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Abstract

This paper examines the radar penetration into a rough soil surface with a vertical moisture profile. Numerical analysis shows

that the penetration depth decreases exponentially with increasing frequency, and the difference between H- and V- polarization

reduces. For the incident angle dependence, the variation of penetration depth is somehow complex. For incident angle larger

than 20o, the penetration depth decreases at H polarization, but increases first and then decreases at V polarization. As for

soil surface dependence, the topsoil moisture content has a greater impact on the penetration depth than the surface roughness.

Of the two roughness parameters, the rms height has a more significant influence on the penetration depth than the correlation

length. The dependence of penetration depth on the wave polarization moderates when the surface becomes rougher. Results

suggest that the penetration depth is sensitive to the inhomogeneity of moisture profiles due to the temporal evaporation process,

indicating that the penetration depth is difficult to measure and an equivalent model to estimate it may be inappropriate, or

at least it is difficult to establish.
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Key Points: 7 

• The penetration depth is sensitive to the inhomogeneity of moisture profiles due to the 8 

temporal evaporation process. 9 

• As for roughness parameters, the RMS height has a more significant influence on the 10 

penetration depth than the correlation length. 11 

• For radar parameter dependence, the penetration depth is more sensitive to the radar 12 

frequency than the incident angle. 13 
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Abstract 16 

This paper examines the radar penetration into a rough soil surface with a vertical moisture profile. 17 

Numerical analysis shows that the penetration depth decreases exponentially with increasing 18 

frequency, and the difference between H- and V- polarization reduces. For the incident angle 19 

dependence, the variation of penetration depth is somehow complex. For incident angle larger than 20 

20o, the penetration depth decreases at H polarization, but increases first and then decreases at V 21 

polarization. As for soil surface dependence, the topsoil moisture content has a greater impact on 22 

the penetration depth than the surface roughness. Of the two roughness parameters, the rms height 23 

has a more significant influence on the penetration depth than the correlation length. The 24 

dependence of penetration depth on the wave polarization moderates when the surface becomes 25 

rougher. Results suggest that the penetration depth is sensitive to the inhomogeneity of moisture 26 

profiles due to the temporal evaporation process, indicating that the penetration depth is difficult 27 

to measure and an equivalent model to estimate it  may be inappropriate, or at least it is difficult 28 

to establish. 29 

1 Introduction 30 

Microwave sensor has the advantage of penetrating capability compared to optical 31 

sensors(Farr, 1986 & Ulaby, 2014). A general concurrency is that the penetration depth decreases 32 

with increasing radar frequency and moisture content (Bruckler,1988 & Rao, 1988 & Risman, 33 

1991 & Boisvert,1995) . However, how deep a radar at a specific wavelength can penetrate a moist 34 

soil surface is still vague. For example, the study in (Owe,1988) found that observed “effective 35 

penetration depth” exceeded the theoretically defined value, perhaps raised from several aspects. 36 

One is the presence of a rough boundary upon which the wave is impinging. Another is the 37 

complexity of the moisture profile over depth in which the wave propagates through. Yet, the 38 

dielectric model that relates the moisture content to the permittivity as a function of radar 39 

wavelength, soil texture, and temperature may also excises some influences in determining the 40 

penetration depth (Owe,1988 & Lv, 2018 & Singh, 2018), where the penetration depth may be 41 

calculated based on power attenuation via transmissivity (Risman,1991) or field propagation via 42 

transmitted coefficient (Bruckler, 1988) through the plane boundary. In this context, the 43 

penetration depth is usually confused with the skin depth, although physically they are the same, 44 

only differ by 2. By far, the penetration depth is defined at normal incidence upon a plane boundary. 45 

