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Abstract

:

Soil texture has been shown to affect the dielectric behavior of soil over the entire frequency range. Three universally employed dielectric semiempirical models (SEMs), the Dobson model, the Wang–Schmugge model and the Mironov model, as well as a new improved SEM known as the soil semi-empirical mineralogy-related-to-water dielectric model (SSMDM), incorporate a significant soil texture effect in different ways. In this paper, soil moisture estimate uncertainties from the effect of soil texture on these four SEMs are systematically and widely investigated over all soil texture cases at different frequencies between 1.4 and 18 GHz for volumetric water content levels between 0.0 and 0.4 m3/m3 from the perspective of two aspects: soil dielectric model discordance and soil texture discordance. Firstly, the effect of soil texture on these four dielectric SEMs is analyzed. Then, soil moisture estimate uncertainties due to the effect of soil texture are carefully investigated. Finally, the applicability of these SEMs is discussed, which can supply references for their choice. The results show that soil moisture estimate uncertainties are small and satisfy the 4% volumetric water content retrieval requirement in some cases. However, in other cases, it may contribute relatively significant uncertainties to soil moisture estimates and correspond to a difference that exceeds the 4% volumetric water content requirement, with potential for the largest deviations to exceed 0.22 m3/m3.
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1. Introduction


The relationship between soil dielectric behavior and soil water characteristics is an essential part of a soil moisture estimate algorithm in microwave remote sensing. Uncertainties in these relationships will lead to uncertainties in the soil moisture estimations when these relationships are used to describe soil dielectric behavior as a function of only water content [1,2]. The complex dielectric permittivity of moist soil shows a strong dependence on the soil texture [3,4,5], and the complex dielectric permittivity measurements obtained from moist soil samples show that soil texture affects the dielectric behavior over the entire frequency range and is the most pronounced at frequencies lower than 5 GHz [6]. Soil texture is a stable, natural soil property that is widely used to characterize the physical properties of soil. Currently, the most widely used soil texture classification system in radiophysical and soil dielectric property studies is the classification of the United States Department of Agriculture (USDA) [7,8,9,10,11,12]. According to this classification, the following granulometric fractions are distinguished: sand particles have diameters of 0.2 cm > d > 0.005 cm; silt particles have diameters of 0.0002 cm < d < 0.005 cm; clay particles have diameters of d < 0.0002 cm; and the gravimetric weights of these particles are expressed in soil percentage. Clay particles mainly composed of crystalline minerals are the products of chemical weathering and generally flaky or needle-like and have a large specific surface area. Sand particles, which are generally spherical and have small specific surface areas, are typically composed of quartz, but may also include fragments of feldspar, mica, and heavy minerals. The mineral composition and physical properties of silt particles are generally similar to those of sand particles, but because of the smaller size and larger specific surface area per unit mass, silt particles are heavily coated by clay particles. Therefore, some of the physical and chemical properties of silt particles may be consistent with those of clay particles to some extent. Sandy soils are not as susceptible to various physicochemical processes as clay soils, resulting in a lower salinity of the soil water mixture in the case of sand [13]. The moist soil has different conductivity in dielectric properties resulting from the different contents of soluble salts and cation exchange capacities in relation to the specific surface area of soil particles. Additionally, soil texture is a key factor that controls the transitional volumetric water content threshold, which is used to distinguish bound water from bulk water, where coarse soil textures have lower values and fine textures have higher values [7,8,9,10,11,12,14]. Some studies have revealed that the Debye relaxation parameters (i.e., static dielectric constant, relaxation time, and effective conductivity) of the Debye relaxation formula in relation to soil texture can be employed to describe free soil water (FSW, i.e., free water in soil), which is different from liquid water (i.e., free out-of-soil water (FOSW)) [8,9,10,14].



Soil dielectric semiempirical models (SEMs), which include information on the physical background of dielectric behavior [7,8,9,10,11,12,14], are powerful and useful hybrids of empirical and physical models. SEMs have been widely employed in soil moisture estimates due to their ease of use with easily determined and readily available input parameters. However, soil dielectric SEMs are often calibrated for adjustable parameters with different measured complex dielectric permittivities over a specific set of soil samples. Thus, there may be some problems when they are applied to soil types that are not within the range of these soil types used to develop the relationship [14]. Currently, three widely used soil dielectric SEMs, the Wang–Schmugge model (referred to here as the Wang model) [12], the Dobson semiempirical model (referred to here as the Dobson model) [7,11], and the mineralogy-based soil dielectric model (MBSDM, also known as the Mironov semiempirical model and referred to here as the Mironov model) [9,10], have incorporated a significant soil texture effect. The Wang model was employed in the land parameter estimate model (LPRM algorithms) [15]. Many studies evaluating or improving the L-band Microwave Emission of the Biosphere model (L-MEB model) have considered the Dobson model [16,17] or the Wang model [18,19]. The Dobson model was adopted in the Aquarius Level-2 radiometer algorithm of the National Aeronautics and Space Administration (NASA) [20]. Furthermore, it was also chosen when the Soil Moisture and Ocean Salinity (SMOS) estimate scheme was defined. However, the Mironov model has been considered in SMOS soil moisture estimates in versions 5.5 and higher due to the model’s superior potential and performance compared with the Dobson and Wang models in some situations, as evidenced by the comparison with in situ L-band measurements [19,21,22,23]. The Wang, Dobson, and Mironov models were employed as alternative models in the soil moisture product of the Soil Moisture Active Passive (SMAP) mission [24]. Recently, a new improved SEM known as the soil semi-empirical mineralogy-related-to-water dielectric model (SSMDM) [14] was developed. To describe the Debye relaxation formula of FSW, the SSMDM considers the interaction between water and soil mineralogy) by correlating soil texture with the Debye relaxation parameters, rather than using the Debye relaxation spectrum of FOSW adopted in the Wang model. Additionally, the effective conductivity loss term related to both soil texture and soil moisture was introduced to explain the ionic conductivity losses of FSW.



