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Abstract
A new, simple empirical model for microwave backscattering from vegetation fields at 5.4 GHz is proposed in this paper. First, a modified
radiative transfer model (RTM) is used to generate a database of multi-polarized backscattering coefficients of various vegetation fields at
5.4 GHz with wide ranges of vegetation biomasses and soil moistures. Second, we propose a functional form of an empirical model that is
a simplified water cloud model (WCM) after closely examining the behaviors of the well-known WCM based on an extensive database
that includes the modified RTM outputs, scatterometer measurements, SAR datasets, and in situ measured ground-truth data for various
vegetation fields. Finally, the unknown constant parameters of the empirical model are determined for each soil moisture condition based
on the extensive database. The new empirical model is verified with the database itself, and also with independent Sentinel-1 synthetic
aperture radar (SAR) data and in situ measured ground-truth data.
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I. INTRODUCTION
Global soil moisture mapping using space-borne synthetic
aperture radar (SAR) has been widely attempted because of its
importance in global water and energy fluxes, weather and climate forecasts, flood prediction, and drought monitoring [1].
Global mapping of vegetation parameters using space-borne
SAR imagery is also a very important remote sensing technique
for land classification, estimation of productivity and biomass,
and remote sensing of environmental changes [2]. The global
mapping of soil moisture or vegetation parameters for vegetation fields is, however, still a challenge because of its complexity.
Recently, Sentinel-1 SAR (5.4 GHz) and Radarsat-2 (5.4 GHz)
have continually provided SAR images for land monitoring. A
simple and accurate scattering model for radar backscatters of

vegetation fields at 5.4 GHz would be very helpful for estimating the vegetation biomass and soil moisture of a vegetation
field from its SAR image.
The radiative transfer technique has been widely used for developing microwave scattering models for vegetation fields [3, 4].
The radiative transfer model (RTM) has good accuracy for
estimating backscattering coefficients for a wide range of vegetation canopies [5–7]. However, RTMs have a main drawback
for practical usage: the models usually have several dozens of
input parameters.
The water cloud model (WCM) is much simpler than the
RTM because it has only two terms (the direct backscatter from
a vegetation layer and the direct backscatter from the underlying
surface with round-trip attenuation from the vegetation layer),
ignoring the interaction between the vegetation crown and the

Manuscript received November 30, 2020 ; Revised July 7, 2021 ; Accepted July 14, 2021. (ID No. 20201130-196J)
1
School of Electronic and Electrical Engineering, Hongik University, Seoul, Korea.
2
Faculty of Civil & Environmental Engineering, Technion - Israel Institute of Technology, Haifa, Israel.
*
Corresponding Author: Yisok Oh (e-mail: yisokoh@hongik.ac.kr)
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
ⓒ Copyright The Korean Institute of Electromagnetic Engineering and Science.