This further generates two issues. A plane boundary is rarely found in natural soil surface in 46 

microwave regions. A local incidence due to roughness will alter the scattering pattern. Hence the 47 

penetration depth must be modified accordingly. Radar observation at normal incidence is not 48 

common; if not peculiar, it will lose the polarization information and result in the ground range 49 

ambiguity.  50 

For inhomogeneous medium such as soil, an equivalent multilayered model may be applied 51 

to calculate the penetration depth (Ulaby, 2014). The influence of inhomogeneity on 52 

backscattering detailed in (Zribi, 2013) showed a dependence on the radar frequency, which 53 

subsequently altered the penetration depth. The study of (Zribi, 2013) confirmed that the inclusion 54 

of moisture inhomogeneity gave a better match between model predictions and SAR observations. 55 

The presence of surface inhomogeneity generally leads to features that do not appear in the 56 

homogeneous surface, including the scattering coefficient is enhanced on the whole scattering 57 

plane (Yang, 2019). These features offer significant implications to how we devise the moisture 58 

profile inversion effectively. Hence, in this study, it is desirable to re-examine the radar penetration 59 



manuscript submitted to replace this text with name of AGU journal 

 

depth perturbed by the soil roughness and inhomogeneity. Moreover, the polarization and angle 60 

information are taken into account. It is so in line of the radar sensing of soil moisture, and thus an 61 

effective retrieval of moisture profile. 62 

2 Basic Wave Transmission Through a Rough Boundary with an Inhomogeneous Medium 63 

2.1 Reflectivity and transmissivity 64 

Referring to Fig.1, consider  an uniform plane wave p-polarized  incident onto the 65 

boundary, the incident filed, reflected field, and the transmitted field can be expressed by with 66 

time-harmonic phase factor understood. 67 

; ;                                (1) 68 

where is the amplitude of the incident electric field,  is position vector; and69 

 are p- polarization reflection and transmission coefficients are determined by imposing the 70 

boundary conditions on the tangential and normal fields across the boundary. The propagating 71 

vectors, or the wave vectors, appearing in the spatial phase of (1) are given by (Ulaby, 72 

2014). Assuming that the wave incidence is in free-space and the transmitted medium (moist soil) 73 

is non-magnetic, namely, . 74 

 75 

 76 
 77 

Figure 1. Geometry of wave scattering from a rough surface with inhomogeneous dielectric 78 

profile. 79 

In what follows, we shall consider the linear polarizations, horizontal, and vertical 80 

polarization, since other polarizations can be constructed by combining two linear polarizations.  81 

Once permittivity and permeability for the media is given, both the reflection coefficient and 82 

transmission coefficient can be determined. 83 

For horizontal polarization, the reflectivity and the transmissivity  are 84 

  ,                                               (2) 85 

For vertical polarization, the reflectivity v  and transmittivity v  are  86 
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   ,                                               (3) 87 

The incident angle to refraction angle are related by the Snell’s law. Note that the 88 

transmissivity is defined at a plane interface between two media. The interface between layers, 89 

including top and bottom boundaries, in general, is rough. Hence, modification of the 90 

transmissivity to account for the rough boundary is necessary. It is understood that the Fresnel 91 

reflection coefficient for a rough boundary is dependent on the local incident angle as long as there 92 

are local tangent planes that exist. In order to convert global incidence into local incidence, the p-93 

polarized reflection coefficient evaluated at a transition angle is given by (Wu, 2001). It is known 94 

that the reflection coefficient is dependent on the surface rms height and the correlation function, 95 

or equivalently, the roughness spectrum, to account for the full variation of surface roughness and 96 

radar parameters. 97 

In the preceding discussion, we assumed the transmitted medium being homogeneous. 98 

However, natural surfaces are generally inhomogeneous, with permittivity being spatially non-99 

uniform. For an inhomogeneous medium with a continuous dielectric profile, the reflectivity and 100 

transmissivity are a function of depth. 101 

2.2 Vertical inhomogeneity 102 

Following(Njoku,1977), the  vertical moisture profile of soil surface in dry up or wet down 103 

conditions may be modelled by 104 

                    (4) 105 

where z is depth, and d is the total layer depth; are volumetric moisture content at top and 106 

bottom boundaries, respectively. The moisture content at bottom is also referred as background 107 

moisture content. 108 
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 109 

Figure 2. Moisture profile of various soil condition, top soil moisture 0=5%vm , background 110 