Some effort has been devoted to the study of the difference among the Dobson, Wang, and Mironov models from the effect of soil texture. The soil moisture estimate uncertainties considering soil texture discordance with both the Wang and Dobson models were evaluated in [15]. However, only two textural cases were chosen: soil texture cases with 60% sand and 20% clay as well as with 20% sand and 60% clay. The results showed that considerable uncertainties exceed the 4% volumetric water content requirement at some volumetric water contents. In [25], Owe et al. compared the Wang and Dobson models at frequencies of 1.67 and 5 GHz with three soil texture casecases (forest soil with 57.4% sand and 10.5% clay; natural soil with 72.2% sand and 3.5% clay; and sandy soil with 92.7% sand and 0.6% clay) and found that the simulations agreed well with the laboratory measurements, except for the sandy soil. The results indicated that the use of the transitional moisture concept in the Wang model to clearly separate bound water from bulk water in the soil appears to align the model more closely with the laboratory measurements at low volumetric water contents. However, the simulations of the Dobson model are closer to the laboratory measurements at high volumetric water contents for natural and forest soil types. In order to select the appropriate model for the SMAP soil moisture estimation algorithm, P.K. Srivastava et al. [26] tested the simulation capability of different dielectric models applied to the soil texture case with approximately 62% sand and 14% clay at the L-band using data from a ComRAD ground-based SMAP simulator system. The analysis indicated that, although the temporal plots for retrieved soil moisture using the four dielectric models (the Mironov, the Dobson, the Wang, and the Hallikainen models) typically follow similar trends and that similar seasonal variations are observed between all the models and in situ datasets, the Mironov model was marginally better than the others for passive-only microwave soil moisture estimation in such situations. Laymon et al. [27] reported soil moisture estimates for the soil texture case with 8% sand and 21% clay at L- and S-bands using the Dobson model and the Wang model, and the obtained results were within 0.05 m3/m3. A comparison of the Dobson and Mironov models was performed in [22], which were employed in the L-MEB model for the SMOS soil moisture retrieval algorithm based on the SMOS level-1 brightness temperature observations. The research showed that the use of the Mironov model led to a higher estimate of soil moisture, with an average of 0.033 m3/m3 at a global scale, than the use of compared to the Dobson model. However, the discrepancy estimates were affected by uncertainties of the vegetation parameters, soil roughness etc. included in the L-MEB model. The results also showed that the comparisons of the two model outputs with in situ measurements at various test sites did not demonstrate a superior performance of one model over the other.



Nevertheless, most existing research is restricted to specific locations, limited soil types, and mainly low frequencies. Moreover, some comparisons among dielectric models from the effect of soil texture were based on the indirect relationship between soil moisture and microwave emissivity or backscattering, where uncertainties of the vegetation parameters, soil roughness etc. were introduced. The investigation of the direct relationship between soil dielectric property and soil moisture is a more effective means to evaluate the effect of soil texture on soil moisture estimates. Soil texture, as an important input of soil dielectric models, can vary significantly at the scale of a satellite-based radiometer footprint due to soil heterogeneity. This variation introduces another uncertainty source into the soil moisture estimates [15,28]. Therefore, questions relating to how soil texture affects these dielectric SEMs over all soil texture cases and the subsequent effects on the models’ soil moisture estimates represent urgent problems to be solved, examination of which can provide the basis for selection of the optimal soil dielectric model. The aim of this paper is to investigate systematically and widely the effect of soil texture on these four dielectric SEMs over all soil texture cases at different frequencies between 1.4 and 18 GHz for volumetric water content levels between 0.0 and 0.4 m3/m3. To quantitatively investigate how sand content, clay content, and silt content affect soil moisture estimates, a soil texture grouping according to the gravimetric weights of soil particles is developed to cover all soil texture cases. Soil moisture estimate uncertainties from the effects of soil texture on these four soil dielectric SEMs focus on two aspects: (1) from soil dielectric model discordance, which refers to the case in which one soil dielectric model is adopted during the input process and a different soil dielectric model with the same soil texture is adopted during the estimation process, leading to a deviation of soil moisture estimate result; and (2) from soil texture discordance, which refers to the case in which one soil texture case is adopted as the input of the dielectric model during the input process and a different soil texture case is adopted as the input of the same dielectric model during the estimation process, leading to a deviation of soil moisture estimate result. Furthermore, the applicability of these four SEMs over all soil texture cases is discussed. The investigation can provide a theoretical basis for the choice of dielectric models over all soil texture cases.




2. Materials and Methods


2.1. Model Descriptions


All these four SEMs are volumetric models that describe soil dielectric properties based on the relative volume amounts of different soil constituents and their individual dielectric characteristics. The exponential model, which is based on the Lichtenecker–Rother model, is one of the most popular volumetric models. This exponential model for a material with n components can be written as follows [29,30]:


    ε  m α  =   ∑  i = 1  n     v  i    ε  i α     



(1)




where     v  i    is the volume fraction of the ith substance constituent and the scaling factor  α  is an empirical variable.  α  gives the volumetric mixing models a semi-empirical nature. In general,  α  is treated as a constant structural factor. However, A. Brovelli and G. Cassiani [31] suggested that the exponent  α  depends on the volumetric water content or effective dielectric permittivity. Wagner et al., 2011, [29] proposed the so-called Advanced Lichtenecker and Rother Model (ALRM), which treats  α  as a function of volumetric water content and soil porosity P.



All these four SEMs treat soil–water–air systems (i.e., moist soils), representing heterogeneous multiphase mixtures, as a four-phase system composed of dry soil, air, bound water, and bulk water. Equation (1) can be rewritten to Equation (2), and the models have different  α  values;  α  is set to 0.65 in the Dobson model, 0.5 in the Mironov model (i.e., a linear combination of the complex refractive index for every constituent), 1 in the SSMDM (i.e., linear combination of complex dielectric permittivity for every constituent), and both 1 and 0.5 in the Wang model.


    ε  α  =   v   f w     ε   f w  α  +   v   b w     ε   b w  α  +  (  P −   v   f w   −   v   b w    )    ε  a α  +  (  1 − P  )    ε  s α   



(2)




with


  P = 1 −     ρ  b      ρ  s     



(3)




where     v   f w     and     v   b w     are the volume fractions of bulk water and bound water, respectively.     ε   f w    ,     ε   b w    ,     ε  α   , and     ε  s    are the complex dielectric permittivities of bulk water, bound water, air, and solid particles, respectively.     ρ  b    is the dry bulk density of soil.     ρ  s    is the soil particle density. The dielectric property of     ε  s    is frequency independent in the considered temperature–pressure–frequency range in all of these four SEMs.




2.2. Soil Texture Grouping Over All Soil Texture Cases


To cover all soil texture cases to quantitatively investigate how sand content, clay content, and silt content affect soil moisture estimates, a soil texture grouping at 5% increments is developed based on soil texture proportions and the particle size class of the USDA classification standard. The soil texture grouping divides all soil texture cases into four sections: I: soil texture cases with clay contents greater than or equal to 50%; II: soil texture cases with sand contents greater than or equal to 50%; III: soil texture cases with silt contents greater than or equal to 50%; IV: other soil texture cases. The nodes of each soil type are located at 5% increments of the particle content (sand, silt, or clay contents) in the soil texture ternary diagram, and, in each partition, the nodes are labeled with letters from the English alphabet, as shown in Figure 1. All of the soil texture cases are used to further investigate the differences among the four SEMs and to assess the applicability of each model to each soil type.




