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Abstract: Active radar remote sensing technology, with its capability of acquiring all-weather data, has great
potential for agricultural monitoring. This technology can penetrate vegetation cover more deeply than optical
sensors and has sensitivity to the shapes, structures, and dielectric constants of vegetation scatterers. In this
paper, we discuss the applications of radar remote sensing in crop identification, cropland soil moisture
inversion, crop growth parameter inversion, crop phenology retrieval, agricultural disaster monitoring, and crop
yield estimation. We review several specific papers focusing these fields, and then describe the results obtained
using information extracted from radar scatterometers and Synthetic Aperture Radar (SAR). Extracted SAR
data include characterizations of backscattering, polarimetry, interferometry, and tomography. Lastly, we
summarize the problems faced by radar applications in agriculture and consider the future trend of these
applications.
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Tab. 1 Summary of studies using ground-based scatterometers
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Tab. 2 Major space-borne radar scatterometry and their basic information
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Tab. 3 Summary of studies using polarimetric characterization
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scatterers, active radar remote sensing technology has great potential in agriculture monitoring. In this paper,
we introduce radar application in crop identification, cropland soil moisture inversion, crop growth parameter
inversion, crop phenology retrieval, agricultural disaster monitoring, and crop yield estimation. An overview of
several specific reviews focusing on the aforementioned fields is given. Then, we discuss the results and conclu-
sions on the basis of information extracted from radar scatterometers and synthetic aperture radar. Finally, we
summarize the problems and reasons for radar application in agriculture, and present the future trend of radar
application in agriculture.

Key words: Radar remote sensing; Agriculture; Backscattering characterization; Polarimetric characterization;

Vol. 9No. 3
Jun. 2020

Interferometric characterization; Tomography characterization

CLC index: TN957.52
DOI: 10.12000/JR20051

Document code: A

Article number: 2095-283X(2020)03-0444-18

Reference format: ZHANG Wangfei, CHEN Erxue, LI Zengyuan, et al. Review of applications of radar remote
sensing in agriculture[J]. Journal of Radars, 2020, 9(3): 444-461. DOI: 10.12000/JR20051.

1 Introduction

1.1 Research background

Radar is one of the main sensors in micro-
wave remote sensing application. Microwave re-
mote sensing technology has three main advant-
ages: (1) Microwaves can penetrate clouds and
even rain; (2) they can penetrate vegetation more
deeply than light waves can; and (3) the informa-
tion obtained by microwaves, which is different
from that acquired by optical remote sensing
sensors, can reflect the geometric and dielectric
properties of objects!). Radar has great potential
in agricultural monitoring because of its all-

weather and all-day monitoring ability; its sensit-
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ivity to the vegetation shape, structure, and
dielectric constant; and its ability to penetrate ve-
getation.

Currently, the applications of radar remote
sensing in agriculture mainly include crop classi-
fication and identification, farmland parameters
(water content and surface roughness) inversion,
crop growth parameters (biomass, Leaf Area In-
dex (LAI), and height) inversion, phenological
stage retrieval, crop disaster monitoring, and crop
yield estimation.

Crop classification and identification are the
initial key applications in agricultural situation
monitoring using remote sensing technology. Ac-
curate crop type identification is the basis of ac-
curate crop planting area estimation, structure,
and spatial distribution extraction. It can also
provide key input parameters for crop yield estim-
ation models?. Different crops have different can-
opy structures, geometric features, and dielectric
constants; therefore, they have different scatter-
ing characteristics in Synthetic Aperture Radar
(SAR) images, especially in the images acquired
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with different frequencies or polarizations.
However, the phenomenon is also the theoretical
basis for crop classification and recognition with
radar remote sensing.

Soil moisture content inversion is one of the
most conventional applications of radar remote
sensing applied in farmland parameter inversion.
Surface roughness has a great influence on the in-
version of farmland soil water content, especially
in bare soil water content inversion, and it is an
important parameter in agronomy, agrology, geo-
logy, and climatology. Therefore, surface rough-
ness inversion has developed into an independent
branch of study®. The crop vegetation effect
should also be considered in the inversion of farm-
land soil moisture content in areas covered by
crops. The soil water content in farmland is usu-
ally estimated by establishing the relationship
model between radar backscattering coefficient
and soil volume water content. The radar backs-
cattering coefficient and soil moisture content
have a good correlation after the effect of vegeta-
tion canopy and soil roughness is separated from
the radar signal® .