soil moisture =40%vbm , . 111 

In Fig.2, we present several typical monotonic dielectric profiles with moisture content 112 

varying  in the z-direction by controlling values. For a minimal amount of , the moisture 113 

content and depth approach to a linear relationship. For unfrozen soil, we employ the generalized 114 

refractive mixing dielectric model (GRMDM) (Mironov, 2009 & Mialon, 2015)to relate the 115 

moisture content to permittivity. For more about the influence of the dielectric model on the 116 

estimating penetration depth, please refer to (Singh, 2018). Once the permittivity profile 117 

corresponding to the moisture profile (4) is established, it is possible to derive analytic expressions 118 

for the reflection coefficients. However, it is too laborious to do so. Instead, we seek a numerical 119 

solution by discretizing the continuous profile into multilayers. The number of layers is 500, and 120 

the thickness of the layers is 0.1cm. For a multi-layered medium, we used a recursive formula to 121 

calculate the reflection coefficients. 122 

3 Penetration Depth for Homogeneous and Inhomogeneous Media 123 

For a homogeneous medium, the power transmission into the medium is 124 

                                                          (5) 125 

where  is transmissivity at the interface between air and medium, subscript p=h, v indicates 126 

polarization;  is the z-component of the wavenumber in the transmitted medium. The 127 

penetration depth is defined as 128 

                                                                   (6) 129 
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                                              (7) 130 

where the loss tangent is ; are, respectively, real part and imaginary part of 131 

the permittivity of the homogeneous medium. 132 

 133 

For an inhomogeneous medium with continuous dielectric profile, the power transmission 134 

into the medium may be expressed as an integral form: 135 

                            (8) 136 

where  is transmissivity at the interface ,  is the z-component of the wavenumber 137 

as function of  in the medium as 138 

                                                    (9) 139 

It follows that the penetration depth is given by 140 

                                 (10) 141 

As argued in (Ulaby, 1974), for homogeneous soil surface, we compute the penetration  142 

using (7) but replacing moisture profile ( )vm z  with an averaged soil moisture vm  over the depth 143 

from top to bottom boundaries: 144 

                                                     (11) 145 

It should be noted that in calculating the reflection coefficient of a multilayered medium 146 

such as we deal with the profiles in (4), the multiple scattering and the volume scattering are 147 

ignored, among other effects. Hence, the penetration depth by the transmittivity varying with depth 148 

may be biased compared to real measurement. More discussions about the layering effects on the 149 

backscattering and the moisture retrieval can be found in (Konings, 2014). Nevertheless, the 150 

penetration depth causes a phase delay, measurable by InSAR, could be an alternative for 151 

estimating the soil moisture (Nolan, 2003). 152 

4 Effect of Radar and Soil Parameters on Penetration Depth 153 

4.1 Radar parameters dependence 154 

Fig. 3 shows the penetration depth p  as a function of frequency for homogeneous and 155 

inhomogeneous soil surfaces, where, as an example, the top soil moisture 0vm  is 5%, and the 156 

background soil moisture is 40%. The frequency varies from 1 GHz to 12 GHz. The normalized 157 
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correlation length kl  is set as 10, and the normalized rms height  is 1. The incident angle is 158 

40°. Fig. 3 shows the penetration depths from inhomogeneous soil surface are deeper than the 159 

homogeneous surfaces. This phenomenon stems from the fact that the averaged moisture of 160 

homogeneous soil is wetter than the top layer soil of inhomogeneous soil surface. Hence, the 161 

transmissivity is relatively smaller for homogeneous soil. As the frequency increases, the 162 

penetration depth decreases exponentially. The differences in penetration depth between 163 

homogeneous and inhomogeneous soil surface significantly decrease as the frequency increases. 164 

