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Abstract— In passive microwave remote sensing, the estimation
of the surface roughness parameter is a significant obstacle
for soil moisture (SM) retrieval. For a given SM content, the
geometric soil surface roughness has been shown to have a large
impact on the surface emission at L-band frequency, which affects
the SM retrieval success when using the information observed
from the radiometer and is represented through the so-called
the surface roughness parameter (Hyz). Moreover, no previous
study has examined the effect of this factor in the context of
road construction, where the geometric soil surface roughness
is affected by the compaction process, resulting in a substantial
change in roughness before and after compaction. Accordingly,
a series of experiments at various compaction levels and SM
contents was performed for a sand subgrade material in order
to identify their effects on Hg. The soil brightness temperature
(TB) was measured using an L-band radiometer at different
incidence angles and a laser profiler was used to measure
the surface roughness standard deviation (o) before and after
compaction. The results of this article have demonstrated that
the incidence angle (#) and SM both affect Hr and its relation
to the geometric soil surface roughmess. Importantly, these
factors are not accounted for by existing models. Consequently,
a modified surface roughness parameter (Hg) model, based on
the traditional Choudhury model, was developed to include the
contribution of these two factors, and its impact on the accuracy
of SM retrieval results tested. Specifically, it was shown that it
is possible to obtain SM retrieval results with an accuracy of
0.04 cm’/cm® at almost all incidence angles using either dual-
polarization [both horizontal (H) and vertical polarization (V)]
or only vertical polarization observations. The modified surface
roughness parameter (Hg) model has improved the performance
of the SM retrieval model to achieve an accuracy of 0.04 cm’/cm?,
whereas the traditional Choudhury model achieved an accuracy
of only 0.05 cm®/cm?.

Index Terms—L-band radiometer, sand soil

moisture (SM), surface roughness parameter.
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I. INTRODUCTION

OMPACTION is one of the most critical aspects in

pavement construction, as failure to achieve optimum
compaction can result in serious impacts on the pavement
performance. For a given compaction effort, the maximum
dry density is reached at what is called the optimal moisture
content, resulting in optimum compaction. For this reason,
soil moisture (SM) plays a key role in compaction during
pavement construction. Currently, it is difficult to monitor
the variation in SM content along construction corridors
since most sampling methods are conducted manually at
a few isolated locations [1]. However, radiometer measure-
ments at L-band (1-2 GHz) have been shown to provide the
most precise approach to remote SM retrieval in agricultural
fields [2], [3]. Nguyen et al. [4] demonstrated the ability
of using an L-band radiometer for SM retrieval for typical
road construction materials. Specifically, the retrieval results
have achieved an accuracy of 0.05 cm?®/cm® for the sand
subgrade material. However, L-band radiometer data from
space have been specified to provide a target SM retrieval
accuracy of up to 0.04 cm3/cm?® in agricultural applications
[51, [6], [7]. In addition, recent ground-based SM measurement
studies have successfully achieved the SM retrieval accuracy
of approximately or less than this target [8], [9], [10], which
means that the retrieval result for the sand subgrade material
can potentially be further improved. Accordingly, this article
is a follow-up in a series of papers exploring a new method
for monitoring the spatial variation of SM in road construction
applications.

For a given SM condition at L-band, vegetation water
content (VWC), soil effective temperature, and soil surface
roughness have the greatest impact on the surface emission
at microwave wavelengths. In road construction, the effect of
vegetation can be ignored, and therefore, the choice of the
parameters used to model the effect of geometric soil surface
roughness on the emission is of primary importance. A wide
variety of solutions are available for rough surface microwave
radiation such as the approximate Kirchhoff theory and small
perturbation method [11], integral equation model (IEM) [12],
advanced IEM (AIEM) [13], a recently proposed surface
roughness formulation [14], and the most commonly used
semiempirical Q/H model [15]. Accordingly, Nguyen et al. [4]
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TABLE I