Crop growth status and trend directly affect
crop yield and quality”. Crop growth parameters
mainly include biomass, LAI, height, and density.
Growth parameters are usually effective indicat-
ors of crop growth status. Therefore, crop growth
monitoring is typically achieved by growth para-
meter inversion. The backscattering information,
polarization characteristics, and interference char-
acteristic information of radar are often used in
crop biomass, LAI, and height inversion.

Crop phenological information is one of the
important characteristics of agricultural ecosys-
tem and is an important basis for agricultural
production, field management, planning and de-
cision-making. The division of crop phenology
mainly refers to the identification of the period
that corresponds to significant changes that oc-
curred according to crop morphology during the
crop growth period from emergence to harvest®®.
Polarimetric information is sensitive to crop
structure and morphological changes. Therefore,

polarimetric SAR data have been widely used to

identify crop phenology in recent years.

Many kinds of crop disasters exist, including
flood, drought, diseases, insect pests, and lodging.
At present, the application of radar remote sens-
ing in crop disasters has not been fully explored,
and most existing research focuses on lodging
monitoring, especially for crops that have an obvi-
ous vertical structure, which mainly takes advant-
age of the sensitivity of polarization characterist-
ics to the changed crop structure during lodging!’.

The ultimate goal of agricultural remote sens-
ing monitoring is to estimate crop yield accur-
ately and in a timely manner. Crop yield can be
estimated by using a crop growth model and re-
mote sensing. The former can simulate the growth
of crops at a single point level by mathematical
modeling and could achieve the single-point yield
estimation of crops with high precision; the latter
can obtain the comprehensive characteristics of
crops at a regional level. The advantages of the
two methods are complementary, and integrating
and applying them in crop yield estimation can
improve the accuracy and mechanization of yield
estimation”). Several current applications of radar
remote sensing in crop yield estimation are the as-
similation of remote sensing data and crop growth
model to estimate crop yield, but this field has
not been fully explored yett.

1.2 Overview of existing research

With the development of radar remote sens-
ing technology and its application in agriculture,
many researchers have reviewed related research
on the application of radar remote sensing techno-
logy in different fields of agriculture. Wang Di et
al.”l reviewed the SAR technology application
progress in crop classification and recognition,
and they concluded that SAR features that are
currently used for crop identification and classific-
ation include single-band, single polarization, mul-
tipolarization, and multiband features; and the
classification methods include algorithms based on
the pixel statistical characteristic polarization de-
composition analysis and the theory of crop scat-
tering mechanisms. They also pointed out that
the current accuracy of recognition and classifica-
tion is still low, with the recognition accuracy be-
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ing less than 85%, which may have resulted from
the lack of research on the mechanism-related
classification algorithms. Shi Jiancheng et al.l*l
summarized the radar data sources used in soil
moisture inversion, the limitations of each data
source, current algorithms, and deficiencies. Liu
Jian et al.'” summarized the influence of rough-
ness and covered vegetation on soil water inver-
sion and corresponding solutions. They pointed
out that the accuracy and universality of existing
inversion methods need to be further improved,
and the fusion of SAR data from different obser-
vation modes (multiband, multipolarization, and
multiangle) is an effective direction in future in-
version tasks. Liu et al.’l, McNairn et al.™ sum-
marized the potential of crop growth monitoring
using SAR technology. They stated that current
crop growth parameters used for crop growth po-
tential monitoring include biomass, LAI, and
height, and the used SAR features include backs-
cattering, polarization, and interference character-
istics. Li Pingxiang et al.”! briefly reviewed crop
phenological period monitoring based on SAR
technology and found that the main methods cur-
rently include two categories: methods according
to classification and ones based on temporal dy-
namic tracking. They also concluded that the ap-
plication of SAR technology in agricultural dis-
aster monitoring currently focuses on crop
lodging. Huang Jianxi et al.l'>" reviewed the ap-
plication of remote sensing and crop growth mod-
el data assimilation in crop yield estimation, and
observed the potential of assimilating SAR re-
mote sensing data and crop growth model in crop
yield estimation. However, the method has rarely
been explored, and it may be one of the main de-
velopment directions for crop yield estimation in
the future.