2.3. Methods of Soil Moisture Estimate


To evaluate the effects of soil texture on soil moisture estimates due to soil dielectric model discordance, the simulations of the real parts of the complex dielectric permittivities by one model are used to construct a lookup table (LUT), and the simulations by another model are treated as the resultant dielectric constant measurements used to estimate the soil moisture content. Then, the differences between the input and retrieved soil moisture contents are analyzed. Firstly, the forward model parameters are optimized, and representative soil surface parameters are employed. These parameters include soil moisture levels between 0.0 and 0.4 m3/m3, a typical soil bulk density value, a room temperature value, and frequencies from 1.4 to 18 GHz. Secondly, all possible variable values from the first step are input into the forward model to calculate the complex dielectric permittivity databases to form an LUT. Thirdly, the soil moisture content is evaluated based on the LUT by identifying the values with the minimal errors compared to the resultant dielectric constant measurements via the minimized cost function. Finally, the corresponding input and retrieved soil moisture are extracted. Six different combinations are obtained as follows:




	1:

	
Mironov–Dobson




	2:

	
Wang–Dobson




	3:

	
SSMDM–Dobson




	4:

	
Mironov–Wang




	5:

	
SSMDM–Wang




	6:

	
Mironov–SSMDM









where, for example, ‘Mironov–Dobson’ indicates that the Dobson model simulation is used to construct the LUT and the Mironov model simulation is treated as the resultant dielectric constant measurements from which the soil moisture content is acquired. Other terms have similar meanings.



Moreover, the effects of soil texture on soil moisture estimates due to soil texture discordance are examined by introducing the wrong soil texture into the soil moisture estimate process. To evaluate the uncertainty arising from the soil moisture estimate with soil texture discordance under the same soil dielectric model, the simulations of the real part of the complex dielectric permittivities with one soil texture are used to construct an LUT, and the simulations with another soil texture are treated as the resultant dielectric constant measurements used to evaluate the soil moisture content. Three possible methods of soil texture changes with grain size content changes of 20%, 40%, 60%, and 80% are as follows:




	
The soil texture changes from clay to silt, and the sand content remains constant: from ‘H’ (clay) to ‘H1’ (clay), from ‘H’ (clay) to ‘C1’ (loam), from ‘H’ (clay) to ‘E1’ (silt), and from ‘H’ (clay) to ‘I’ (silt).



	
The soil texture changes from sand to silt, and the clay content remains constant: from ‘I’(sand) to ‘E1’ (sand), from ‘I’ (sand) to ‘A’ (loam), from ‘I’ (sand) to ‘H1’ (silt), and from ‘I’ (sand) to ‘H’ (silt).



	
The soil texture changes from sand to clay, and the silt content remains constant: from ‘H’ (sand) to ‘H1’ (sand), from ‘H’ (sand) to ‘H’ (loam), from ‘H’ (sand) to ‘E1’ (clay), and from ‘H’ (sand) to ‘I’ (clay).










3. Results and Analysis


3.1. The Effect of Soil Texture on Models


3.1.1. Different Ways Considering Soil Texture


The four investigated models incorporate a significant soil texture effect in different ways. The differences are primarily reflected in these aspects: the distinction between bound water and bulk water, the dielectric properties of dry soil, the dielectric properties of bulk water, and the dielectric properties of bound water, especially for the conductivity losses included in the imaginary part of bulk water and of bound water. Moreover, the Wang, SSMDM, and Dobson models take both the clay percentage and the sand percentage as the input parameters of soil texture, whereas the Mironov model, with the clay percentage as the sole input parameter of soil texture.



	
The distinction between bound water and bulk water






With the exception of the Dobson model, due to a lack of physical consideration of the dielectric properties of bound water, the Wang, SSMDM, and Mironov models use the maximum bound water fraction (MBWF, i.e., transition moisture), which is related to the soil texture, to clearly distinguish between bound water and bulk water. In the SSMDM or Wang model, the MBWF has a physical meaning since it is related to the soil wilting point by empirically fitting according to measurements, and the relationship between soil wilting point and soil texture has been empirically derived by Schmugge et al. from regression over 100 datasets of soil moisture characteristics [12] (Equations (5) and (6)). In the Mironov model, the MBWF is obtained through straight line fitting using measured complex refractive indexes (Equation (7)). The values of MBWF for these three models versus the clay fraction are shown in Figure 2. The results show that, although the clay fraction is also the key factor for MBWF in the SSMDM or Wang model, which is similar to that in the Mironov model, the discrepancy between them is obvious. The MBWF values in the Mironov model have a wider range versus the clay percentage and are lower than those in the SSMDM or Wang models. At low clay percentages, the values of the MBWF from the Mironov model are too low to agree with experiments, demonstrating that similar soils possess transition points varying between 0.19 and 0.24 in [13] and 0.26 in [18], which are closer to those from the Wang or SSMDM models. In the Dobson model, an empirical coefficient of exponent  β , which depends on soil texture, and the volumetric water content     m  v   , including both bulk water and bound water, is introduced to determine the contributions of both bound water and bulk water as follows:


    v   f w     ε   f w  α  +   v   b w     ε   b w  α  =   m  v β    ε   f w  α   



(4)






  M B W F = 0.49 ∗   W  p  + 0.165  



(5)




with


    W  p  = 0.06774 − 0.00064 ∗ s a n d + 0.00478 ∗ c l a y  



(6)






  M B W F = 0.02863 + 0.0030673 ∗ c l a y  



(7)







	
The dielectric properties of dry soil






In the Wang, Dobson, and SSMDM models, the dielectric permittivities of dry soil where the volumetric water content is zero, there is a relationship described by Equation (8) because     ε  a    is 1., and     ρ  s   ,     ε  s   ,     ρ  b    are treated as an input to compute     ε  d    based on the theoretical formula ((2), (3), and (10)). The dielectric measurements for three of the most common clay minerals—kaolin, illite, and montmorillonite—indicate that the permittivity of these minerals is reasonably similar, between 5 and 6, and the measured permittivity of ground quartz is 4.4 [32]. Therefore,     ε  s    is not a constant. However, for simplicity, a constant is employed in the SSMDM, Dobson, and Wang models. Therefore, users can adjust it if necessary. In the Mironov model, the dielectric permittivity of dry soil     ε  d    is only related to the clay fraction by empirical fitting of the used experimental measurements, the detailed information has been described in [10]. Furthermore,     ε  d    increases with the clay fraction in the Wang, SSMDM, and Dobson models, which is in accordance with the measurements [32], and vice versa in the Mironov model, which may underestimate     ε  d   , especially when the clay fraction increases.