MAJOR ROUGHNESS PARAMETERIZATION SCHEMES AND THEIR LIMITATIONS

Surface roughness parameter Key research points Knowledge gap Authors
model
Hy= exp[—(2k * 0)? * cos?6],| An early attempt to relate the roughness | Previous studies have indicated that the |Choudhury
where H) is the roughness effect,| parameter to o. roughness parameter value obtained from this |et al., 1979
k is the wavenumber expressed model is generally overestimated for rough soils [23]
as k= 2mn/A, A is the wavelength, [24], [25], which is characteristic of the surface
and 6 is the incidence angle. roughness in road construction.
Hy =exp (-G) = Simulated the effects of surface roughness | This parameterization was not fully validated | Mo and
exp [ln(S(G) f(ko, kLC, 9))], on the effective surface reflectivity and | because three different roughness conditions [Schmugge,
where G is a roughness found that the roughness parameter depends | were used, whose surface roughness profiles | 1987 [18]
attenuation on SM and the ratio of ¢/LC, and it varies | were obtained over the fields by driving gridded
parameter, S(8) is a shadowing | With the incidence angle (6) and polarization panels into the soil and taking photos at only two
function and f(ko, kLC,0) isa | (®@)- different locations for each of the three bare plots
function of the wavenumber (k) [26]. More accurate roughness profile
measurement data is needed in order to properly
characterize the surface roughness condition.
Hy, = exp[—(a — 6 = SM)mB], Developed an empirical rough surface | Data used in this study was obtained over a wide |[Wegmuller
where m = ¢ /LC and reflectivity model using ground radiometer | frequency range (2 - 94 GHz), which does not and
a, B, & are adjustable measurements. The reported accuracies of | include the L-band. Also, the main limitation of | Matzler,
parameters (depending on 6 and | the surface reflectivity in terms of the | the model was the incomplete characterization | 1999 [27]
p) random-mean-square errors (RMSE) were | of the surface roughness effect on the microwave
0.095 and 0.061 for H and V polarizations, | reflectivity by using only o.
respectively.
Hy,= exp[—(0.5761 * Developed an empirical rough surface | In this experimental dataset, the roughness | Wigneron
SM~03475) « (g/LC)%4?30] | reflectivity model wusing experimental | conditions did not change much during the [etal., 2001
measurements over different roughness | radiometric measurements and so only a very [19]
conditions at L-band and 6 < 40°. An | narrow set of roughness conditions were tested.
empirical model was also developed
expressing the roughness parameter as a
function of combinations of the variables o,
LC, and SM.
H,= exp[—1.3972x (a/ Suppressed the dependence on SM with a Wigneron
LC) 05879] best fit formulation of the roughness et al., 2001
parameter developed. The reported RMSE [19]
for the surface reflectivity was 0.031. This
study concluded that the roughness
parameter is independent of both 8 and p.
Hp = exp[—(0.9437 * 0)/ Developed an empirical power function | The model was derived from a unique dataset | Wigneron
(0.8865 + 2.2913 * 0)°] relating the retrieved values of the roughness | where the SM was measured over the top 2 cm et al., 2010
parameters. A good accuracy (better than 5 | of the soil instead of over the top 5 cm, which [24]
K) over a large range of soil roughness and | may affect the observed SM dependence of the
SM condition was achieved when using this | roughness parameter.
new calibration of the retrieval model.
H, = exp [—2.615 " (1 _ Developed a numerical model for the | The parameter was fitted using limited | Lawrence
z ) roughness parameter over bare soil. In | measurements in an agriculture field. It, |etal., 2013
exp (— Y 4573))] if Zs < 1.235, | addition, the roughness parameter was found | therefore, cannot cover and adequately describe [28]
and H, = to have a negligible dependence on SM. the roughness characteristic of road
exp (—1.0279) if Z; > 1.235, construction; making it improbable to consider
where Z, = 02 /LC using this model in the field of road construction.
H, = Gr= exp[—0% * (Co + | Proposed a roughness model using a | The model has been tuned using a small set of [Goodberlet
o * e (D, 9)) x c0s%2(6) matching layer and a random depolarizer to | measurements anq only a few photographed |and Mead,
1000], describe bare soil surface roughness. | surface profiles in each field were taken. | 2013 [29]
where Gris the reflection Moreover, the roughness parameter showed | Therefore, a more accurate characterization of
reduction dependence on 6 and a very low sensitivity | the surface roughness profiles in terms of length
factor, 75 is Fresnel power to roughness for brightness‘ temperature and number of samples is necessary.
reflection coefficient, 8 is the (TB) measurements at V polarization.
height of matching layer, and c,,
is the parameterization constant
Hp= Ay, * exp(By * m? + Cp + | Expressed the roughness parameter as an | The model was developed from the viewpoint of |Zhao et al.,
m), exponential function of a defined slope | theoretical simulations with L-band | 2015 [30]
parameter (m). The achieved accuracies for | observations obtained at satellite scale.

