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Abstract: We evaluate the penetration depth of synthetic aperture radar (SAR) signals into the ground
surface at different frequencies. We applied dielectric models (Dobson empirical, Hallikainen, and
Dobson semi-empirical) on the ground surface composed of different soil types (sandy, loamy, and
clayey). These models result in different penetration depths for the same set of sensors and soil
properties. The Dobson semi-empirical model is more sensitive to the soil properties, followed by the
Hallikainen and Dobson empirical models. We used the Dobson semi-empirical model to study the
penetration depth of the upcoming NASA-ISRO synthetic aperture radar (NISAR) mission operated
at the L-band (1.25 GHz) and the S-band (3.22 GHz) into the ground. We observed that depending
upon the soil types, the penetration depth of the SAR signals ranges between 0 to 10 cm for the
S-band and 0 to 25 cm for the L-band.
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1. Introduction

Penetration depth of microwave synthetic aperture radar (SAR) pulses into the ground
surface depends on the sensors (i.e., wavelength, incident angle) and target properties
(i.e., dielectric properties of soil, soil types) [1-3]. The sensor properties are fixed for a
specified space mission. The target properties are dynamic and may change in response to
the soil moisture content, soil types, grain size, and surface roughness. The target properties
of a bare land surface include soil texture, bulk density, and soil moisture. Together,
these soil parameters define the soil permittivity. To assess the interlinking between
soil permitivity and the penetration depth of SAR pulses, we performed a bibliometric
analysis (Figure 1). We used four metrics (i.e., items, clusters, links, and total link strength)
to quantify the linkage. With items = 570, Clusters = 22, Links = 9776, and Total link
strength = 10,245, we found that soil moisture estimated from microwave images emerged
as an essential linkage between soil permittivity and penetration depth of SAR pulses into
the soil. The moisture content determines the dielectric values and penetration depth of
SAR signals into the ground.

Several empirical and semi-empirical models have been proposed to evaluate the
permittivity at different microwave frequencies of the electromagnetic spectrum (EM).
Dobson et al. [4] proposed an empirical relation for estimating the real and imaginary
part of the complex permittivity. They established a relationship that relates complex
permittivity to soil texture and moisture at two discrete frequencies (i.e., 1.4 and 5 GHz).
Later, Hallikainen et al. [5] proposed a modified empirical relation to estimate the soil
permittivity. Although Hallikainen model covers a large range of the radio detection and
ranging system (RADAR) band (ranging from 1.4 to 18 GHz), it is valid only for nine
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discrete sets of frequencies. Recently, Singh et al. [6] reported that Dobson empirical and
Hallikainen models produce inconsistent results with the same set of parameters. This
could be due to the fact that the empirical relationships are generally site-specific and
vary greatly on the local soil parameters [7]. Additionally, they have observed that the
Hallikainen model is more sensitive to soil parameters and is widely used to compute
permittivity [8-10]. The Hallikainen model involves an approximation of the frequencies
that do not coincide with nine discrete frequencies [9]. This approximation introduces an
error in estimating the complex permittivity of soil.
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Figure 1. Keywords co-occurrence bibliometric analysis of the words (soil, dielectric models, and pen-
etration depth). The keywords are from more than 45 research publications (from the Scopus database
indexed till 30 August 2022). There are about 570 items (i.e., words) that get clustered into 22 clusters
(shown in different colors) and 9776 links (indicated in curve lines).

The Dobson and Hallikainen empirical models are site-specific and valid only for a cer-
tain discrete set of microwave frequencies. To overcome these limitations, Dobson et al. [11]
proposed a semi-empirical dielectric model that relates complex permittivity with more
soil parameters such as bulk density, specific density, soil moisture, effective conductivity,
etc. This model is valid for continuous frequencies ranging from 1.4 GHz to 18 GHz.
Later, Peplinski et al. [12] extended this model for a frequency range 0.3-1.3 GHz; it can
be used for almost all space missions. Moreoever, this model can be used to minimise the
approximation error in the estimation of complex permittivity.