The advantages and disadvantages of the ap-
plication of radar remote sensing in agriculture
had been explained from many aspects, and they
have positive significance to promote the applica-
tion of radar remote sensing technology in agricul-
ture. However, with the development of SAR
technology and the promotion of application re-
quirements, SAR data acquisition methods de-
veloped from single frequency, single polarization,

and single angle to multifrequency, multipolariza-
tion, multiangle, and multi-time equal compre-
hensive acquisition methods. With the changes in
the SAR observation mode, the scattering mech-
anism of crops and its characterization in SAR
images become more complex. The changes in
SAR observation modes affect not only the cogni-
tion and understanding of crops by using SAR
technology but also the applicability of tradition-
al estimation methods in agricultural applications
under the joint observation dimension. To meet
the requirements of multidimensional SAR obser-
vation technology, the extraction methods of SAR
parameters and their responses to the relevant
parameters systematically need to be organized!.
Primary studies mainly used radar scatterometer
for agricultural-related research, and SAR is the
sensor that has been used most recently. Previ-
ous reviews mainly focused on SAR application.
The initial research based on radar scatterometer
is the experimental basis for the subsequent ap-
plication of SAR technology, and their verifica-
tions of the research results on microwave remote
sensing theory provide theoretical guarantee for
further development of SAR technology. There-
fore, a comprehensive review and summary of the
scatterometer-related research results are neces-
sary. Some of the existing review literature was
published earlier, and the latest research results
have not been added, especially the literature on
the application of interference, polarized interfer-
ence SAR technology, and tomographic SAR
technology in agriculture. In accordance with the
above summary, in this paper, we first summar-
ize the current situation of radar scatterometers
in agricultural application. Then, we review the
application status of various SAR techniques in
various agriculture fields on the basis of different
SAR observation techniques to determine the ad-
vantages and disadvantages of SAR technology in
the whole agricultural system comprehensively.
Finally, we propose possible directions and ideas
for further SAR application in the agriculture in
the future.

2 Application of Radar Scatterometers in
Agriculture

Research on the application of radar scattero-
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meters in agriculture mainly focuses on the inver-
sion of soil moisture in farmland. The initial re-
search explored its application in vegetation can-
opy structure, crop mapping, crop growth monit-
oring, crop identification, and classification.
However, such research is fewer in number than
that on soil moisture. In the following sections, we
summarize the application of scatterometers in
agriculture according to the remote sensing plat-
form, such as ground-based, airborne, and space-
borne scatterometers.

2.1 Ground-based radar scatterometer

Radar scatterometers measure the scattering
cross section of targets. The information can be
used to understand the interaction mechanism
between microwaves and the natural target. Scat-
terometers transmit a series of pulses and meas-
ure their echo, and then quantify the returned
echo characteristics to obtain the scattering cross
section measurement results of the target. The
platform of scatterometers includes satellite
borne, airborne, and ground. The ground plat-
form is carried mainly on a high tower or a truck;
scatterometers placed on such a platform are also
referred to as ground-based scatterometers. The
scattering cross section of the target measured by
scatterometers is affected not only by the charac-
teristics of the target itself but also by the fre-
quency, incidence angle, and polarization mode of
the scatterometers!'”.,