where m = a2 /LC,
Ap, By, Cpy=a*SM* 4+ b *
SM +c,
a, b, c for both Vand H
polarizations were listed

SM retrieval were 0.03 m’/m’ and 0.04
m3/m? for ascending and descending orbits,
respectively.

Accordingly, the dataset and an accurate
estimation of the surface characteristics from a
large number of field scale observations are
essential to validate the feasibility of the model
for small scale studies in general and road
construction in particular.
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ELBARA-III
location

Fig. 1.
The horn’s antenna viewing angle could be adjusted in 5° steps from 0° to 180°.

used the Q/H model to describe the emissivity of a bare
surface. Generally, the semiempirical Q/H model has been
used to parameterize the surface roughness, which describes
the effect of surface roughness on the microwave emission,
including two best-fit parameters Qg and Hg [15], and define
Hp dependent on the incidence angle using Nk [16]. Hg is
typically estimated based on measurable geophysical char-
acteristics of the surface [standard deviation of heights (o)
or autocorrelation length (LC)]. In passive microwave mea-
surements, Qr is a parameter for polarization mixing. While
Qg depends on the electromagnetic frequency, its value has
been found to be very small at L-band [17] and has been
taken as O in many studies [18], [19]. Ny is the angular
dependence, and based on long-term measurements, a sub-
sequent study has found that Ny ~ 1 at horizontal (H) and
Ng ~ —1 at vertical (V) polarization over bare fields [20].
Nonetheless, Hg is not well understood in relation to surface
roughness characteristics, being observed to decay linearly
with increasing SM between a transition SM point and the
field capacity (FC) while remaining constant outside those
limits [20], [21], [22].

A number of surface roughness parameter models have
been developed for agricultural applications; it is, however,
difficult to confidently apply these models in road construction
applications due to the limitations listed in Table I. Moreover,
no previous research has explored the impact of Hg on surface
emission at the L-band in road construction. In this context, the
soil surface is affected by the compaction process, leading to a
substantial change in geometric soil surface roughness before
and after soil compaction. Moreover, the soil compaction
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Photograph showing (a) electronic hoist used to support the ELBARA-III system and (b) footprint of ELBARA-III at 0° and 40° incidence angles.

caused by heavy machinery not only increases the soil bulk
density [31], [32] but subsequently results in changes in vol-
umetric moisture content (VMC), which is the key parameter
to be observed by the radiometer. Consequently, the roughness
effect can be complex and influenced not only by the geometric
soil surface roughness but also the wavelength (k), polarization
(p), incidence angle (#), and changes in bulk density (p;) [30]
during compaction. As a result of these synergistic effects,
the notion that Hg depends purely on geometric soil surface
roughness is challenged. In addition, to estimate the surface
characteristics accurately, a large number of surface roughness
observations are required (i.e., sample interval and profile
length) [33], [34], and this requirement cannot be met easily
over a large area (i.e., agricultural field or stretch of road
construction). Accordingly, this article examined and evaluated
the impact of different factors on Hpy including SM and
incidence angle (@) rather than only considering the surface
geophysical shape; using observations at L-band, supported by
ancillary data and intensive surface roughness measurements
for different compaction scenarios, surface roughness condi-
tions, and SM contents.

II. DATASETS

This study used an L-band third-generation portable ground-
based passive radiometer system commissioned by the Euro-
pean Space Agency [35] called ELBARA-III to measure the
brightness temperature (TB) of the soil surface [Fig. 1(a)].
The roughness measurement technique used in this study was
a laser-based distance sensor that does not damage the fragile
surface, which can lead to an error when having direct contact
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Fig. 2.