146

OH et al.: AN EMPIRICAL MODEL FOR BACKSCATTERING COEFFICIENTS OF VEGETATION FIELDS AT 5.4 GHz

the underlying ground surface [8, 9]. Although the direct
backscatter of a soil surface can be quite accurately obtained
using theoretical or empirical models [10, 11], the constant
parameters for the direct backscatter and the attenuation of the
vegetation layer should be determined empirically for each
frequency, incidence angle, polarization, and type of vegetation,
which is the main disadvantage of this model.
In this study, we focus on developing a simple and accurate
model for multi-polarized backscattering coefficients of vegetation fields at 5.4 GHz. Transmissivity through a vegetation layer
depends on radar frequency, incidence angle, and biomass (or
leaf-area index [LAI]) [12]. The effect of vegetation on soil
moisture retrieval decreases with a decrease in incidence angle
and a decrease in biomass [12, 13]. We develop a simple empirical scattering model for vegetation fields using an extensive database that includes the results of the modified RTM in [7] for
various vegetation fields, scatterometer data, SAR data, and in
situ measured ground-truth datasets. Finally, the new empirical
model is verified with independent Sentinel-1 SAR data and
the corresponding in situ measured ground-truth data.
II. DEVELOPMENT OF A SIMPLE MODEL
To develop an inversion algorithm to retrieve soil moisture or
biomass from radar measurements, we may need to have a
simpler model than the complicated RTM model with its many
input parameters—about 60 input parameters in [5] and 32
input parameters in [7]. One candidate for a simple model for
an inversion algorithm would be WCM [8], which was proposed four decades ago with the following form, ignoring the
interactions between the vegetation layer and the underlying soil
surface:
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where 𝜎 , is the total backscattering coefficient of a vegetated
field for pq-polarization, 𝜎 , is the direct backscatter from
the vegetation layer, 𝜎 , is the pq-polarized backscattering
coefficient of the underlying soil surface, 𝑇 is the two-way
transmissivity, and 𝐴 and 𝐵 are unknown constants to be
determined for pq-polarization for a given frequency and a
vegetation type. 𝑉 and 𝑉 are vegetation parameters, such as
vegetation water content (VWC, kg/m2), biomass 𝐵 (kg/m2),
LAI (m2/m2), and normalized difference vegetation index
(NDVI).
Because the primary purpose of this simple model is to apply
it to inversion algorithms for the global or regional mapping of

soil moisture or biomass using SAR data at 5.4 GHz, we chose
biomass 𝐵 (kg/m2) among other parameters for the vegetation parameter V. The transmissivity is 1 𝑇 = 1 for the
absence of a vegetation layer and exponentially decreases to zero
𝑇 ≈ 0 for an extremely dense vegetation layer. Consequently, the term 1 − 𝑇
in (2) increases from about 0 for
the absence of a vegetation layer to 1 for a very dense vegetation
layer. Therefore, the term 𝑉 1 − 𝑇
in (2) increases very
slowly for lower vegetation densities and increases linearly for
higher vegetation densities. However, a close examination of the
measurement data shows a rapid increase in the radar backscatters
in the region with low vegetation densities compared to the region with higher vegetation density. Considering the examination
of the radar measurement and the RTM, we propose an empirical
model (a simplified WCM) that has the following form:
𝜎,