Tab. 1 summarizes the research conducted by
using ground-based radar scatterometers and
their related conclusions. Research on soil mois-
ture inversion based on ground-based scattero-
meters began in the late 1960s and early 1970s.
Previous studies provided theoretical and experi-
mental support for the optimal parameter setting
of space-borne scatterometers and space-borne
SAR, which were applied in related research. A
research group from the University of Kansas
used Microwave Active and Passive Spectrometer
(MAPS) or Microwave Active Spectrometer
(MAS) to study the reflection of backscattering
coefficient on soil moisture change. The fre-
quency of the MAPS and MAS in these tests
ranges from 1 to 18 GHz, and the incidence angle

ranges from 0° to 80°. The following results were
obtained: the inversion of soil moisture by backs-
cattering coefficient was affected by frequency,
polarization, incidence angle, soil roughness, and
covered vegetation; the influence of soil rough-
ness could be eliminated or reduced by selecting
appropriate frequency and incidence angle; and
scatterometers with low frequency and small in-
cidence angle were more suitable for soil moisture
inversion. The polarization characteristics were
also sensitive to the change in crop structure. Dif-
ferent crop types were distinguished more easily
with the combination of polarization, high fre-
quency, and large incidence angle'*?), Radar Ob-
servation of Vegetation (ROVE) was performed in
the Netherlands to study the response of X-band
polarimetric backscattering to crop parameters
under different incidence angles. The results
showed that when the crop coverage rate reaches
a certain degree, the backscattering coefficient
will be saturated; multifrequency observation
could improve the estimation accuracy of crop
growth parameters, and it also confirmed that a
large incidence angle was more suitable for veget-
ation monitoring®®?". On the basis of Ka-, Ku-,
X-, C-, and L-band ground-based scatterometer
data, Japanese scholars Inoue et al.®® pointed out
that C-band was suitable for LAI inversion, while
L-band was suitable for biomass estimation. Ac-
cording to the research of the Canadian Remote
Sensing Center, HV polarization performed well
in crop type identification and crop stubble iden-
tification. They also pointed out that backscatter-
ing had an obvious response to the dynamic
change of daily water content in farmland area,
but their correlation was affected by frequency

297331 Chinese researchers

and crop growth stage!
had mainly explored the backscattering changes
of soil moisture at different polarizations and in-
cidence angles at the X- and C-bands. Their find-
ings showed that ridge orientation significantly in-
fluenced the backscattering of co-polarization
mode; in soil water content inversion, the influ-
ence of roughness could be eliminated by select-
ing data with a specific incidence angle** 7, A
similar conclusion was obtained by other experi-
ments® 12,
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Tab. 1 Summary of studies using ground-based radar scatterometers
Description of scatterometer
Research ) .
¢ parameters Type (object) Conclusion Reference
e
m Parameter Description
The sensitivity of backscatter to soil moisture: HH > VV;
the sensitivity of backscatter to soil water is significantly
affected by the soil surface roughness, which can be
Dual polarization characterized by the change in frequency and incidence
(HH+VV); the inci- angle. Therefore, soil moisture inversion is obviously
dence angle varies affected by frequency and incidence angle. When the
from 0° to 70°; the Soil moisture frequency ranges from 4 to 8 GHz, the sensitivity of [16-18]
frequency ranges backscatter to soil water is significantly affected by the
from 4 to frequency and incidence angle. For instance, when the
8 GHz incidence angle varies between 5° and 15°, the
backscattering of HH polarization is hardly affected by
MAPS the vegetation and only reflects the change of soil
moisture.
The polarization characteristics were sensitive to the
change in crop structure; the ridge direction of farmland
Full polarization Classification has an obvious influence on the polarization scattering
(HH+VV+HV+VH); and mapping characteristics, which is dependent on the type of crops;
the incidence angle of crops (crops the sensitivity of the changes to crop structure: VV > (18]
varies from 0° to 80°; include corn, HH; the changes in crop density and incidence angle
the frequency is bet- sorghum, soyb- affect the backscattering intensity of microwave at
ween 4 and 8 GHz ean and alfalfa) different frequencies; the combination of large incidence
angle (30° to 65°) and high-frequency band would be the
most effective way to distinguish different crop types.
Soil roughness affects the inversion of soil moisture in
bare soil coverage area; the influence of soil roughness can
. L be reduced by optimizing the system parameters of
Ulaby Team, Bipolarization (HH+ L
. . L scatterometers. The recommended combination is a
University of VV); the incidence . . . o .
. o Soil moisture in frequency of 4 GHz, an incidence angle that varies from
Kansas angle varies from 7 . o 5 . .
o bare soil-cove- 7° to 15°, and a polarization mode of HH or VV. This [18,20]
to 15°; the frequency . . . . . .
. red area parameter is also applicable to soil moisture retrieval in
is between 2 and . . . .
8 GH vegetation coverage areas with frequencies ranging from
7z
4 to 8 GHz. The highest correlation between backscatter
and soil moisture is obtained at a frequency of 4.7 GHz
and an incidence angle of 10°.
For the soil moisture in the bare soil-covered area, the
conclusion was similar to Ref. [20], and the surface
roughness effects are the lowest when the frequency is 5
. Lo GHz and the incidence angle ranges from 7° to 17°. The
Tri-polarization (HH+ . . . . )
MAS Lo . . best soil moisture inversion with crop coverage was
VV+HV); the incid- Soil moisture, . o
. obtained at a frequency of 4.25 GHz, incidence angle of
ence angle varies surface roughn- o o .
R R ) 10°, and polarization of HH, with r = 0.92; The [21-23]
from 0° to 80°; the ess, and soil st- . . . . .
. estimation capability of soil moisture based on
frequency is between ructure . - .
backscattering coefficient depends on the proportion of
2 and 8 GHz . . .
soil moisture to the field water contents. When the
proportion is less than 50%, the estimation is not good,
and when the proportion is between 50%-100%, the
estimation performance is better.
. L In addition to the similar conclusion with Ref. [18], the
Bipolarization (HH+ . . . . . .
L Soil moisture best crop identification can be obtained by using the
VV); the incidence . . . . . .
. . and crop identi- multifrequency data of VV; the influence of soil moisture
angle varies from 0° = | . o . L.
fication (corn, on crop identification can be minimized when the [19]