Photographs illustrating use of (a) laser profiler to measure the surface roughness and (b) nine locations of surface roughness measurement and

thermogravimetric ring measurements. Also shown is the sand surface (c) before and (d) after the compaction process.

with the measuring device. The laser profiler is the noncontact
technique [36], recording the surface profile using a laser
beam that measures the distance between a horizontally posi-
tioned rail and a carriage. Accordingly, the surface roughness
was measured using a laser profiler at nine locations with
different orientations, with the recommended 3-m roughness
profiles [37] created by combining two 1.5-m-long transects
(Fig. 2). Other equipment used to collect data required by this
experiment included Stevens Water Hydra-Probes for measur-
ing soil temperature and SM profiles at 5-cm depth increments
and thermogravimetric ring measurements that measured top
5-cm SM variation at nine locations across the testbed for
independent validation.

To cover the footprint of the radiometer [see Fig. 1(b)],
a testbed with dimensions of 5 m (width) x 7.5 m (length)
was constructed. The experiment was performed at different
levels of compaction and SM content for two 30-cm-thick
layers of sand subgrade in the testbed. A concrete batching
plant was used to homogenize the material and then compacted
layer by layer using a 4.5-ton double drum roller. Photographs
of the soil surface before and after compaction are shown in
Fig. 2. Before and after compaction, ELBARA-III was used
to measure the soil TB at different angles (0°—40° at 5° steps)

followed by the roughness and ancillary measurements. After
compacting to 30 cm, surface watering was performed with
two sprinklers to provide additional SM contents up to FC
of the material. The photograph of the roller used for soil
compaction and surface watering using sprinklers is shown
in Fig. 3.

Six sets of experiments were conducted, each with two
layers of compacted soil at different SM contents, with
two of these sets of experiments having surface watering
afterward. In total, data were collected for six experiments
before compaction, six experiments after compaction, and
two experimental lots after watering. Table II shows the SM
content details for each experimental day.

III. METHODOLOGY

The steps to implement the forward model used to predict
the TB of the soil surface, and the inversion algorithm to
retrieve the SM, are detailed in [4]. In summary, a forward
model was established to predict TB, with the reflectivity
(r) of the soil surface calculated using the Fresnel equa-
tions [38] based on the dielectric constant obtained from
the dielectric mixing Dobson model [39], and the incidence
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Fig. 3.

TABLE 1I
DETAILS OF TESTING TIME AND SM CONTENT IN EACH EXPERIMENTAL DAY

Photographs showing (Left) compacting of the soil using a roller and (Right) watering of the surface using sprinklers.

Date SM (cm3/cm?) Dry density SM (cm’/cm?) Dry density
before compaction (g/cm?) after compaction (g/em?)
(at top 5 cm) (at top 5 cm) (at top 5 cm) (at top 5 cm)
29-Jul, 2021 0.19 1.53 0.22 1.92
Layer 1 14-Sep, 2021 0.20 1.38 0.23 1.75
01-Feb, 2022 0.08 1.20 0.13 1.89
30-Jul, 2021 0.19 1.54 0.21 1.83
Layer 2 16-Sep, 2021 0.19 1.43 0.23 1.79
02-Feb, 2022 0.10 1.31 0.12 1.78
Watering the surface 10-Aug, 2021 - - 0.27 1.96
(at the field capacity)
02-Feb, 2022 - - 0.17 1.85