= 𝑎 (𝐵 ) 𝑐𝑜𝑠𝜃 + 𝑒𝑥𝑝[−𝑎 𝐵 𝑠𝑒𝑐𝜃 ] 𝜎 , ,
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where 𝑎 , 𝑎 , and 𝑎 are constant parameters to be determined for a given frequency and 𝜎 , is the pq-polarized
backscattering coefficient of the underlying soil surface.
In this study, we use the PRISM (polarimetric radar inversion
for soil moisture) [4, 11] to estimate 𝜎 , in the following
form:
𝜎
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where p and q are the co- and cross-polarized ratios, k is the
wave number, ℎ
is the root mean square (RMS) surface
height, 𝛤 is the reflectivity at the nadir direction Γ =
|(√𝜖 − 1) ⁄ (√𝜖 + 1)| , and 𝛤 and 𝛤 are Fresnel reflectivities for v- and h-polarizations:
𝛤 = |(𝜀 𝑐𝑜𝑠𝜃 − 𝐶 )⁄(𝜀 𝑐𝑜𝑠𝜃 + 𝐶 )| , 𝛤 = |(𝑐𝑜𝑠𝜃 − 𝐶 )⁄(𝑐𝑜𝑠𝜃 + 𝐶 )|
with 𝛤 = |(𝑐𝑜𝑠𝜃 − 𝐶 )⁄(𝑐𝑜𝑠𝜃 + 𝐶 )| . The dielectric constant 𝜖
can be obtained using empirical formulas in [14] for a given
volumetric soil moisture content 𝑚 (cm3/cm3).
The unknown parameters of the simplified WCM in (4) can
be obtained using other theoretical, numerical, and experimental
datasets with various biomass values for a given frequency and
vegetation type. In this study, we focus only on the frequency of
5.4 GHz and one-layered vegetation fields, such as meadows,
rangelands, pastures, and farming land, including arid and semiarid areas. We also consider only a relatively narrow range of
incidence angles, 20° ≤ 𝜃 ≤ 50°, mainly considering the operating modes of Sentinel-1 SAR and Radarsat-2. Because one of
its main applications may be an inversion algorithm for soil
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moisture retrieval, the biomass range of 0 ≤ 𝐵 ≤ 5 kg/m2 is
primarily selected in this study, considering the validity regions
of soil moisture retrieval for vegetation fields [13].
To determine the unknown constants in (4) at 5.4 GHz, first,
an extensive database of polarimetric backscattering coefficients
for various vegetation fields at 5.4 GHz is generated using the
modified RTM for various biomass values and soil moisture
conditions: 0 ≤ 𝐵 ≤ 5 kg/m2 with a step of 𝐵 , ∆𝐵 =
0.25 kg/m2, at 𝑚 = 0.03, 0.08, 0.13, 0.18, 0.23, 0.28, and
0.33 cm3/cm3, and at 𝜃 = 35°.
Subsequently, the nonlinear data fitting technique was used
to empirically determine the optimum values of 𝑎 , 𝑎 , and
𝑎 by comparing the modified RTM and the simplified WCM
at each soil moisture condition. First, by comparing the
backscatter from the underlying soil surface with the RTM and
the corresponding term of the WCM, the values of the unknown constant 𝑎 were obtained with the best fitting between
the RTM and the WCM for various conditions. Second, the
unknown constants 𝑎 and 𝑎 were also obtained by comparing between the RTM and the WCM for various conditions.
Finally, the unknown constants 𝑎 , 𝑎 , and 𝑎 were fitted
with the first-order linear polynomials for the soil moisture content 𝑚 .
Fig. 1 shows the comparison between the simplified WCM
and the corresponding term of the modified RTM for the direct
backscatter from the underlying soil surface with the attenuation
through the vegetation layer, with 𝑎 = 0.172 for VV-polarization at 𝑚 = 0.18 as an example. The estimated 𝑎 values
are approximately 0.17 for all polarizations and moisture conditions.
Fig. 2 shows the comparison between the modified RTM and
the simplified WCM for VV- and VH-polarizations at 𝑚 =
0.18 cm3/cm3 and 𝜃 = 35°. For this fitting, 𝑎 and 𝑎 are
0.0163 and 0.994 for VV-polarization, 0.0225 and 0.902 for
HH-polarization, and 0.0164 and 0.759 for VH-polarization.

(b)
Fig. 2. Comparison between the modified RTM and the simplified
WCM for (a) VV-polarization and (b) VH-polarization at
𝑚 = 0.18 cm3/cm3 and 𝜃 =35°.

Among the three polarizations, the variation in the unknown
constants 𝑎 and 𝑎 over the change of soil moisture is minimal for VV-polarization and maximal for VH-polarization. For
example, the ratios of the constant 𝑎 at 𝑚 = 0.33 cm3/cm3
to 𝑎 at 𝑚 = 0.03 cm3/cm3 are about 1.02 for VV-polarization,
1.37 for HH-polarization, and 2.39 for VH-polarization. As an
example, Fig. 3 shows the comparison between the estimated
values and the best fitting line for the unknown constant 𝑎 for
VH-polarization. The best-fitting lines are given by 𝑎 , =
-0.66 𝑚 + 0.89 for VH-polarization, as shown in Fig. 3. The
other relationships between the unknown constants and the soil
moisture content are 𝑎 , = 0.0013 𝑚 + 0.0160 and 𝑎 , =
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Fig. 1. Comparison between the simplified WCM and the modified
RTM for the direct backscatter from the underlying soil
surface with attenuation through the vegetation layer.
148