    ε   d r y  α  =  (  1 − P  )   (    ε  s α  − 1  )  + 1  



(8)







	
The dielectric properties of bulk water






To account for the bulk water frequency dispersion, the Debye relaxation formula for FOSW is employed in the Wang model (Equation (9)) and Dobson model (Equations (10) and (11)). However, considering that the situation of bulk water in soil is different from that of the FOSW, the Debye relaxation formulae of the FSW are adopted in the SSMDM (Equations (12)–(15)) and Mironov models (Equations (16)–(19)) to correlate the dielectric spectroscopic parameters with soil texture. Conductivity loss plays an important role at low frequencies, and relaxation loss due to the dipolar relaxation of bulk water becomes important toward the high-frequency end [14]. In the Wang model, a conductivity loss (  a   m  v 2   ) is added to the imaginary part of the bulk water complex dielectric permittivity at low frequencies, and  a  is an empirical coefficient. In the Dobson model, the conductivity loss term depends on the volumetric water content, soil texture, soil bulk density, and particle density (third part of Equation (10)), and the effective conductivity (    σ   e f f    ) is an empirically derived function of soil texture and     ρ  b    (Equation (11)). In the SSMDM, the effective conductivity loss term (    σ   u e f f    ) is introduced, which is correlated with both soil texture and soil moisture, to account for the conductivity loss in the imaginary part, and different relationships at frequencies of 1.4–12 GHz and 12–18 GHz are adopted (Equation (15)). In the Mironov model, the FSW conductivity loss term is related to only the clay percentage (Equation (19)). Although both the SSMDM and the Mironov model consider bulk water as FSW by correlating the dielectric spectroscopic parameters with soil texture, they are different. In the Mironov model,     ε   u 0     and     τ  u    are constant, and R2 between     σ   u e f f     and MBWF is 1 since both are empirically fitted linearly with the clay percentage. However, in the SSMDM, R2 between MBWF and     σ   u e f f     is very low: 0.0068 (at 1.4–12 GHz) and 0.0763 (at 12–18 GHz).


    ε   f o s w   =   ε   w ∞   +     ε   w 0   −   ε   w ∞     1 + j 2 π f   τ  w    − j     σ  w    2 π f   ε  0     



(9)




where     ε   w ∞    ,     ε   w 0    ,     τ  w   , and     σ  w    are the high-frequency limits of dielectric constant, the static dielectric constant, the relaxation time, and the effective conductivity of the out-of-soil water, respectively [33,34];  f  is the frequency in hertz; and     ε  0    is the permittivity of free space equal to 8.854 * 10−12 F·m−1.     ε   w ∞     is not dependent on either temperature or salinity, and the parameter quantity is equal to 4.9 [8]:


    ε   f o s w   =   ε   w ∞   +     ε   w 0   −   ε   w ∞     1 + j 2 π f   τ  w    − j     σ   e f f     2 π f   ε  0    ·     ρ  s  −   ρ  b      ρ  s    m  v     



(10)




with


    σ   e f f   = − 1.645 + 1.939 ∗   ρ  b  − 0.0225622 ∗ s a n d + 0.01594 ∗ c l a y  



(11)






    ε   f s w   =   ε  ∞  +     ε   u 0   −   ε   u ∞     1 + j 2 π f   τ  u    − j     σ   u e f f     2 π f   ε  0     



(12)




with


    ε   u 0   = 57.1547 + 0.34875 ∗ s a n d + 0.43116 ∗ c l a y  



(13)






  2 π f   τ  u  = 4.47598 ∗    10    − 2   + 1.1963 ∗    10    − 4   ∗ s a n d + 6.6054 ∗    10    − 5   ∗ c l a y  



(14)






      σ   u e f f   =    (  0.2435 − 1.2789 ∗    10    − 3   ∗ s a n d + 4.5316 ∗    10    − 4   ∗ c l a y  )   /    m  v        +  (  0.4787 − 0.02393 ∗ s a n d + 0.07576 ∗    10    − 2   ∗ c l a y  )  ∗   m  v     










1.4 GHz ≤ f ≤ 12 GHz








or


      σ   u e f f   =    (  2.09793 + 6.16653 ∗    10    − 3   ∗ s a n d − 7.81 ∗    10    − 2   ∗ c l a y  )   /    m  v        +  (  15.6843 + 0.38182 ∗ s a n d − 1.1381 ∗ c l a y  )  ∗   m  v      −  (  14.362209 + 0.154736 ∗ s a n d − 0.6760595 ∗ c l a y  )     



(15)






f > 12 GHz








where     ε   u ∞     is the dielectric constant at the FSW high-frequency limit, which is assumed to be equal to     ε   w ∞     [8];     ε   u 0     and     τ  u    are the static dielectric constant and relaxation time of FSW, respectively; and     σ   u e f f     is the FSW effective conductivity in S/m.


    ε   f s w   =   ε  ∞  +     ε   u 0   −   ε   u ∞     1 + j 2 π f   τ  u    − j     σ   u e f f     2 π f   ε  0     



(16)




with


    ε   u 0   = 100  



(17)






    τ  u  = 8.5 ∗    10    − 12    



(18)






    σ   u e f f   = 0.3631 + 1.217 ∗    10    − 2   ∗ c l a y  



(19)







	
The dielectric properties of bound water






In the Dobson model, the bound water dielectric property is not physically considered as described above. In the SSMDM and Wang models, both complex dielectric permittivities of ice and bulk water are utilized to determine the bound water complex dielectric permittivity (Equation (20)) via an adjustable weight factor  γ  (Equation (21) in the SSMDM and Equation (22) in the Wang model), and the former treats bulk water as FSW but the latter treats bulk water as FOSW. Furthermore, the bound water complex dielectric permittivity in both the Wang and SSMDM models changes with the soil volumetric water content when soil moisture is lower than the MBWF. The study of D. A. BoyarskiI et al. [18] also indicated that the complex dielectric permittivity of bound water depends on the thickness of the bound water film covering soil particles, and a change in the volume of bound water in soil leads to a change in its dielectric properties. However, in the Mironov model, it is assumed that the permittivity of the bound water is constant with the changing of the soil volumetric water content when soil moisture is lower than the MBWF. Moreover, bound water is treated as bound water in soil (i.e., bound soil water (BSW)) by correlating the dielectric spectroscopic parameters with the clay fraction through straight line fitting with the measured soil complex dielectric permittivities (Equations (24)–(26)), and also follows Debye’s formula (Equation (23)).


     ε  b  =   ε  i  +  (    ε  u  −   ε  i   )      w  c      w  t    ∗ γ   ,          w  c  ≤   w  t    








or


     ε  b  =   ε  i  +  (    ε  u  −   ε  i   )  ∗ γ       w  c  >   w  t    



(20)




where  γ  is a parameter that can be chosen to best fit the experimental data with a nonlinear regression in the SSMDM.  γ  is related to     W  p    in the Wang model.