Note that the penetration depth is deeper at V-polarized than at H-polarized incidences because 165 

the transmissivity is higher at vertical polarization. The difference between H- and V-polarizations 166 

reduces with increasing frequency. 167 

The moisture profile is a function of  , which controls the change rate of the soil moisture 168 

content in z-direction. The change rate  affects the penetration depth through the dielectric 169 

model corresponding to the vertical moisture profile in (4). Furthermore, the penetration depth for 170 

two different soil type (Mironov, 2009) shown in Figure 3(b). As a whole, the difference in 171 

penetration depth is about 3-5cm from 1-12 GHz of frequencies. 172 

 173 

    (a)                                                 (b)                                             (c) 174 

Figure 3. Penetration depth as a function of frequency. (a) homogeneous ( =22.65%vm ) and 175 

inhomogeneous soil ( 0=5%, =40%v vbm m )surfaces. (b) inhomogeneous , (b) 176 

inhomogeneous: Sand=88%,Clay=4%, and Sand=2%, Clay=76%. 177 
 178 

To demonstrate how the penetration depth changes due to the moisture profile, in Fig. 3(c) 179 

we plot the penetration depth by varying change rates of .  As the absolute 180 

value of increases, the penetration depth decreases correspondingly. The penetration is deeper 181 

when . This phenomenon is easily expected for the upper layer with  is drier 182 

than that with . When the soil is dry, the transmissivity is larger, so is the penetration. 183 
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       184 

        (a)                                                               (b) 185 

Figure 4. Transmissivity (a) and penetration depth (b) as a function of incident angle at L 186 

band. Homogeneous ( =22.65%vm ) and inhomogeneous soil ( 0=5%, =40%v vbm m )surfaces. 187 

Similarly, in Fig. 4, the transmissivity’s dependence and the penetration depth on the 188 

incident angle are presented. For numerical illustration, we fixed the frequency at 1.25GHz. As 189 

the incident angle increases, there are two common trends both for homogeneous and 190 

inhomogeneous soil surface, including 1) the H-polarized penetration depth decreases, but the V-191 

polarized penetration depth increase first and then decreases. The penetration depth is affected by 192 

the incident angle because it is a function of transmissivity. For the rough boundary, the V-193 

polarized transmissivity along the incident direction increase first and then decreases, and the 194 

inflection point appears at the position of Brewster's angle; 2) Penetration depth is deeper in V-195 

polarization than in H-polarization, and the difference in penetration depth between the two 196 

polarizations gradually increase with increasing incident angle. By comparison with the 197 

homogeneous soil surface, the penetration depth of the inhomogeneous soil surface is relatively 198 

deeper, and the polarization difference is more pronounced. This phenomenon is given rise by the 199 

top layer moisture of inhomogeneous soil being drier than the averaged moisture content over the 200 

soil depth. The maximum difference between horizontal and vertical polarizations is about 10cm 201 

around 75° of incident angle, which is just the Brewster angle in this case. To define an equivalent 202 

homogeneous model from an inhomogeneous medium is never straightforward. A large difference 203 

of the penetration depths between the two media tells that an equivalent model is difficult, if not 204 

impossible,  to apply when it comes to estimate the penetration depth at a specific radar wavelength. 205 

We now illustrate the coupling effect of frequency and incident angle on the penetration 206 

depth by changing one of them while fixing the other. Fig. 5 (a) and Fig. 5 (b) show the contour 207 

plots of penetration depth for the inhomogeneous soil surface at H- and V- polarized incidences, 208 

respectively. As can be seen from Figs. 5 (a), (b), the tendency of penetration depth in H 209 

polarization is quite different from that in V polarization. By comparison, the penetration depth 210 

occurs at a larger dynamic range of incident angle in V polarization, but in H polarization, the 211 
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penetration depth is almost zero when . The dynamic range of penetration depth is about 212 

24cm when the frequency varies from 1 to 10 GHz, and the incident angle changes from 0° to 85°. 213 

The maximum polarization difference occurs at low frequencies (e.g., L band) and at a large 214 

incident angle, e.g., 70°~85°, which, however, are rarely used due to low backscattering returns. 215 

 216 

(a)                                                                           (b) 217 