to 70°; the frequency
is between 8 and
18 GHz

sorghum, soyb-
ean and alfalfa)

incidence angle is between 30° and 65°, and better soil
moisture inversion results can be obtained with the data

combination of low frequency and small incidence angle.
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HR1
Description of scatterometer
Research _ .
; parameters Type (object) Conclusion Reference
eam
Parameter Description
The backscattering coefficient of crops is obviously affected
by polarization mode and observation angle. The influence
of imaging geometry depends on crop types. For example,
X.(10GH band the influence of incidence angle on sugar beet is not
+ 7); Q-ban obvious, but the impact on potato reached —5 dB. In
(35 GHz); the _
S Crop observa- addition, when the coverage rate of crop canopy reached
ROVE, the Ne- incidence angle | . . L . . .
FM/CW tion; Soil mois- 80%, the variation of backscattering coefficient was [24-28]
therlands varies from 15° to .
ture saturated. X-band can be used for agriculture crop
80°; polarization: e . e . ..
classification and identification. Multifrequency data joint
VV, HH, VH, HV . .
observation can improve the accuracy of crop canopy
biomass, canopy water content, coverage, and crop height
estimation. Increasing the observation incidence angle can
improve the estimation accuracy of canopy water content.
Through the analysis of variance coefficient, we can obtain
. ... the best crop recognition with Ku-band, HV polarization,
Crop identific- | | 0 o .
. incidence angle range of 30°-60°, and crop growth during
L-/C-/Ku (1.5/5.2/ ation and class- . . .
. . 29-30 weeks. A high correlation exists between backscatter
12.8 GHz); full ification; soil . .
CCRS,Canada  FM/CW o . and daily canopy water content when the crops grow in the [29-33]
polarization; incid- moisture, crop . .
o omo . rapid growth stage. The correlation between backscatter
ence angle: 0°-85° canopy mois- i . . L
. and daily soil moisture change is high when the crops
ture, cropresidue . . . .
wither. HV is sensitive to crop residual change and is not
affected by observation direction or ridge direction.
Ground based The ridge direction enhances the backscattering coefficient
microwave Soil moisture with the polarization channel parallel to it, and the
C-; HH and VV , o . [34,35]
scatterometer Soil roughness measured roughness by SAR is different from that obtained
(FM/CW) by optical data.
X-band with HH polarization has the highest sensitivity to
bare soil water content at an incidence angle of 6°. X-band
. is worse than C-band for vegetation coverage soil moisture
China X-(9.375 GHz), . i
. . retrieval. When the water content is constant, the
Microwave Incidence angle: . . . . .
o o . . . backscattering coefficient decreases with the increase in the
scatterometer 0°-48°; step in- Soil moisture | | . (34,36,37]
R incidence angle, and the change rate decreases with the
(FM/CW) terval: 6°; full . . . . .
L increase in roughness. With the increase in frequency, the
polarization L . .
incidence angle independent of roughness increases. For
example, when the frequency is 1.1 GHz, the incidence
angle is 7° and 10° at 7.5 GHz.
Bipolarization, 1.4
. Vegetation L-band and HV showed the best performance in VWC
GHz radiometer;
ComRAD . Water Content retrieval when HH, VV, MPDI, and RVI are used to [38-40]
full polarization G . c
(1.25 GHz) (VWCQC) retrieve VWC.
The accuracy of soil moisture retrieval can be improved by
Others decreasing the sampling time interval, and VV polarization
L-(1.25 GHz), full . . backscattering is more sensitive to the vertical structure of
L .. Soil moisture, . . L .
UF-LARS polarization; inci- crops. The linear relationship inversion results are [41-42]