  γ = 0.503 + 3.4597 ∗    10    − 5   ∗ s a n d − 1.5137 ∗    10    − 3   ∗ c l a y  



(21)






  γ = − 0.57 ∗   W  p  + 0.481  



(22)






    ε  b  =   ε  ∞  +     ε   b 0   −   ε   b ∞     1 + j 2 π f   τ  b    − j     σ   b e f f     2 π f   ε  0     



(23)




with


    ε   b 0   = 79.8 − 85.4 ∗    10    − 2   ∗ c l a y + 32.7 ∗    10    − 4   ∗    c l a y   2   



(24)






    τ  b  = 1.062 ∗    10    − 11   + 3.45 ∗    10    − 12   ∗    10    − 2   ∗ c l a y  



(25)






    σ   b e f f   = 0.3112 + 0.467 ∗    10    − 2   ∗ c l a y  



(26)




where     ε   b ∞     is the dielectric constant at BSW high-frequency limit, which is also assumed to be equal to     ε   w ∞    ;     ε   b 0    ,     τ  b   , and     σ   b e f f     are the static dielectric constant, relaxation time, and the effective conductivity of BSW, respectively.




3.1.2. Simulation Differences and Reliability Evaluation


In this section, the simulations of these four models over all soil texture cases combing with some existing validations are employed to compare the difference among models and to evaluate the reliabilities of models because complex dielectric permittivity laboratory analyses performed by reproducing precise field conditions in laboratory soil samples are not easy and entirely straightforward. The soil texture cases of the existing validations are described in Table 1. However, some similar soil texture cases from these references are inconsistent with each other, probably because of the uncertainties from the measurements or some other factors that affect the dielectric properties of moist soil, such as between HARLINGEN CLAY and MILLER CLAY from [12], which leads to the difficulty of the validation.



Only some typical simulations of   ε ′   are shown in Figure 3 due to the high level of similarity for most soil texture cases. The simulated   ε ′   values of the Dobson model present a more linear trend versus soil moisture, and a maximum difference between the Dobson model and other models exists for soil texture cases in Sections II and IV at low and medium volumetric water contents due to the lack of distinction between bound water and bulk water, which has been validated by the measurements of the corresponding soil texture cases in [25] and the comparisons between the measurements and the simulations of these models in [14], and may also lead to a high level of uncertainty when it is used to predict the complex dielectric permittivities of soils that are outside the ensemble of prototypical soils used for model development, which also have been discussed in [22]. For soil texture cases in Section III, when the silt content is less than 60% or between 60% and 70% with a low sand content, which is also related to frequency, the   ε ′   values of these four models are relatively consistent, which has been validated by the measurements in [23], except when the clay content is at least 40%, the simulations of the Wang model are slightly lower at medium and high soil moisture. The differences among models cannot be neglected at medium and high moisture contents when the silt content is greater than approximately 75%, which increases with the sand content. For soil texture cases in Section II, when the silt content is greater than approximately 35% or between 30% and 35% with a low clay content, and for soil texture cases in Section IV with a clay content less than the silt content by 15% or more, the   ε ′   values of the four models are relatively consistent. The exception is the differences between the Dobson model and the other models at low moisture contents due to the lack of distinction between bound water and bulk water in the Dobson model, which has been validated by the corresponding soil texture cases of measurements in [7,25,26]. For soil texture cases in Section I, and other cases in Sections II and IV, the differences between the Dobson and the Wang and Mironov models cannot be neglected and the   ε ′   values of the SSMDM are consistent with those of the Wang and Mironov models at low moisture contents but approach the results of the Dobson model at high moisture contents. The Wang and Mironov models are comparably consistent with each other, except for soil texture cases in Section I with low sand contents, and for soil texture cases in Section III when the silt content is greater than 60% with high silt or sand contents at high frequencies.



Only some typical simulations of   ε ″   are shown in Figure 4. The effects of soil texture and frequency on   ε ″   are more complicated than those on   ε ′  . The simulations show that the   ε ″   values at low frequencies (such as at the L-band) are very different from those at high frequencies. At the L-band, when the sand content is at least 80% or at least 75% with clay contents less than approximately 5%,   ε ″   of the Wang model has negative values, and   ε ″   of the Dobson model has negative values when the sand content is at least 70% or the sand content is greater than the clay content by approximately 45% or more for soil texture cases in Section II. Therefore, for these cases it is not reasonable to describe the imaginary part of the complex dielectric permittivity.



At the L-band, for soil texture cases in Section II, the   ε ″   of the SSMDM are close to those of the Wang model when the sand content is less than approximately 60% with a low silt content, and the   ε ″   of the Mironov model are close to those of the Wang model when the sand content is less than 60% with a low clay content. For soil texture cases in Section I, the   ε ″   values of the SSMDM are close to those of the Wang model, especially for soil texture cases with high clay contents, and a small difference exists when the clay content decreases. The   ε ″   values among these four SEMs are obviously different at medium and high moisture contents for soil texture cases in Sections III and IV; however, when the silt content is at least 65% with a low clay content, the   ε ″   values of the Mironov and Dobson models are relatively consistent. At C-, X-, and Ku-bands, the   ε ″   values of the Mironov model are basically in agreement with those of the Wang model for soil texture cases in Sections II and IV and for soil texture cases in Section I when the clay content is less than approximately 55% with a low silt content. The   ε ″   values of the SSMDM, Mironov, and Wang models are basically consistent for soil texture cases in Section III when the silt content is less than 65% or between 65% and 70% with a low clay content and for soil texture cases in Section II when the silt content is at least 35%. The   ε ″   values of the Dobson model are basically consistent with those of the SSMDM for soil texture cases in Section II when the silt content is low at high frequencies and when the sand content is less than approximately 60% with a low silt content at low frequencies.



The simulations of the real parts for different soil texture cases by changing 20% of particle contents under the same model are depicted in Figure 5, under three different situations—keeping sand content constant, keeping clay content constant and keeping silt content constant—to display the soil texture sensitivities of the studied SEMs. The results show that the simulations of   ε ′   for the Wang and Mironov models are relatively consistent for many cases in Section III due to the similarity of their sensitivity to clay content and insensitivity to sand content, although the Wang model is theoretically very different from the Mironov model in the way soil texture is considered. The exception is that, in some cases, the soil moisture estimate deviations due to model discordance are larger than 0.04 m3/m3 at low moisture contents at low frequencies, or at low and medium moisture contents at high frequencies, due to the different treatments of the dielectric properties of solid particles and dry soil, as well as the MBWF, especially for samples with high clay contents at high frequencies. The Dobson model is highly sensitive to sand content but not clay content, which is very different from the Wang or Mironov models, and thus causes the largest soil moisture estimate deviations between the Dobson and Wang or Mironov models. The SSMDM is highly sensitive to sand content at high volumetric water contents, and both the sand and clay contents affect the model, especially at low and medium soil moisture.