NASA-ISRO synthetic aperture radar (NISAR) mission is a joint venture of the Indian
Space Research Organization (ISRO) and the National Aeronautics and Space Admin-
istration (NASA); it is scheduled to be launched in January 2024. The satellite will be
the first radar-imaging satellite to use dual frequencies (L: 1.25 GHz- and S: 3.20 GHz)
that will record fully polarimetric images, with a swath >240 km and an incident angle
between 33° and 47° [13,14]. The synergic use of L- and S-band imaging will be useful to
estimate depth-dependent soil moisture and eliminate the soil moisture phase noise [15-19].
The availability of L-band SAR will enable deeper penetration of microwave pulses into
the ground as compared to the lower wavelength such as the C-band [20].
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This study aims to investigate the impact of soil moisture content, incidence angle,
and soil texture on the depth to which microwave signals can penetrate the ground surface.
We employ the Dobson semi-empirical model to estimate the penetration capability of the
proposed L- and S-band SAR sensors of the upcoming NISAR mission into the ground.

2. Theoretical Background and Methodology
2.1. Penetration Depth and Its Dependency

Depending on the properties, soil can be broadly classified into homogeneous (uniform
properties with depth) and heterogeneous (varying properties with depth). For the sake of
simplicity in deriving the equation for penetration depth, we assume homogeneous soil
in this study. The airborne or satellite SAR emits microwave pulses towards the Earth’s
surface that interact with the surface soil. The power of the microwave pulses is represented
by (P) and can be computed at a particular depth, d, from Equation (1);

P =P,y e HKd 1)

where j is the complex number, 7 is the transitivity near the interface of air-soil, and P, is
the incident power of the microwave SAR pulses. K, is the zth component of wave number,
which is given by Equation (2).

K, = \/wzyeoel — K3sin26; )

where 0; is the local incident angle of the microwave SAR pulse at the interface, w represents
the angular frequency, Ky represents the wave number (given by 27t/ 7), € is the permittiv-
ity of free air, €; is the relative dielectric constant, yi1 = g is the magnetic permeability.

In active conditions, the penetration depth is a two-way propagation of microwave
pulses, whereas in the passive condition, it is the one-way propagation of the EM signal [21].
We have considered an active situation in this study (Figure 2). In air, the transmitted
microwave pulse has power P,. When a microwave pulse interacts with the air-soil
interface, a portion of it gets reflected in the air before penetrating into the soil. As a
result, its power starts decaying exponentially. The depth at which the power reduces to
1/e = (0.37) (i.e., 37%) of the incident power that determines the penetration depth of
microwave signals into the ground [22]. Thus, the penetration depth can be computed from
Equation (3).

8y & bp - cosb; 3)

where 6, is given by
A Ve

T 2m-€

5y 4)
where 6, and A are both in millimeters. €’ and €” are the real and imaginary part of the
complex permittivity, respectively. Theoretically, the permittivity of dry soil (~2-3) and
water (~80) [22,23]. Depending on the moisture content in soil samples, their permeability
value should be between the permittivity of dry soil and water. The penetration depth of
microwave pulses (6,) depends on sensor parameters (A, 6;) and soil parameters (¢). In the
proceeding sections, we have discussed the dielectric models used to compute complex
permittivity at different frequency microwave pulses.
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Figure 2. Schematic to show the penetration depth of microwave pulses into a soil column.

2.2. Dobson Empirical Model

Dobson et al. [4] developed a dielectric mixing model based on the empirical equation,
which is given by Equation (5), that relates the soil permittivity and the volumetric water
content (VWCQC) of the soil.

e=ap+ (a1 +b01S+c1C)w

+((12 + byS + CQC)WZ 5)
+ (a3 + b3S + C3C)w3

where S and C are the percentage of sand and clay, respectively; w is the VWC of soil
in [m®/m3]; and ag, a1, as, by, by, bs, ¢1, ¢3, and c3 are the calibrated constants and are
calibrated for the real (¢/) and imaginary part (¢”’) of the complex permittivity at two
discrete sets of frequencies (L-band (i.e., 1.4 GHz) C-band (i.e., 5 GHz)). This model is valid
only for two discrete microwave frequencies.

2.3. Hallikainen Empirical Model

To overcome the limitations of Dobson’s empirical model, Hallikainen et al. [5] pro-
posed a dielectric mixing model based on the quadratic polynomial fitting, which is given
by Equation (6). This computes the complex permittivity of soil by incorporating the
textural composition. The coefficients in Equation (6) are calibrated for the nine discrete
set of frequencies covering the entire RADAR band ranging from (14, 16, and 18 GHz,
Ku-band), (10 and 12 GHz, X-band), (6 and 8 GHz, C-band), (4 GHz, S-band), and (1.4 GHZ,
L-band).