Figure 5  Penetration depth as a function of frequency and incident angle for inhomogeneous 218 

soil surface 0=5%, =40%v vbm m , . (a): H polarization, (b): V polarization. 219 

4.2 Soil parameters dependence 220 

We now examine the soil parameters dependence on the penetration depth. Figs. 6 (a), (b) 221 

show the overall varying of penetration depth with top and the background soil moisture contents, 222 

respectively, with surface roughness as , with an incident angle of 40° and 223 

frequency of 1.25 GHz. Fig. 6 (a) shows the penetration depth when the the backgroud soil 224 

moisture is fixed at 40% and the top soil moisture varies from 5% to 40%, and Fig. 6 (b) plots the 225 

penetration depth  with the background soil moisture varying from the 5% to 40%, and topsoil 226 

moisture of 5%. It indicates that the penetration depth decreases as both the top and the background 227 

soil moistures increase. When the topsoil moisture varies from  5% to 40%, the dynamic range of 228 

penetration depth for inhomogeneous soil surface is about 10cm but that for homogeneous soil 229 

surface is only about 2cm. In the above illustration, the penetration depth of an inhomogeneous 230 

soil surface is  more sensitive to the topsoil moisture. Yet for the homogeneous soil surface, it is 231 

dependent on the background soil moisture. It is worth noting that the penetration depth differences 232 

between H- and V- polarization is only about 1~2cm. 233 
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              234 
 235 

     (a)                                                                    (b) 236 

Figure 6 Penetration depth as a function of (a) top soil moisture with ; 237 

(b) background soil moisture   with . 238 

 239 

We now examine the penetration depth dependence of surface roughness  at L band. We 240 

set the incident angle to 40° and  the normalized correlation length to 10, while changing the 241 

normalized rms heights from 0 to 5. From Fig.7 (a), as the rms height increases, the penetration 242 

depth at horizontal polarization increases first and tends to flatten, while diminishes first at vertical 243 

polarization. The difference of penetration depth between H- and V- polarization is about 2-3cm 244 

for the fairly flat boundary. But when the rms height is large enough, say,  , the penetration 245 

depths are almost the same at H- and V- polarizations; that is, the difference in penetration depth 246 

at two polarizations reduces due to the roughness. Fig. 7(b)  plots  the penetration depth as a 247 

function of normalized correlation length. The overall penetration depth dependence on the 248 

correlation length is similar to that on the  rms height. 249 

                 250 

(a)                                                                             (b) 251 
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Figure 7 Penetration depth as a function of (a) normalized rms height at  and (b) 252 

normalized correlation lengthkl  at =2k . 253 

 254 

(a)                                                                              (b) 255 

Figure 8  Penetration depth as a function of top soil moisture 0vm  and normalized rms height256 

for inhomogeneous soil surface with parameters similar to Fig.3. (a): H polarization, (b): 257 

V polarization. 258 

We observe that the topsoil moisture and rms height are two main soil surface parameters 259 

to determine the penetration depth. As shown in Fig. 8, physically, the penetration depth is more 260 

sensitive to the topsoil moisture than the rms height. We see that the contour plots  of the 261 

penetration depths  are very distinct, especially for a small normalized rms height . The penetration 262 

depth is a complicated factor that strongly depends on the surface roughness of the top boundary 263 

under which the dielectric constant is vertically varying. To define a radar medium, be it a 264 

subsurface layer or a volume layer as a half-space, seems problematic. It is worth to examine such 265 

effects on the inferring surface parameters, e.g., moisture content, roughness, surface height (Dall, 266 

2007), or snow water equivalent content (Yueh, 2017). 267 

 268 

5 Conclusions 269 

This study investigates the penetration depths from an inhomogeneous rough soil surface 270 

with a vertical moisture profile. The penetration depth is deeper at V polarization than at H 271 

polarization. For radar parameter dependence, the penetration depth is more sensitive to the radar 272 

frequency than the incident angle. As the frequency increases from 1 GHz to 10 GHz, the 273 

penetration depth decreases exponentially, and the difference between the two polarizations 274 

shrinks. With increasing incident angle, the penetration depth decreases in H polarization, but 275 