angle (@), for H and V polarizations. The semiempirical Q/H
model [15], which defines Hyp dependent on the incidence
angle and polarization [16], was then used to obtain the
rough surface reflectivity. The simple linear parameterization
given by Choudhury et al. [40] was adopted to relate the soil
surface and deep temperature through a parameter named the
soil effective temperature (7). Accordingly, the TB of the
bare soil surface was simulated based on the soil effective
temperature and the rough surface reflectivity. Finally, a cost
function (CF), derived from the L-band microwave emission
of the biosphere (L-MEB) inversion model [41], was used to
retrieve the SM or Hy, by iteratively running the forward model
to match with the known TB observed from ELBARA-III.
The forward model requires seven input parameters, including
SM(cm?®/cm?), surface roughness parameter (H), bulk density
[pp (g/em?)], sand (S) and clay (C) fraction, and the soil
surface [Tour (K)] and deep [Tyeep (K)] temperature at 5 and
40 cm depth, respectively. In this article, the local sensitivity
method for sensitivity analysis was used. The main content of
this analysis was to vary input parameters of the TB simulation
model based on their defined range of values for a particular
material (sand subgrade). The result was the effect on TB when
changing these factors. Accordingly, the sensitivity of the
simulated TB to input variations was estimated to determine
the factor that has the most influence on the retrieval results
by varying these parameters.

The surface roughness parameter (Hg) model proposed by
Choudhury et al. [23], having a dependence of Hyi on the
standard deviation (o) of the surface height, was used and
estimated as

Hg = 2k % 0)>%. (1)

The radio-brightness model presented in [4] can be used to
retrieve SM or Hy as an unknown parameter using observed
TB from the ELBARA-III and measured value of Hg or SM,
respectively. In order to examine the relationship between the
surface roughness parameter (Hg) and the change in incidence
angle, Hy was first retrieved from the inversion of the radio-
brightness model as an unknown parameter (i.e., retrieval)
using measured values of SM. Hg was then calculated from the
Choudhury model using geometric soil surface roughness data
measured from the laser profiler. Accordingly, the correlation
between Hp results obtained from the inversion (retrieval) of
the radio-brightness model and calculated from the Choudhury
model at different incidence angles was analyzed.

At L-band, soil roughness is more affected by the distri-
bution of water in the top layer than the purely geometric
soil surface roughness, which dominates only when the soil
is in a very wet condition [42]. The roughness effects have
also been shown to be a power function of SM [19], [22],
[43], [44], which has been demonstrated at satellite scale
over some regions [45]. To prove this point, the soil water
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Fig. 4. Simple law expressing the surface roughness parameter (Hg) as
a piecewise function of SM [42]. The principle of soil water contribution
to Hg with a transition moisture point, XMVT (C, §) and the FC (C, S).
Hr_MIN and Hr_MAX are the roughness parameters calculated from the
Choudhury model and obtained from the inversion (retrieval) of the radio-
brightness model, respectively.

contribution to Hi was considered, with the view to having
Hp as a function of SM according to the simple law shown in
Fig. 4. Accordingly, below a transition moisture point, XMVT
(C, S), and above the FC (C, §), the roughness parameter
takes the classical expression (Hg_MIN = ((2 ko)?) [23]. The
two parameters XMVT and FC are the function of the sand
(S) and clay (C) fractions. The computation of those values
was discussed in detail in [46]. Specifically, from S and C
fractions, the transition moisture (XMVT) can be computed.
First, the wilting point [WP (C, S)] is expressed by

WP(C, S) = CWP1 + CWP2*S + CWP3*C (2)

where CWP1 = 0.06774, CWP2 = —0.00064, and CWP3 =
0.00478, and the final transition moisture [XMVT (C, §)] is
calculated as

XMVT(C, §) = CXMVTI*WP(C, S) + CXMVT2 (3)

where CXMVT1 = 0.49 and CXMVT2 = 0.165. The FC is
defined by

FC(C, S) = 0.03 — 0.0023*S + 0.005*C. 4)

The sand subgrade material used in this study has the
fraction of sand and clay as 0.88 and 0.0093, respectively.

The Hz_MAX value for dry soil could be set a priori and/or
adjusted from the data. Thus, Hr_MAX was the retrieval
parameter from all nine incidence angles at different SM
contents. The model was developed using data from the first
layer and after watering on August 10, and its performance was
validated using data from the second layer and after watering
on February 2. Using linear regression, the Choudhury model
has been modified in this article to include the effects of
incidence angle and SM rather than just pure geometric soil
surface roughness. Finally, the observed TB from ELBARA-III
at different angles, together with ancillary measurements such
as surface roughness, soil temperature, and soil texture, was
used to retrieve the VMC of the compacted soil using both
the original Choudhury and modified Hz models. SM content
measured using traditional techniques (thermogravimetric ring
measurement) at targeted locations was used to validate the
result and compare the performance of the two roughness
models. Different approaches to retrieve SM, such as using
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single (H or V) or dual (H and V) polarizations, were
investigated and their results were compared.