dence angle: 40°

Crop growth

uncertain in the inversion of soil moisture where the
scattering mechanism is dominated by vegetation

scattering, while the surface is smooth and the soil is dry.

2.2 Airborne and space-borne radar Scatterometer

Although ground scatterometers are easy to

operate and are low cost, the observation results

are greatly affected by geometric relations and the

limited observation range, which is due to the low

observation platform. An airborne platform with

a larger observation range can expand the obser-

vation range and improve the observation effi-

ciency. The airborne platform is mainly used as a

compensation to the ground platform,

and it
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provides theoretical and experimental support for
the parameter setting of the onboard space-borne
radar sensor. In the ROVE project, the data of
airborne radar with side view are included. Kurl
et al" used the data to study the variation of X-
band backscattering coefficient during the whole
crop growth period, and they found that the dy-
namic range is from 3 dB to 15 dB. Many re-
search results were obtained based on 1-18 GHz
DUTSCAT in Europe and the ERASME air-
borne scatterometer at C-/X-band***. Bouman
et al.™ and Ferrazzoli et al* confirmed the res-
ults of Ref. [27] by using the multifrequency data
of DUTSCAT and pointed out that X-band and
Ku-band were suitable for crop classification,
while L-band was more suitable for soil moisture
inversion. Benallegue et al.'”l analyzed the feasib-
ility of soil moisture inversion by using multifre-
quency and multiangle data of ERASME and ob-
tained a similar conclusion as Refs. [16-23].
According to the ground-based and airborne
experimental results, the main working bands of
the space-borne scatterometers are C-(5.3 GHz)
and Ku-(13.5 GHz) band. C-band space-borne
scatterometers with a longer wavelength are less
affected by cloud and rain, while Ku-band with a
high frequency is more sensitive to changes in tar-
get characteristics. Tab. 2 lists the main informa-
tion of the main space-borne scatterometers to
datel*® 1. Space-borne scatterometer data were
mainly used in soil moisture inversion and crop
parameter inversion in agriculture. WoodHouse et
al.P*>% used ERS-1 AMI scatterometer data to re-
trieve vegetation coverage, soil moisture under ve-

getation cover, and seasonal variation of vegeta-

tion. The soil moisture retrieval results were af-
fected by vegetation coverage and had regional
dependence; the observation results of vegetation
seasonal change were affected by air and surface
temperature, according to Frison et al.’). Frolk-
ing et al.” used QuickSCAT SeaWinds to monit-
or the phenological periods of multivegetation at
27 sites in the United States. The results were
compared with MODIS LAT data; the results were
basically consistent, but the phenological periods
monitored by backscatter characteristics were al-
ways earlier than those estimated by MODIS LAI
data. The results acquired by Lu et al.’® using
the same data at 22 sites in China were consist-
ent with the results in the United States. Wen et
al.’™ used ERS-1AMI data to retrieve soil mois-
ture in Tibet. The correlation between scattero-
meter estimation results and 0—4 cm surface soil
moisture from a ground survey reached 0.78. On
the basis of the data of a space-borne scattero-
meter, several scholars completed global soil mois-
ture mapping®®®, and some scholars pointed out
that global soil moisture mapping should con-
sider the influence of the dynamic changes of sur-
face vegetation®”. To provide an analysis method
for NASA SMAP data, Kim et al.'"% used Monte
Carlo simulation to study the forward scattering
model. They studied the models that were suit-
able for 16 vegetation and bare soil surfaces, and
then the models were used to simulate soil dielec-
tric constant, roughness, vegetation water con-
tent, and other parameters. On the basis of these
data, Naemi et all®! and Wagner et al.*! optim-