0.5

0

0.05

0.1
0.15
0.2
0.25
Soil moisture, mv (cm3/cm3)

0.3

0.35

Fig. 3. Comparison between the estimated values and the bestfitting lines for the unknown constant 𝑎 for VHpolarization.
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where the pq-polarized backscattering coefficient of the underlying soil surface 𝜎 , can be obtained from the PRISM model
in (5)–(8). The simple empirical model now has only four input
parameters for estimating the multi-polarized backscattering
coefficients of a single-layered vegetation field: the soil surface
RMS height ℎ , the volumetric soil moisture content 𝑚 ,
the biomass 𝐵 , and the radar incidence angle. Therefore, this
simple scattering model can be applied to retrieve the soil moisture content and the surface RMS height simultaneously from a
dual-polarized SAR dataset for a given incidence angle at 5.4
GHz upon being informed of the vegetation biomass.
III. VERIFICATION OF THE NEW SIMPLE MODEL

Backscatt. Coeff. vh-pol.(dB)

Fig. 4 shows the comparison among the total backscattering

coefficient 𝜎 , the vegetation-layer direct-backscatter component 𝜎 , the attenuated soil-surface direct backscatter component 𝑇 𝜎 , and the soil-surface direct backscatter component 𝜎
for VH-polarization at 5.4 GHz, 35°, and 𝑚 =
0.18 cm3/cm3.
The soil surface direct backscatter is dominant for lower biomass, while the vegetation layer direct backscatter is dominant
for higher biomass, as shown in Fig. 4. The sensitivity of the
radar backscatter to the vegetation biomass for cross-polarization
is much higher than for co-polarization: e.g., 𝜎
becomes
larger than 𝑇 𝜎
at 𝐵 = 0.5 kg/m2 for VH-polarization, at
𝐵 = 3 kg/m2 for HH-polarization, and at 𝐵 = 3.8 kg/m2 for
VV-polarization. It was also shown that the cross-polarized
backscattering coefficient has a higher sensitivity to the vegetation biomass than co-polarization because the cross-polarized
backscatter is significantly influenced by the multiple scattering
effect [7], where the vegetation layer causes many different kinds
of scatterings.
Fig. 5 shows a comparison between the scatterometer measurements and the simple empirical model for the multipolarized backscattering coefficients of a full-grown cornfield at
5.4 GHz. The simple empirical model agrees quite well with the
HPS measurements of a cornfield at the incidence angles of 20°
≤ 𝜃 ≤ 50°, as shown in Fig. 5.
For further verification of the new empirical scattering model,
we acquired Sentinel-1 SAR data and in situ measured groundtruth data. Fig. 6 shows the comparison between the Sentinel-1
SAR datasets and the new simple empirical model for rangelands in Bet Shemesh and Haifa in Israel.
We acquired the dual-polarized (VV- and VH-polarized)
backscattering coefficients of the two test sites (rangelands in
Bet Shemesh and Haifa, Israel) on February 23, 2019, with Sentinel-1 A in interferometric wide-swath (IW) mode. We also
collected the biomasses, volumetric soil moisture contents, and
surface RMS heights of the sites on February 23, 2019. The

10
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: Model vh
: Meas. vv
: Meas. hh
: Meas. vh

5

Backscatt. Coeff. (dB)

-0.026 𝑚 + 1.00 for VV-polarization, 𝑎 , = 0.024 𝑚 +
0.0181 and 𝑎 , = -0.32 𝑚 + 0.96 for HH-polarization,
and 𝑎 , = 0.047 𝑚 + 0.00814 for VH-polarization. The
angular dependency of the direct vegetation layer backscatter
term is mainly controlled by 𝑐𝑜𝑠𝜃 in (4); therefore, the parameters are not sensitive to the incidence angle in a narrow
range of incidence angles, 20° ≤ 𝜃 ≤ 50°.
In summary, the new empirical model has the following form
for the multi-polarized backscattering coefficients of singlelayered vegetation canopies at 5.4 GHz.