€= (ag+ 1S+ a2C)
+(bo + b1S + b C)w (6)
+(co 4 1S + c,C)w?

The constants (ag, a1, az, b1, by, bs, c1, c2, and c3) are calibrated for the real and the imaginary
part of the complex permittivity at frequencies (1.4 GHz to 18 GHz).



Geographies 2022, 2

738

This model is more generalized than the Dobson empirical model as it provides a
quantitative conversion equation between the soil permittivity and soil moisture for a range
of frequencies. Both the Dobson and Hallikainen empirical models are valid if the moisture
content is less than 50% in the soil [24].

2.4. Dobson Semi-Empirical Model

Dobson et al. [11] proposed a semi-empirical model that provides the dielectric mixing
model for a continuous set of microwave frequencies. They used permittivity measure-
ments for five different soil types using a wave-guide dielectric constant measuring system
and free-space spread technology. Their model provides a relationship between complex
permittivity and volumetric moisture content that is valid for a continuous set of frequen-
cies ranging from 1.4-18 GHz. The Dobson semi-empirical model reads according to
Equations (7) and (8);

¢ =1+ <%><e§> + el - w] @)
e = [wh'ef |t ®)

where a = 0.65 is an empirical constant, and p’ and " is the soil type dependent empirical
constants whose values can be obtain from Equations (9) and (10).

B =1.2748 — 0.5195 — 0.152C )

B = 1.33797 — 0.603S — 0.166C (10)

S and C represent the fraction of sand and clay in the soil, ps = 2.66 g/cm? is the specific
density of the soil particles, pj, is the bulk density in g/cm?, w is the volumetric moisture
content (in %), and €; = (~3-5) is the relative permittivity of soil particles. The €5 can be
estimated from Equation (11);

s = (1.01 + 0.44p5)2 — 0.062 (11)

The terms €/, and e’f’w represent the real and imaginary parts of the relative com-
plex permittivity of free water, derived from the Debye-type dispersion equation. This
equation is modified later to incorporate the effective conductivity of the soil using
Equations (12) and (13).

!/ !

o _Cwo ~ Cwoo 12
€fo = Coo T T 2 ry)2 12
"o anTw(eiuo - e/woo) Ueff(Ps B pb)
€ = (13)
fw 14+ (2ntftw)? 27te, f (psw)

where T, is the relaxation time for water, and its value at room temperature is given by
2717, = 0.58 x 10710, ¢, = 80.1. ¢, is the permittivity of free space, f is the operational
frequency in hertz, €, is the static dielectric constant for water, and the high-frequency
limit of e}w is denoted by €,,,, = 4.9. Equation (14) can be used to compute the effec-

tive conductivity.
Oerf = —1.645 +1.939p, — 2.25622S5 + 1.594C (14)

As discussed before, the Dobson semi-empirical model is valid only for the frequencies
range between 1.4 and 18 GHz. Further modifications in this model have been proposed
by Peplinski et al. [12] to make it valid for the lower frequencies range between 0.3 and
1.3 GHz. The modifications proposed by Peplinski et al. [12] involve a linear correction to
¢ and the value of effective conductivity according to Equations (15) and (16)

€03 13CH, = 1.156€ —0.68 (15)

0u¢f = 0.0467 + 0.2204p, — 0.4111S + 0.6614C (16)
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3. Results and Discussion

We compared the penetration depth of microwave pulses into the ground by using
Dobson empirical, Hallikainen empirical, and Dobson semi-empirical models. We have
critically analysed the limitation of these models. Finally, we used the Dobson semi-
empirical model to estimate the penetration depth of L and S frequency bands of the
proposed NISAR mission into the ground. We have used the in-situ soil samples from Al
Minufya (sandy soil, N = 10) and Beheira (loamy and clayey soil, N = 11) Governorate,
Egypt, to model the penetration depth of the NISAR mission frequency bands at different
incident angles. We have selected this textural information as it contains all the possible
compositions of soil samples. A delicate auger was used to collect soil samples from the
soil soaking volume every 10 cm in both the horizontal and vertical directions. Table 1
reports the average physical properties of the soil samples [25].

Table 1. The composition of different soil samples used in this study.