increases first and  decreases in V polarization. As for soil conditions dependence, the topsoil 276 

moisture has a more significant effect on penetration depth than the surface roughness. As the top 277 

soil moisture becomes drier, the difference of penetration depth between two polarizations 278 
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decreases. When the rms height increases, the penetration depth in horizontal polarization 279 

increases first and then tends to flat out, but that in vertical polarization diminishes first. The 280 

penetration depth is found more sensitive to polarization at smaller rms heights and correlation 281 

lengths.  282 

 283 

References 284 

Bruckler, L., Witono, H., & Stengel, P. (1988), Near surface soil moisture estimation from 285 

microwave measurements, Remote Sensing of Environment, 26 (2), 101-121. doi:10.1016/0034-286 

4257(88)90091-0. 287 

Boisvert, J. B., Gwyn, Q. H. J., Brisco, B., Major, D. J., & Brown, R. J. (1995), Evaluation of 288 

soil moisture estimation techniques and microwave penetration depth for radar applications, 289 

Canadian Journal of Remote Sensing, 21(2), 110-123. doi: 10.1080/07038992.1995.10874606. 290 

Dall, J.(2007), InSAR elevation bias caused by penetration into uniform volumes, IEEE 291 

Transactions on Geoscience and Remote Sensing, 45(7), 2319-2324. doi: 292 

10.1109/TGRS.2007.896613. 293 

Farr, T. G., Elachi, C., Hartl, P., & Chowdhury, K. (1986), Microwave penetration and 294 

attenuation in desert soil: A field experiment with the shuttle imaging radar, IEEE Trans. Geosci. 295 

Remote Sens., GE-24(4), 590–594. doi: 10.1109/TGRS.1986.289675. 296 

Konings, A. G., Entekhabi, D., Moghaddam, M., & Saatchi, S. S.(2014), The effect of variable 297 

soil moisture profiles on P-band backscatter, IEEE Transactions on Geoscience and Remote 298 

Sensing, 52(10), 6315–6325. doi: 10.1109/TGRS.2013.2296035. 299 

Lv, S., Zeng, Y., Wen, J., Zhao, H., & Su, Z. (2018), Estimation of penetration depth from soil 300 

effective temperature in microwave radiometry, Remote Sensing, 10(4), 519. doi: 301 

10.3390/rs10040519. 302 

Mironov, V. L., Kosolapova, L. G., & Fomin, S. V. (2009), Physically and mineralogically based 303 

spectroscopic dielectric model for moist soils, IEEE Transactions on Geoscience and Remote 304 

Sensing, 47(7), 2059–2070. doi: 10.1109/TGRS.2008.2011631. 305 

Mialon, A., Richaume, P., Leroux, D., Bircher, S., Bitar, A., Pellarin, T., Wigneron, J. P., & Kerr, 306 

Y. H. (2015), Comparison of Dobson and Mironov dielectric models in the SMOS soil moisture 307 

retrieval algorithm, IEEE Transactions on Geoscience and Remote Sensing, 53(6), 3084–3094. 308 

doi: 10.1109/TGRS.2014.2368585. 309 

Njoku, E. G., & Kong, J. A. (1977), Theory for passive microwave remote sensing of near-surface 310 

soil moisture, Journal of Geophysical Research, 82(20), 3108-3118. doi: 311 

10.1029/JB082i020p03108. 312 

https://doi.org/10.1016/0034-4257(88)90091-0
https://doi.org/10.1016/0034-4257(88)90091-0
https://doi.org/10.1080/07038992.1995.10874606
https://doi.org/10.1109/TGRS.2007.896613
https://doi.org/10.1109/TGRS.1986.289675
https://doi.org/10.1109/TGRS.2013.2296035
https://doi.org/10.3390/rs10040519
https://doi.org/10.1109/TGRS.2008.2011631
https://doi.org/10.1109/TGRS.2014.2368585
https://doi.org/10.1029/JB082i020p03108


manuscript submitted to replace this text with name of AGU journal 

 