IV. RESULTS

A. Sensitivity Analysis of SM Retrieval to the
Input Parameters

In order to determine which input parameter has the most
impact on the retrieval results, a local sensitivity analysis of
input parameters to the simulated TB was conducted. The
value range of input parameters was established based on their
actual values obtained from experiments in this study. The
following points can be observed in Fig. 5.

1) The surface roughness parameter (Hg) had the greatest

influence on TB with a change of 0.1 in Hy leading to
a change of 5 K in TB.

2) An increase of 0.1 in sand (S) fraction led to a decrease
of 2 K in TB.

3) Compared to the effect of sand (§) fraction, the change
of clay (C) fraction does not show much impact on the
change of the simulated TB.

4) A change of 0.01 g/cm?® in bulk density (p,) between
1 and 1.5 g/cm3 led to a 3 K increase in TB, while a
change of pj, in the range of 1.5-2.5 g/cm? did not have
any effect on TB.

5) Every 1 K increase in soil surface temperature (7yyr) led
to an approximately 0.6 K increase in TB.

6) The change of soil deep temperature (Tyep) did not have
any effect on TB for the tested set of conditions.

7) Finally, the increase in TB resulted in an increase in SM
of approximately 0.0086 cm?/cm? per K.

In summary, it was found that Hg, S fraction, and 7g,s had a
greater effect on the change of TB compared to C fraction, p,
and Tyeep, With Hp being the factor having the greatest effect
on the TB simulation result. It can be seen in Fig. 5(d) that the
effect of p, on TB varied with the change of p, range value
(e.g., TB increased when p;, changed from 1 to 1.5 g/cm?
and TB decreased when p;, changed from 1.5 to 2.5 g/cm?).
Accordingly, the impact of Hg, S fraction, pp, and Tyt
was tested at two SM conditions (wet condition with
SM = 0.5 cm’cm® and dry condition with SM =
0.1 cm’/cm?). The results in Fig. 6 show that at a high SM
condition, Hg had a greater effect on TB [Fig. 6(a)], with the
opposite being true for S fraction [Fig. 6(b)] and p,, [Fig. 6(c)].
The effect of Tyt on TB was unchanged under different SM
conditions [Fig. 6(d)]. Roughness was again found to be the
most influential factor, with variations in Hg causing a 120 K
difference in TB under wet conditions, with the effect being
greatly reduced in dry conditions having a 55 K change in TB.
When the § fraction varied from O to 1, the TB changed by
25 K in dry conditions and only 10 K in wet conditions. p, had
the least impact, with a change in p, resulting in a TB change
of less than 5 K under varied SM conditions. Accordingly,
Hpy was the parameter having the greatest impact on the TB
simulation result, providing impetus to focus on roughness
estimation.

B. Improved Surface Roughness Model

Fig. 7 shows the Hy results obtained from both inversions
(retrieval) of the radio-brightness model and as calculated from
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Sensitivity of TB (K) to (a) surface roughness parameter (Hg) varying from 0 to 2, (b) sand (S) and (c) clay (C) fraction varying from O to 1,

(d) bulk density (pp) varying from 1 to 2.5 g/cm3, (e) soil surface (Tsuf) and (f) deep temperature (Tgeep) varying from 280 to 300 K, and (g) SM varying
from 0.1 to 0.5 cm3/cm®. All calculations are for nominal values of SM = 0.2 cm3/cm3, incidence angle = 40°, Hg = 0.5, § = 0.88, C = 0.01, pp =

1.9 g/em?, Tour = 290 K, and Tgeep = 286 K.

the Choudhury model at different incidence angles. As the
incidence angle increased from 0° to 40°, the retrieved Hg
from the radio-brightness model decreased before compaction,
while remaining almost unchanged after compaction as the
geometric soil surface roughness remained the same. More-
over, the Hy retrieval on August 10 was a constant value at all
angles as the SM content reached the FC of the material. The
relationship between the Hpy results obtained from these two
models at different incidence angles is presented in Fig. 8 and
Table III. The results show that there is a stronger agreement

between the two values before compaction, with R? > 0.86 at
angles ranging from 0° to 25°, demonstrating that before
compacting the soil, H is highly influenced by geometric soil
surface roughness. However, this consensus is almost absent
in the compacted soil (R> < 0.1 except at 5°), suggesting
that there are factors other than angle that also need to be
considered.