Soil Soil Proportion (%) Bulk Density
Type Sand Silt Clay (g/cm’)
Sand 86.7 7.8 5.5 1.57
Loam 61.3 23.1 15.6 1.42
Clay 17.79 31.14 51.07 1.28

To compare the result of all three dielectric models (Dobson empirical, semi-empirical,
and Hallikainen empirical), we need to use them at a common frequency. The only common
frequency at which these models are valid is 1.4 GHz [4,5,11]. Hence, we computed the
penetration depth at 1.4 GHz using all three models and plotted the penetration depth
as a function of volumetric moisture (%) content (Figure 3a—c). The volumetric moisture
window is chosen from 4-35% because these are the typical values generally observed in the
in-situ measurements [26]. We observed that all three dielectric models result in different
penetration depths for the same set of sensors (A, §;) and soil parameters (¢) (Figure 3a—c).

The penetration depth in all the models is lowest for sandy soil, followed by loamy,
and highest for clayey soil. The sandy soil usually has more free water in the pore spaces,
which could result in high permittivity and eventually less penetration of microwave pulses
into the soil. In contrast, higher clay content in the soil results in bound water dominance in
the soil [27], which results in less permittivity and high penetration depth of the SAR signals
into the ground. The penetration depth is higher for low soil moisture conditions and
decreases significantly with an increase in soil moisture content. Among all these models,
Dobson’s empirical model results in high penetration depth, followed by the Hallikainen
empirical and Dobson’s semi-empirical models for sandy and loamy soils. In contrast, we
observed an opposite trend in the clayey soil with low soil moisture content. We found that
the Dobson’s semi-empirical is highly sensitive to soil texture compared to the Hallikainen’s
and Dobson’s empirical models. This could be because the Dobson semi-empirical model
relies on the physical characteristics of the soil, and the other two models are fully empirical.
In addition, the sample size for calibrating coefficients in the Hallikainen model is small
(N <100). Based on these results, we can conclude that the Dobson semi-empirical model
provides more reliable estimates of the penetration depth of microwave pulses into the
ground and can be used for a wide range of microwave frequencies [28]. These advantages
make it most widely used for soil dielectric measurements at microwave frequencies.
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Figure 3. Penetration depth (mm) of SAR pulses (L-band) as a function of volumetric water content
(in %) at nadir in different soil types: (a) sandy, (b) loamy, and (c) clayey.

Further, we applied the Dobson semi-empirical model to estimate the penetration
depth at the L- and S-band of the upcoming NISAR mission. We plot the penetration
depth against the moisture content at §; = 33° and 6; = 47° for all the three types of soil,
namely, sandy, loamy, and clayey, as shown in Figure 4a—c. We found that the penetration
depth varies significantly with the SAR wavelength, and the L-band SAR signal has high
penetration capabilities compared to the S-band SAR signals. Additionally, the penetration
depth decreases with an increase in the incident angle, 6;. For the first 10% increase in soil
moisture, the reduction in penetration depth is considerable; beyond that, it decreases grad-
ually.
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Figure 4. Penetration depth (mm) of SAR pulses (L- and S-band) as a function of volumetric water
content (in %) at different incidence angle in (a) sandy, (b) loamy, and (c) clayey soils.

4. Conclusions

We evaluated the dependency of penetration depth on target and sensor properties
such as soil texture composition, local incidence angle, and soil moisture. We observed that
the Dobson empirical, Hallikaiinen empirical, and Dobson semi-empirical models lead to
different penetration depths for the same set of sensors and target parameters. In addition,
all these models behave similarly for sandy and loamy soils, whereas dual behavior is
observed in the case of clayey soil, depending on the soil moisture condition. We observed
that Dobson’s semi-empirical model is more sensitive to soil texture variation. Finally,
we use this model to estimate the penetration depth of the SAR signal of the upcoming
NISAR mission. We found a significant decrease in the penetration depth for an initial
increase in the soil moisture content. For the S-band SAR signals, the penetration depth
varies between 0-3 cm, 0-5 cm, and 0-10 cm for sandy, loamy, and clayey soils, respectively,
whereas the penetration depth of L-band SAR signals ranges between 0-6 cm, 0-10 cm,
and 0-25 cm for sandy, loamy, and clayey soils, respectively, for wet to dry soil conditions.

This study can be used to get a first-order estimate of the depth at which the ground
truth data for soil moisture should be collected for the validation of soil moisture estimated
from microwave satellite data acquired at different frequency bands.
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