ized the inversion algorithms and models.

Tab. 2 Major space-borne radar scatterometers and their basic information

Satellite Sensor Band Incidence angle Polarization Service time Nation
Seasat SASS Ku 25°-55° HH, VV 1978.6-1978.10 Us
ERS-1 AMI C 18°-59° \AY 1991.6-2000.3 ESA
ERS-2 AMI C 18°-59° \AY 1995.4— ESA

ADEOS-1 NSCAT Ku 18°-63° HH, VV 1996.8-1997.6 Us
QuickSCAT SeaWinds Ku 46°, 54° HH, VV 1999.7— UsS
ADEOS-2 NSCAT Ku 46°, 54° HH, VV 2002.12-2003.8 Us
SZ-4 CN/SCAT Ku 37° HH, VV 2002.12— China
MetOp-1 ASCAT C 25°-65° \AY 2006.10— ESA
OceanSat-1 OSCAT-1 Ku 50°, 57° HH, VV 2009 India
HY-2A HY-2A Ku HH, VV 2010.8—- China
OceanSat-2 OSCAT-2 Ku 50°, 57° HH, VV 2016— India
SMAP I- 2015.1-2015.7 UsS
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Early research based on ground-based and
airborne scatterometer data described the feasibil-
ity of using backscatter characteristics for soil
moisture inversion and crop classification. The ap-
plication of space-borne scatterometers further op-
timized the early inversion method and promoted
the application of space-borne scatterometers in
soil moisture and vegetation parameter inversion.
With the development of imaging radar, SAR
technology in particular has been widely used in
various fields of agriculture. However, scattero-
meter observation still plays an important supple-
mentary role in SAR application in agriculture
because of its flexibility, low cost, and rapid-re-
peat observation ability.

3 SAR Application in Agriculture

Compared with scatterometers, SAR can
provide not only backscattering characterization
but also image features and other observations. In
recent years, SAR has been widely used in agri-
cultural monitoring. On the basis of the data that
SAR technology can provide, features applied in
agriculture can be divided into four aspects:
backscattering, polarimetric, interferometric, and
tomography features. Tomography feature is a
further development of interferometric or polari-
metric interferometric feature in vertical space.
3.1 Backscattering characterization of SAR

Only single frequency and single polarimetric
images can be obtained from the early SAR data
(from the end of the 1980s to 2002); the only fea-
ture that can be extracted is backscattering. Most
of the applications of SAR backscatter feature in
agriculture were based on the further verification
and deepening of backscattering information of
scatterometers applied in agriculture. Therefore,
most of the initial research verified the research
results on the basis of scatterometer data, and the
methods were mostly based on that developed

67 The unique scat-

from scatterometer research!
tering mechanism of rice underlying surface (wa-
ter surface) makes rice distinct from other crops.
Therefore, most initial research on crop recogni-
tion based on backscattering coefficient used rice
as the research object. The classification accur-

acy of using these features for rice recognition can

reach 80%, 91%, and 98%!%). However, most of
the study areas in the above-mentioned research
were homogeneous, and the accuracy of classifica-
tion and recognition was significantly reduced in
areas with fragmented plots and complex plant-