Nolan, M., & Fatland, D. R. (2003), Penetration depth as a DInSAR observable and proxy for 313 

soil moisture, IEEE Transactions on Geoscience and Remote Sensing. 41(3), 532–537. doi: 314 

10.1109/TGRS.2003.809931. 315 

Owe, M., & Van de Griend, A. A.(1998), Comparison of soil moisture penetration depths for 316 

several bare soils at two microwave frequencies and implications for remote sensing, Water 317 

Resources Research, 34(9),2319–2327. doi:10.1029/98WR01469. 318 

Rao, K. S., Chandra, G., & Rao, P. V. N. (1988), Study on penetration depth and its dependence 319 

on frequency, soil moisture, texture and temperature in the context of microwave remote sensing, 320 

Journal of the Indian Society of Remote Sensing, 16(2), 7-19. doi:10.1007/BF03014300. 321 

Risman, P. (1991), Terminology and notation of microwave power and electromagnetic energy, 322 

Journal of Microwave Power and Electromagnetic Energy, 26(4), 243-250. 323 

doi:10.1080/08327823.1991.11688163. 324 

Singh, A., Meena, G. K., Kumar, S., & Gaurav, K. (2018), Analysis of the effect of incidence 325 

angle and moisture content on the penetration depth of L- and S-band SAR signals into the ground 326 

surface, ISPRS Ann. Photogramm. Remote Sens. Spatial Inf. Sci., 5, 197–202. doi: 10.5194/isprs-327 

annals-IV-5-197-2018. 328 

Ulaby, F. T., & Long, D. G. (2014), Microwave radar and radiometric remote sensing. Ann 329 

Arbor, MI, USA: Univ. of Michigan Press. 330 

Ulaby, F. T., Cihlar, J., & Moore, R. K. (1974), Active microwave measurement of soil water 331 

content, Remote Sensing of Environments, 3, 185-203. doi:10.1016/0034-4257(74)90004-2 332 

Wu, T. D., Chen, K. S., Shi, J. C., & Fung, A. K.(2001), A transition model for the reflection 333 

coefficient in surface scattering,” IEEE Transactions on Geoscience and Remote Sensing, 39(9), 334 

2040-2050. doi: 10.1109/36.951094. 335 

Yueh, S. H., Xu, X., Shah, R., Kim, Y., Garrison, J. L., Komanduru, A., & Elder, K. (2017), 336 

Remote sensing of snow water equivalent using coherent reflection from satellite signals of 337 

opportunity: theoretical modeling, IEEE Journal of Selected Topics in Applied Earth 338 

Observations and Remote Sensing, 10(12), 5529–5540. doi:10.1109/JSTARS.2017.2743172. 339 

Yang, Y., & Chen, K. S. (2019), Full-polarization bistatic scattering from an inhomogeneous 340 

rough surface, IEEE Transactions on Geoscience and Remote Sensing, 57(9), 6434–6446. doi: 341 

10.1109/TGRS.2019.2906079. 342 

Zribi, M., Gorrab, A., Baghdadi, N., Lili-Chabaane, Z., & Mougenot, B.(2013), Influence of radar 343 

frequency on the relationship between bare surface soil moisture vertical profile and radar 344 

backscatter, IEEE Geoscience and Remote Sensing Letters, 11(4), 848–852. doi: 345 

10.1109/LGRS.2013.2279893. 346 

https://doi.org/10.1109/TGRS.2003.809931
https://doi.org/10.1029/98WR01469
https://doi.org/10.1080/08327823.1991.11688163
https://ui.adsabs.harvard.edu/link_gateway/2018ISPAn..45..197S/doi:10.5194/isprs-annals-IV-5-197-2018
https://ui.adsabs.harvard.edu/link_gateway/2018ISPAn..45..197S/doi:10.5194/isprs-annals-IV-5-197-2018
https://doi.org/10.1016/0034-4257(74)90004-2
https://doi.org/10.1109/36.951094
https://doi.org/10.1109/JSTARS.2017.2743172
https://doi.org/10.1109/TGRS.2019.2906079
https://doi.org/10.1109/LGRS.2013.2279893