0
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Fig. 4. Comparison between the total backscattering coefficient,
the vegetation layer direct backscatter component 𝜎 , the
attenuated soil surface direct backscatter component 𝑇 𝜎 ,
for
and the soil surface direct backscatter component 𝜎
VH-polarizations at 5.43 GHz, 35°, and 𝑚 = 0.18 cm3/cm3.
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Fig. 5. Comparison between the scatterometer measurements and
the simple empirical model for the multi-polarized backscattering coefficients of a cornfield at 5.4 GHz.
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fields at 5.4 GHz in the range of 20° ≤ 𝜃 ≤ 50° for VV-,
HH-, and VH-polarizations.
The new model has a major advantage for being applied to
any inversion algorithm because the model has only four input
parameters: the incidence angle, soil moisture content, surface
RMS height, and vegetation biomass. Therefore, the soil moisture content and the surface RMS height can be simultaneously
retrieved from a dual-polarized SAR dataset upon being informed of the vegetation biomass, which can easily lead to the
global or regional mapping of soil moisture using SAR images
at 5.4 GHz.

(a)

(b)

Fig. 6. Comparison between Sentinel-1 SAR data sets (February
23, 2019) and the new, simple empirical model for rangelands in (a) Bet Shemesh and (b) Haifa, Israel.
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biomasses were 0.65 kg/m2 and 0.43 kg/m2, the moisture contents were 0.24 cm3/cm3 and 0.34 cm3/cm3, the surface RMS
heights were 0.7 cm and 0.6 cm, and the incidence angles were
38.1° and 35.6° for the Bet Shemesh and Haifa sites, respectively.
The empirical model again agrees quite well with the independent datasets of Sentinel-1 SAR. The new empirical scattering
model is now proven to have good accuracy in predicting multipolarized backscattering coefficients of one-layered vegetation
canopies at incidence angles of 20° ≤ 𝜃 ≤ 50° at 5.4 GHz,
although the model is very simple, with only four input parameters.

REFERENCES

IV. CONCLUDING REMARKS
First, an extensive database was generated for multi-polarized
backscattering coefficients at 5.4 GHz with a modified RTM
for various vegetation fields with wide ranges of input parameters.
The database also included the scatterometer and SAR measurements, as well as in situ measured ground-truth data.
Second, the functional form of the WCM was further simplified according to the behavior of the backscattering coefficients
in the database. The unknown constant parameters of the
simplified WCM were then empirically obtained for each soil
moisture condition by data-fitting between the database and the
model.
Finally, the new empirical scattering model for multipolarized backscattering coefficients of a one-layer vegetation
canopy at 5.4 GHz was analyzed with close examinations and
verified with scatterometer and SAR datasets with in situ
measured ground-truth data. It was found that the new empirical model agrees well with the experimental data as well as with
the RTM. This new empirical model might be good for estimating the backscattering coefficients of one-layered vegetation
150