Because the geometric soil surface roughness varies
from experiment to experiment before compaction, Hp is
observed to be dependent on geometric soil surface roughness
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TABLE III

R? BETWEEN Hp IN FIG. 8 OBTAINED FROM THE INVERSION (RETRIEVAL) OF THE RADIO-BRIGHTNESS MODEL AND FROM THE CHOUDHURY
MODEL AT NINE DIFFERENT INCIDENCE ANGLES (FROM 0° TO 40°) BEFORE AND AFTER THE COMPACTION PROCESS

Incidence angle (°) 0 5 10 15 20 25 30 35 40
Before compaction (R?)| 0.94 0.95 0.95 0.94 0.87 0.86 0.68 0.5 0.72
After compaction (R?) | 0.071 | 0.24 | 0.067 | 0.087 | 0.047 | 0.018 | 0.042 | 0.052 | 0.047

(surface height), while the compacted surface typically has a
consistently smooth surface finish with geometric soil surface
roughness being the same. Therefore, a relationship was built
between changes in Hy obtained from the inversion (retrieval)
of the radio-brightness model, the Choudhury model, and
SM to examine the impact of SM on Hy for the compacted
soil. This analysis used the data measured on February 1,
February 2, July 29, September 16, and August 10 after
compaction representing days when SM varied from dry
to FC condition with a VMC of 0.12, 0.17, 0.22, 0.23,
and 0.27 cm?®/cm?, respectively. The inversion of the radio-
brightness model was used to retrieve Hz as an unknown
parameter and the Choudhury model was used to calculate Hg
based on laser profiler measurements of surface roughness.
These Hpy values were then expressed together with the

corresponding SM values in each experimental day (Fig. 9).
This result shows the dependence of Hy on the change of
SM when the geometric soil surface roughness is unchanged,
which is consistent with the simple law (as indicated in Fig. 4)
showing Hy as a piecewise function of SM [42]. Specifically,
Hpy was constant from dry condition to a transition moisture
point (XMVT = 0.198 cm?*/cm?) and decreased from XMVT
to the FC (= 0.28 cm3/cm3). Moreover, after FC, the inversion
(retrieval) of the radio-brightness model produced the same
Hpy value (Hg = 0.3) as the Choudhury model, indicating
that under very wet conditions, Hg completely depends on
geometric soil surface roughness.

Utilizing different models to account for the effect of SM
or incidence angle to acquire Hy for various compaction
situations is not practical for operational application. Thus, the
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Choudhury model was modified utilizing linear regression,
with application to both before and after compaction. This
surface roughness parameter (Hg) model considered factors
other than geometric soil surface roughness (surface height)
influencing Hpg, including SM and incidence angle (6). The
model was developed using data from the first layer exper-
iments, including before and after compaction and the data
after watering on August 10, resulting in
Hy = ((1.77 = 0.009°0 + 2.8*SM) k"5 )”. 5)
The data of the second layer, including before and after
compaction and the data after watering on February 2, were
used to validate the performance of the modified Hg model.
The results in Fig. 10 show a clear improvement in the
correlation between Hy obtained from the inversion (retrieval)
of the radio-brightness model and that obtained when using the
modified Hz model (R?> = 0.634) instead of the Choudhury
model (R? = 0.539).