3.2. Soil Moisture Estimate Uncertainties


3.2.1. Soil Moisture Estimate Uncertainties from Soil Dielectric Model Discordance


The deviations of soil moisture estimate results due to soil dielectric model discordance for some typical soil texture cases at different frequencies are depicted in Figure 6, and the deviations of six different model combinations compared to 0.04 m3/m3 have been described carefully in Table A1 from Appendix A. The results show that, in some cases, the deviations of soil moisture estimate results for these four dielectric models are relatively comparable and satisfy the 4% volumetric water content retrieval requirement. However, scenarios in which the content of sand or silt is very high, the content of clay is high, or the content of silt is low may contribute relatively significant uncertainties to soil moisture estimates that exceed the 4% volumetric water content requirement. The largest deviations, with a value of over 0.22 m3/m3, occur for the ‘A’ sample in Section I with 100% clay content due to the difference between the Dobson and Wang or Mironov models. The largest deviation for soil texture cases in Section II, with a value of 0.13 m3/m3, occurs for the ‘M2′ sample between the Wang and Dobson models at the Ku-band in the vicinity of 0.28 m3/m3. For soil texture cases in Section IV, the largest estimate deviation with a value of 0.12 m3/m3 occurs for the ‘J1′ sample between the Wang and Dobson models at L- or Ku-bands in the vicinity of 0.28 m3/m3. For soil texture cases in Section III, the largest estimate deviation, with a value of 0.11 m3/m3, occurs for the ‘A’ sample with 100% silt content between the Mironov and Dobson models at the Ku-band.



The estimate deviations are small and below 0.04 m3/m3 for all possible combinations of models when the silt content ranges from 55% to 70% with a relatively low sand content or ranges from 50% to 55% with a relatively low clay content for soil texture cases in Section III, when the silt content is greater than approximately 25% with a low clay content for soil texture cases in Section II, or when the silt content is greater than approximately 35% with a low clay content for soil texture cases in Section IV, except for some cases greater than 0.04 m3/m3 at medium water content induced by the difference between the Dobson and other models due to the lack of distinction between bound water and bulk water in the Dobson model for soil texture cases in Sections II and IV. The estimate deviations due to the difference between the Wang and Mironov models (‘4′) are generally small and less than 0.04 m3/m3, except for some cases with relatively high clay contents for low medium volumetric water contents at low frequencies, or for low and medium volumetric water contents at high frequencies. The estimate deviations due to the difference between the SSMDM and Dobson models (‘3′) are generally small and less than 0.04 m3/m3 when the silt content is greater than 40%, except for a few cases at medium moisture contents due to the lack of distinction between bound water and bulk water in the Dobson model and at high moisture contents for high frequencies when the silt content is ≥85%.



Generally, the estimate deviations due to the difference between the Dobson and another models (Mironov model (‘1′) or Wang model (‘2′)) are larger than for other combinations. When the clay content is greater than 55% for soil texture cases in Section I, or the silt content is less than 10% or ranges from 10% to 20% with a high clay content for soil texture cases in Section II, or when the clay content is greater than 35% with a low silt content for soil texture cases in Section IV, the estimate deviations of ‘1′ and ‘2′ are large and greater than 0.04 m3/m3 for all soil moisture levels between 0.0 and 0.4 m3/m3, except for rare cases at very low moisture levels. For soil texture cases in Section III, the estimate deviations of ‘1′ and ‘2′ are large and greater than 0.04 m3/m3 at medium and high volumetric water contents when the silt content is greater than approximately 70%.




3.2.2. Soil Moisture Estimate Uncertainties from Soil Texture Discordance


Based on the same soil texture cases discussed in Section 3.1.2, the deviations of soil moisture estimate results due to soil texture discordance are depicted in Figure 7. The results show that soil texture discordance has very little influence on soil moisture estimates and the deviations are always less than or close to 0.04 m3/m3 with the Dobson model when the sand content remains constant, even when the soil texture varies from ‘H’(I) to ‘I’(III); or with the Wang model when the clay content is constant, even when the soil texture varies from ‘I’(II) to ‘H’(III); or with the Mironov model when the clay content is constant, where the soil moisture estimate deviations are zero because only the clay content is employed. However, the deviations with the Dobson model are greater than 0.04 m3/m3 at medium and high volumetric water contents when the soil texture varies from ‘I’(II) to ‘E1′(II) with constant clay content, and the deviation reaches approximately 0.16 m3/m3 when the soil texture varies from ‘I’ (II) to ‘H’(III). The estimate deviations with the Wang or Mironov models are distinct because of the change in clay content, with values of approximately 0.18 and 0.20 m3/m3, respectively, when soil texture varies from ‘H’(I) to ‘I’(III). Both sand and clay contents affect the SSMDM at low volumetric water contents, whereas the sand content is more important at high volumetric water contents. When the soil texture varies from sand to clay with constant silt content, the deviations with the Mironov or Wang models, which are close to 0.04 m3/m3 when the soil texture changes from ‘H’(II) to ‘H1′(II), are larger than those with the SSMDM or Dobson models, and the largest value of greater than 0.20 m3/m3 occurs for the Wang model when the soil texture varies from ‘H’(II) to ‘I’(I). A 20% error in the sensitive soil components of the corresponding models will result in soil moisture estimate deviations greater than 0.04 m3/m3 except for the SSMDM. The deviations with the Wang or Mironov model are greater than 0.04 m3/m3 at medium and high volumetric water contents when a 20% clay content error with constant sand is introduced. The deviations with the Dobson model are greater than 0.04 m3/m3 at medium and high volumetric water contents with a 20% sand content error with constant clay content.






4. Discussion and Conclusions


The soil moisture estimate deviations introduced by soil texture discordance with constant silt content compared to those with constant sand content or clay content should be the largest since the physical and chemical properties of the silt particles lie between those of the clay particles and sand particles. However, because the Mironov model uses clay as the only soil texture input, the model cannot describe this characteristic exactly, and soil texture discordance with invariant clay contents shows that the deviations are the largest in the Dobson model. Therefore, a theoretical problem in explaining the influence of soil texture likely exists in the Dobson model. Although both soil texture discordance and soil dielectric model discordance may lead to soil moisture estimate deviations of greater than 0.20 m3/m3, soil texture discordance can produce larger uncertainties with large changes in the sensitive soil particle.



When the soil moisture is very low, such as volumetric water contents of ≤0.07 m3/m3, which is simply an estimated value according to the simulations over all soil texture cases, the Mironov model relates the clay content to the complex dielectric permittivity of dry soil, and may lead to an obvious underestimation when the clay content is large, and the Dobson model cannot accurately describe the complex dielectric permittivity of moist soil when the sand content or clay content is large due to the lack of distinction between bound water and bulk water. With the exception of situations in which the soil moisture is very low, from the theory, simulations and some existing validations of the influence of soil texture on these SEMs, combined with the results of soil moisture estimation uncertainties from soil texture discordance and soil dielectric model discordance, we have the following conclusions, which are references for the choice of soil dielectric models:




	
For soil texture cases under the condition of 55% ≤ silt content ≤ 70% with low sand content, and 50% ≤ silt content ≤ 55%, the discrepancies between these four SEMs are small, and similar results can be achieved with all of them when chosen for soil moisture retrieval algorithms, except a few cases under the condition of 50% ≤ silt content ≤ 55% with high clay content (about >40%), where soil moisture estimation deviations are a little higher than 0.04 m3/m3 due to the discrepancies between the Dobson and Wang model at low soil moisture.