[1] D. Entekhabi, E. G. Njoku, P. E. O'Neill, K. H. Kellogg, W.
T. Crow, W. N. Edelstein, et al., "The soil moisture active
passive (SMAP) mission," Proceedings of the IEEE, vol. 98,
no. 5, pp. 704-716, 2010.
[2] M. Shoshany, "Satellite remote sensing of natural Mediterranean vegetation: a review within an ecological context,"
Progress in Physical Geography, vol. 24, no. 2, pp. 153-178,
2000.
[3] L. Tsang, J. A. Kong, and R. T. Shin, Theory of Microwave
Remote Sensing, 1st ed. Hoboken, NJ: Wiley, 1985.
[4] F. T. Ulaby and D. G. Long, Microwave Radar and Radiometric Remote Sensing. Norwood, MA: Artech House, 2014.
[5] F. T. Ulaby, K. Sarabandi, K. McDonald, M. Whitt, and
M. C. Dobson, "Michigan microwave canopy scattering
model," International Journal of Remote Sensing, vol. 11, no.
7, pp. 1223-1253, 1990.
[6] Y. Oh, S. Y. Hong, Y. Kim, J. Y. Hong, Y. H. Kim, "Polarimetric backscattering coefficients of flooded rice fields
at L-and C-bands: measurements, modeling, and data
analysis," IEEE Transactions on Geoscience and Remote
Sensing, vol. 47, no. 8, pp. 2714-2721, 2009.
[7] Y. Oh, J. G. Chang, and M. Shoshany, "An improved radiative transfer model for polarimetric backscattering from
agricultural fields at C- and X-bands," Journal of Electromagnetic Engineering and Science, vol. 21, no. 2, pp. 104-110,
2021.
[8] E. P. W. Attema and F. T. Ulaby, "Vegetation modeled as a
water cloud," Radio Science, vol. 13, no. 2, pp. 357-364,
1978.
[9] S. K. Kweon and Y. Oh, "A modified water-cloud model
with leaf angle parameters for microwave backscattering

OH et al.: AN EMPIRICAL MODEL FOR BACKSCATTERING COEFFICIENTS OF VEGETATION FIELDS AT 5.4 GHz

from agricultural fields," IEEE Transactions on Geoscience
and Remote Sensing, vol. 53, no. 5, pp. 2802-2809, 2015.
[10] A. K. Fung, Z. Li, and K. S. Chen, "Backscattering from a
randomly rough dielectric surface," IEEE Transactions on
Geoscience and Remote Sensing, vol. 30, no. 2, pp. 356-369,
1992.
[11] Y. Oh, K. Sarabandi, and F. T. Ulaby, "An empirical model
and an inversion technique for radar scattering from bare
soil surfaces," IEEE Transactions on Geoscience and Remote
Sensing, vol. 30, no. 2, pp. 370-381, 1992.
[12] F. T. Ulaby, P. C. Dubois, and J. Van Zyl, "Radar mapping

of surface soil moisture," Journal of Hydrology, vol. 184, no.
1-2, pp. 57-84, 1996.
[13] S. Park, S. K. Kweon, and Y. Oh, "Validity regions of soil
moisture retrieval on the LAI-θ plane for agricultural
fields at L-, C-, and X-bands," IEEE Geoscience and
Remote Sensing Letters, vol. 12, no. 6, pp. 1195-1198, 2015.
[14] M. T. Hallikainen, F. T. Ulaby, M. C. Dobson, M. A.
El-Rayes, and L. K. Wu, "Microwave dielectric behavior
of wet soil. Part 1: empirical models and experimental
observations," IEEE Transactions on Geoscience and Remote
Sensing, vol. 23, no. 1, pp. 25-34, 1985.

Yisok Oh

Maxim Shoshany

received his B.E. from Yonsei University, Seoul,
Korea, in 1982, and his Ph.D. from the University of
Michigan, Ann Arbor, MI, USA, in 1993, both in
electrical engineering. In 1994, he joined the faculty
of Hongik University, Seoul, where he is currently a
professor at the School of Electronic and Electrical
Engineering. His current research interests include
polarimetric radar backscattering from various Earth
surfaces and microwave remote sensing of soil moisture and surface
roughness.

holds a Ph.D. in remote sensing from the University
of Tasmania, Australia (1990). He is currently a full
professor at the Faculty of Civil and Environmental
Engineering at the Technion – Israel Institute of
Technology. His research area is environmental geoinformation, specializing in remote sensing and
spatio-temporal modeling of Mediterranean and arid
environments.

Jisung Geba Chang
received his Ph.D. in geo-information from the
Technion – Israel Institute of Technology in 2017.
His research area is remote sensing of the environment using multi-temporal data, multi/hyperspectral
data, and multi-frequency/polarization SAR data. His
current research interests include machine learningbased integration of multi-sources for classification/
clustering and their decomposition.

151