C. SM Retrieval

The constant Hy value obtained from the Choudhury model,
which only includes geometric soil surface roughness, was
first used as the input parameter to retrieve SM at each
incidence angle for six sets of experiments before and after
the compaction process of the second layer and after surface
watering on February 2. By comparing the root mean square
error (RMSE) of the different retrieval approaches—using
single (H or V) or dual (H and V) polarizations—the SM
retrieval accuracy when using two polarizations (H and V)
and V polarization was found in Fig. 11(a) to provide better
accuracy than using H polarization. The accuracy was con-
sistently around 0.05 cm’/cm? for the angle range from 0°
to 15° but increased as high as 0.12 cm?/cm? at 35°. After
using Hy values obtained from the modified Hiz model as
the input parameter to retrieve SM at each incidence angle
for the same dataset, the accuracy of the SM retrieval at dual
polarizations and V polarization was found to still outperform
results from H polarization, as shown in Fig. 11(b). In addition,
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conditions after the soil is compacted.

the SM accuracy showed an improvement for most incidence
angles, with an accuracy of 0.04 cm®/cm?® achieved for all
incidence angles, except 0.05 cm®/cm? at 25° and 30° when
using the V polarization. The angle ranges from 0° to 15° gave
a somewhat better result than the rest of incidence angles, with

an accuracy of 0.03-0.04 cm?/cm? when either using dual or
V polarization. It can be seen that with the use of the modified
Hpy model, which includes incidence angle and SM content,
the use of dual or V polarization is expected to provide a
higher accuracy than using only H polarization, and the SM
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RMSE of SM retrieval results at different single incidence angles (from 0° to 40°) for six sets of experiments before and after the compaction

process of the second layer and after surface watering on February 2 when using (a) constant Hg value from the Choudhury model and (b) Hg values obtained

from the modified Hg model.

retrieval results can be obtained with 0.04-cm?/cm? accuracy at
almost all incidence angles and this accuracy is most consistent
at a range of incidence angle from 0° to 15°.

V. CONCLUSION AND DISCUSSION

The effective surface roughness parameter (Hg) was found
to be the most influential factor on SM retrieval results when
compared to other factors, with a change of 0.1 in Hy leading
to a change of 5 K in TB. Moreover, this factor has different
effects on SM retrieval results based on the SM condition and
has been shown to be more important in wet conditions. Apart
from geometric soil surface roughness, incidence angle and

SM showed the greatest impact on the change of Hg, leading
to the need to account for their contribution.

This article has demonstrated an improved accuracy of
SM retrieval results by using this new surface roughness
parameter (Hg) model. It can be concluded that with this
model, which includes the contribution of incidence angle and
SM content, the use of dual or V polarization TB observations
provided a higher accuracy than using only H polarization,
and the SM retrieval results can be obtained with an accuracy
of 0.04 cm?/cm® over almost all incidence angles except
0.05 cm®/cm?® at 25° and 30° when using V polarization.
This result is consistent with findings from previous studies
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showing that using V polarization showed the best SM retrieval
performance compared to using H polarization [47]. In addi-
tion, based on the footprint of the radiometer on the ground
[Fig. 1(b)], it can be seen that the H polarization observation
is spread more along the length of the testbed, meaning
that there is a wider range of incidence angles. Accordingly,
worse performance of H polarization can be explained by the
fact that radio-brightness models do not account for a wide
range of incidence angles; the use of smaller incidence angles
minimizes the range of angles in the footprint.

It was suggested that using dual or single polarization alone
at 0° is the recommended configuration for use in further field
testing [4]; therefore, the surface roughness parameter (Hg)
model developed in this study is reasonable and convincing
enough to support an improvement in the accuracy of the SM
retrieval result.

Despite the fact that this study is based on the Q/H model
to solve the rough surface microwave radiation, it is recom-
mended that the performance of this model can be compared
with other models (e.g., AIEM) in order to understand the
novelty of the proposed approach. In addition, a local sen-
sitivity analysis was used here to study the effect of one
parameter on the model output, while all other parameters
remained constant. However, in order to obtain more reliable
conclusions, it is recommended that in future studies, the
global sensitivity analysis method (e.g., the extended Fourier
amplitude sensitivity (EFAST) [48]) can be used, which allows
the average response of model output to be examined and its
sensitivity quantified when all parameters are varied within a
defined range.
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