1. Viewing scene of the truck-mounted multi-frequency microwave radiometer (TMMR). 
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Figure 2. The flow chart of the parameterized model development and validation process. 
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Figure 3. The emissions from layer 2 and layer 3 into layer 1 (air). 






Figure 3. The emissions from layer 2 and layer 3 into layer 1 (air).



[image: Remotesensing 11 02028 g003]







[image: Remotesensing 11 02028 g004 550]





Figure 4. The microwave radiation response depth (MRRD) computed using the theoretical model as a function of normalized soil temperature (a), soil specific surface area (b), unfrozen soil water content (c), frequency (d), and bulk density (e). 
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Figure 5. The fitted result of the relationship between MRRD and soil temperature. 






Figure 5. The fitted result of the relationship between MRRD and soil temperature.



[image: Remotesensing 11 02028 g005]







[image: Remotesensing 11 02028 g006 550]





Figure 6. The fitted results of the relationship between coefficients A(a) and B(b) and frequency. 
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Figure 7. The fitted results of the relationship between coefficients a1(a), a2(b), a3(c), b1(d), and b2(e) and specific surface area. 
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Figure 8. Emissivity and physical temperature variations measured in 0.63 cm-thick soil. 
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Figure 9. The measured emissivity at different frequencies during freezing and thawing process. 
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Figure 10. Comparison between measured and simulated emissivity using theoretical model during freezing and thawing processes. 
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Figure 11. Measured and fitted relationships between soil thickness and emissivity at four frequencies during the thawing process (a) and freezing process (b). 
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Figure 12. Comparison of measured and estimated MRRDs using the parameterized model. 
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Figure 13. MRRD as a function of single scattering albedo at different frequencies. 
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Table 1. Setup of the key parameters in the simulation database.
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	Parameters
	Value





	Temperature
	243.15 to 271.15 K(−30 to −2 °C)



	Frequency
	4 to 40 GHz



	Soil specific surface area
	37.442 to 253.042 m2/g



	Unfrozen water content
	0.02 to 0.31 cm3/cm3



	Bulk density
	1.2 to 1.8 g/cm3



	Incident angle
	55°



	Initial soil moisture
	0.433 cm3/cm3
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Table 2. The observed lowest and highest temperature of five soil samples.
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	Samples Thickness(cm)
	Observation Duration
	The Lowest and Highest Temperature(K)





	0.18
	Jan.12th 21:45~Jan. 13th, 15:24
	260.3 ~ 294.1



	0.43
	Jan.13th 18:06~Jan. 14th, 16:10
	263.3 ~ 288.7



	0.63
	Jan.14th 17:52~Jan. 15th, 16:32
	265.7 ~ 283.7



	0.96
	Jan.15th 17:40~Jan. 16th, 15:56
	267.5 ~ 275.9



	1.06
	Jan.17th 17:30~Jan. 19th, 09:53
	268.5 ~ 277.8
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Table 3. Setup of the key parameters in emissivity simulation.
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	Parameters
	Value





	Temperature
	268 K, 269 K, 270 K, 271 K, and 272 K



	Frequency
	6.925, 10.65, 18.7, and 36.5 GHz



	Soil texture
	sand: 30.16%, silt: 48.85%, clay: 20.99%



	Bulk density
	1.41 g/cm3



	Initial soil moisture
	0.433 cm3/cm3











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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