	
For soil texture cases under the condition of silt content ≥ 15% with low clay content for soil texture cases in Section II, and silt content ≥ 20% with low clay content for soil texture cases in Section IV, with the exception of the Dobson model at low and medium volumetric water content due to the lack of distinction between bound water and bulk water, the discrepancies between the Wang, Mironov, and SSMDM models are small, and similar results are achieved.



	
For soil texture cases under the condition of silt content ≥ 15% with high clay content for soil texture cases in Section II and silt content ≥ 20% with high clay content for soil texture cases in Section IV, the deviations will exceed the 4% volumetric water content requirement between the Dobson model and another model at low or medium water volumetric water content due to the lack of distinction between bound water and bulk water, and between the Wang and other models (i.e., Mironov or SSMDM model) at low water volumetric water content; whereas the discrepancies between the Mironov and SSMDM models are small. And these two SEMs for soil moisture retrieval algorithms can be considered firstly because both of them consider the dielectric properties of FSW. However, these soil texture cases lack validation with experimental data, and more accurate experimental data are needed to assess them.



	
The Mironov model, in which the clay percentage is the sole input parameter of soil texture, may introduce some uncertainties for soil texture cases with a large proportion of a certain component. For soil texture cases under the condition of 55% ≤ silt content ≤ 70% with high sand content and silt content > 70% at low frequencies, the discrepancies between the Dobson and SSMDM models are small. Either of these two SEMs for soil moisture retrieval algorithms can be tested firstly. Moreover, for these soil texture cases at high frequencies (about >10 GHz), the discrepancies between the Wang and SSMDM models are small. Either of these two SEMs for soil moisture retrieval algorithms can be tested firstly. However, all analyses are based on theory and lack validation with experimental data, and more accurate experimental data are needed to assess this.



	
For soil texture cases under the condition of silt content < 15% in Section II, silt content < 20% in Section IV, and all soil texture cases in Section I, we cannot provide reliable recommendations due to insufficient experimental data. The SSMDM can be tested firstly due to its better theoretical principle; however, the selection of the most appropriate model may largely depend on soil water content. Thus, more accurate experimental data are needed to provide a proposal.








In some cases, the soil moisture estimate uncertainties from soil dielectric model discordance and soil texture discordance are small and satisfy the 4% volumetric water content retrieval requirement. However, soil dielectric model discordance and soil texture discordance may contribute relatively significant uncertainties to soil moisture estimates and correspond to deviations that exceed the 4% volumetric water content requirement in some other cases. Consequently, it is necessary to obtain the exact soil texture information if the information can lead to relatively significant uncertainties in the soil moisture estimates and to determine which model is more accurate. However, soil texture cannot be easily measured remotely. Soil texture can be measured via a fine time-series from multiple-point ground-based observations to obtain soil-type maps, but this process is time-consuming and laborious. Alternatively, soil texture can be integrated into a retrieval algorithm as an unknown parameter.



In this paper, we focus on the theoretical aspects of the identified problems and perform model comparisons across a wide range of soil textures without measured dielectric constant data. The validations are restricted to the limited number of available soil types, and samples of laboratory soil employed to fit the empirical parameters in the four studied SEMs are different from those of natural soils, for which the influences of cracks, cavities, organic matter, and heterogeneity were not considered. In this regard, accurate laboratory measurements for a wider range of textures and temperatures, which can cover all soil types, are required. Furthermore, accurate laboratory measurements should be extended to natural soils with organic and special bulk densities.
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Table A1. Deviations induced by model discordance for all soil texture cases with volumetric water content levels between 0.0 and 0.4 m3/m3 at different frequencies between 1.4 and 18 GHz.






Table A1. Deviations induced by model discordance for all soil texture cases with volumetric water content levels between 0.0 and 0.4 m3/m3 at different frequencies between 1.4 and 18 GHz.





	

	

	
<0.04

	
>0.04






	
Mironov-Dobson

‘1′

	
I

Clay content ≥ 50%)

	
Some cases at high moisture when silt content ≥ 45%, or rare cases at very low and very high moisture when clay content ≤ 55%

	
Other cases




	
II

(Sand content ≥ 50%)

	
When silt content ≥ 35%, or 25% ≤ silt content < 35% with low clay content, or some cases at low and high moisture for other samples

	
When silt content < 10% or some samples when 10% ≤ silt content ≤ 20% with high clay content except for rare cases at very low moisture, or other cases at medium moisture for other samples




	
III

(Silt content ≥ 50%)

	
Other cases

	
Some cases at relatively high moisture when silt content > 70% or 55% < silt content ≤ 70% with high sand content, or some cases at low or low and medium moisture when silt content ≤ 55% with high clay content




	
IV

(Clay content < 50% and Sand content < 50% and Silt content < 50%)

	
When silt content ≥ 40% and clay content ≤ 20%, or silt content ≥ 40% and (silt content minus clay content) ≥ 15% at low frequencies, or at relatively high moisture for other samples

	
When clay content ≥ 35% and silt content ≤ 20% or clay content ≥ 45% and silt content ≤ 30%, or at relatively low moisture for other samples except for rare cases at very low moisture for low frequencies




	
Wang-Dobson

‘2′

	
I

	
When VWC ≤ 0.08, or some cases when 0.08 < VWC < 0.16 for all samples

	
When VWC ≥ 0.16, or other cases when 0.08 < VWC < 0.16 for all samples




	
II

	
When silt content ≥ 45%, or some samples when 40% ≤ silt content < 45% with low clay content, or some cases at low and high moisture for other samples

	
When silt content ≤ 20% except a few cases at very low moisture, some samples when 20% < silt content ≤ 30% with high clay content, or other cases at medium moisture for other samples




	
III

	
Other cases

	
Some cases at high moisture when silt content > 70%, or 65% < silt content ≤ 70% with high sand content, or rare cases at very low moisture for high frequencies with high clay content, or some cases at medium or high moisture when silt content ≤ 55% with high clay content




	
IV

	
When silt content ≥ 45% and clay content ≤ 15%, or at low moistures for samples with high sand content and low silt content, or at low and high moisture with low sand content and high silt content

	
Other cases




	
SSMDM-Dobson

‘3′

	
I

	
At high frequencies when silt content ≥ 40%, or when VWC ≤ 0.07 for all samples, or some cases when VWC > 0.07

	
When VWC ≥ 0.12 with clay content ≥ 75% except for rare cases at very high moisture for high frequencies, or some cases over other samples when VWC > 0.7




	
II

	
When silt content ≥ 45%, or other cases at low and high moisture for other samples

	
When silt content ≤ 15% at high frequencies, and some cases at medium moisture for other samples




	
III

	
Other cases

	
Some cases at high moisture for high frequencies when silt content ≥ 85%




	
IV

	
When silt content ≥ 45% at high frequencies, or at relatively lower and higher moisture for other samples

	
Other cases




	
Mironov-Wang

‘4′

	
I

	
Other cases, the transition point: 0.05 (high silt content)–0.11 (high clay content) at L-band; 0.15–0.33 at Ku-band

	
Low moisture, or rare cases for samples with high clay content in the vicinity of 0.4 m3/m3 at low frequencies and low and medium moisture at high frequencies




	
II

	
At low frequencies, or when clay content ≤ 20% except for rare cases at low moisture for high frequencies, or some cases at medium and high moisture when clay content > 20%

	
Some cases at low moisture for high frequencies when clay content > 20%, the transition point at Ku-band is 0.13 m3/m3 when clay content is 45%




	
III

	
Other cases

	
Rare cases at high moisture for high frequencies when silt > 95%, or some cases at low moisture for samples with high clay content. The highest transition point at L-, Ku-bands are 0.04 and 0.13 when clay content is 45%




	
IV

	
Other cases

	
Rare cases at very low moisture for low frequencies, or at low moisture for high frequencies for samples with high clay content. The highest transition point at Ku-band is 0.13




	
SSMDM-wang

‘5′

	
I

	
When 0.06 ≤ VWC ≤ 0.17, or some cases when 0.02 < VWC < 0.06 or VWC > 0.17

	
When VWC ≤ 0.02, and VWC ≥ 0.28 at Ku-band, and some other cases when 0.02 < VWC < 0.06 or VWC > 0.17




	
II

	
When silt content ≥ 15% and clay content ≤ 30%, or silt content (0–15%) matches the clay content (5–25%) except for rare cases at low moisture for high frequencies and very high moisture for samples with relatively high clay content, and other cases at low and medium moisture for other samples

	
Other cases




	
III

	
Other cases

	
Rare cases at low moisture for high frequencies, or samples with high clay content for low frequencies, or some cases at high moisture for low frequencies when silt content ≥ 80%, or 70% ≤ silt content < 80% with high sand content, or for high frequencies when silt content ≥ 95% with low clay content




	
IV

	
When silt content ≥ 20% and clay content ≤ 40% except for rare cases at very low and high moistures at high frequencies, or other cases for other samples

	
Some cases for other samples at relatively lower moisture for low frequencies, or at low and high moisture for high frequencies




	
Mironov-SSMDM

‘6′

	
I

	
At low frequencies with high silt content, or relatively low clay content with relatively high silt content except for rare cases at very low moisture, or some cases at some VWCs for other samples

	
When relatively high clay content with low silt content, and cases at other VWCs for other samples




	
II

	
When silt content ≥ 15% and clay content ≤ 30% except for rare cases at low moisture for high frequencies, or silt content (0–15%) match clay content (25–35%) at high frequencies except for rare cases at very low moisture, or other cases for other samples

	
At high frequencies when clay content is closed to 50%, or some cases at high moisture for low frequencies, or some case at low and high moisture for other samples




	
III

	
Other cases

	
Rare cases at low moisture for samples with high clay content at high frequencies, or some cases at high moisture when silt content > 80% or 75% ≤ silt content < 80% with high sand content




	
IV

	
When silt content ≥ 20% except for rare cases at low moisture for high frequencies with high clay content, or other cases for other samples

	
Some cases for other samples at relatively lower moisture for low frequencies and at low and high moisture for high frequencies
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Figure 1. Soil texture grouping diagram according to the gravimetric weights of soil particles. 
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Figure 2. Maximum bound water fraction (MBWF) versus clay percentage. Legend notes: eq (5) and eq (7) indicate that the MBWF is computed by Equation (5) or Equation (7), respectively, and: 1, a sand fraction of 0; 2, a sand fraction of 30%; and 3, a sand fraction of 60%. 
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Figure 3. Simulated real parts of typical soil samples for different models. A solid line is used for soil texture cases in Section I or II; and a dashed line is used for soil texture cases in Section III or IV. “II-I-L” stands for I sample from Section II at the L-band. 
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Figure 4. Simulated imaginary parts of typical soil samples for different models. A solid line is used for soil texture cases in Section I or II; and a dashed line is used for soil texture cases in Section III or IV Section. “III-H-L” stands for H sample from Section III at the L-band. 
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Figure 5. The simulations of the real parts for different soil texture types under the same model. Top panels—sand content constant; middle panels—clay content constant; bottom panels—silt content constant. ‘H(I)’ is the ‘H’ sample from I soils. A solid line is used for the L-band and a dashed line is used for the Ku-band. 
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Figure 6. Deviations in the soil moisture estimates by different models for typical soil samples. The numbers (from ‘1′ to ‘6′) were explained earlier in Section 2. The black straight line represents the soil moisture estimate accuracy requirement of 0.04 m3/m3. 
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Figure 7. Deviations in the soil moisture retrievals by soil texture. Top panels—sand content constant; middle panels—clay content constant; bottom panels—silt content constant. ‘H(I)→H1(I)’ is the ‘H’ sample from Section I, which is used as the input soil texture for the soil dielectric model to construct the lookup table (LUT). The ‘H1′ sample from Section I is the input soil texture for the same soil dielectric model to retrieve the soil moisture. 
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Table 1. Soil texture cases of the existing validations.
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Sources of Measurements

	

	
Sand (%)

	
Silt (%)

	
Clay (%)

	
Sources of Measurements

	

	
Sand (%)

	
Silt (%)

	
Clay (%)






	
From ref [25]

	
Forest soil

	
57.4

	
32.1

	
10.5

	
From ref [27]

	
Silt loam

	
8

	
71

	
21




	
Natural soil

	
72.2

	
24.3

	
3.5

	
From ref [26]

	
Sandy loam

	
62

	
24

	
14




	
Sand soil

	
92.7

	
6.7

	
0.6

	
From ref [23]

	
silty clay loam

	
11

	
62

	
27




	
From ref [12]

	
Harlingen clay

	
2.0

	
37.0

	
61.0

	
From ref [7]

	
Sample 1

	
51.51

	
35.06

	
13.43




	
F2

	
56.0

	
26.7

	
17.3

	
Sample 2

	
41.96

	
49.51

	
8.53




	
H7

	
19.3

	
46.0

	
34.7

	
Sample 3

	
30.63

	
55.89

	
13.48




	
Yuma sand

	
100

	
0

	
0

	
Sample 4

	
17.16

	
63.84

	
19.00




	
Vernon clay loam

	
16.0

	
56.0

	
28.0

	
Sample 5

	
5.02

	
47.60

	
47.38




	
Miller clay

	
3.0

	
35.0

	
62.0

	
From ref [10]

	
Silty sand (D)

	
77

	
9

	
14
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