65.66] Tn the inversion of soil mois-

ing structure!
ture and crop growth parameters, the models
between backscatter and inversion parameters
were established. These models included the em-
pirical, semi-empirical, and mechanism models.
The empirical model is usually established by ex-
perimental observation data, thereby making it
sensitive to the conditions obtained from experi-
mental data, such as meteorological conditions,
imaging geometry, crop conditions, crop types,
phenological characteristics, and soil moisture.
These sensitive features cause the uncertainty of
inversion results and reduce the applicability of
the model. Given these limitations of the empiric-
al model, some researchers began to develop the
semi-empirical model and the mechanism model.
The Integrated Equation Model (IEM), the Ad-
vanced Integral Equation Model (ATEM), and the
improved models based on these two models were
widely used in the inversion of bare soil moisture
on the basis of backscattering. The commonly
used algorithms include change detection method,
regression analysis method, and model-based arti-
ficial neural network method!®”. Water Cloud
Model (WCM) is a representative semi-empirical
model for vegetation parameter retrieval®. The
mechanism model is MIchigan MIcrowave Can-
opy Scattering (MIMICS). These two models are
used to reduce the impact of vegetation on soil
moisture retrieval in vegetation coverage areas.
The accuracy of these two models in the retrieval
of growth parameters was enhanced by many
scholars by introducing more features/™ 7. Ref. [3]
summarized the detailed application status of
these two models in agriculture. At present, the
backscattering coefficient is the most commonly
used feature in crop yield estimation using radar
data. Two kinds of methods are used for crop
yield estimation: the use of backscattering coeffi-
cient to estimate crop yield directly and the es-

timation of crop yield by assimilating the estima-
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tion results of growth parameters based on backs-
catter with a crop growth model. The direct use
of backscattering coefficient for yield estimation is
usually performed to establish the relationship
model between backscattering coefficient and
yield, and then to retrieve the yield, which be-
longs to the empirical model. Although it can ob-
tain better estimation accuracy in a specific area,
it is affected by the defects of the empirical estim-
ation model, so it is difficult to use widely!"®.
Research on the assimilation of SAR remote sens-
ing information and crop growth model began
only in recent years. At present, the information
used for assimilation mainly includes biomass and
LAT retrieved from SAR backscattering character-
ization!™7,

3.2 Polarimetric characterization of SAR

Full polarimetric SAR data began to be col-
lected in the early 1990s. The data of scattering
amplitude and phase characteristics of HH, HV,
VH, and VV polarization were recorded. Polari-
metric feature extraction methods usually include
polarimetric synthesis and polarimetric decompos-
ition. The backscattering of any polarization
mode can be calculated by using polarimetric syn-
thesis technology, thus improving the detection of
ground objects. Polarimetric decomposition tech-
nology can refine the characterization of ground
objects and enhance the detection ability of
ground objects. Polarimetric features are sensit-
ive to the physiological characteristics of crops
and the scattering direction and shape of crops.
Thus, they have great potential in various agri-
cultural research fields and are also the most
widely used and deeply studied in agricultural ap-
plications. Tab. 3 lists the current applications of
polarimetric characterization in the main agricul-
tural fields.

Tab. 3 shows that polarimetric characteriza-
tion had been applied in agriculture research.
Crop recognition and classification was the earli-
est application of polarimetric features in agricul-
ture. In early research, crop classification accur-
acy was improved by adding different polariza-
tion backscattering characterizations. The crop
classification accuracy effectively improved with

the addition of polarimetric features, improving
by 37% in some regions”!*?). With a variety of
proposed polarimetric decomposition methods,
various studies showed that the introduction of
different polarimetric decomposition parameters
can effectively improve the classification accuracy,
which varied from 70% to 96%. Some studies clas-
sified crops such as corn, soybean, wheat, and
rice, and others included crops and forests, bare
soil, and buildings® %!, Ref. [65] summarized the
classification methods using these features in de-
tail. In farmland soil moisture inversion, polari-
metric characterization can effectively reduce the
uncertainty of inversion based on backscattering
characterization only!**7,

Many scholars proposed several inversion al-
gorithms by using multipolarimetric data to im-
prove the inversion accuracy of soil moisture®® 1%,
After polarimetric characterization was added, the
Root Mean Square Error (RMSE) of soil water
content inversion decreased by around 4%*. The
sensitivity of polarimetric characterization to soil
roughness was first confirmed by the response of
polarimetric synthesis parameters. The paramet-
ers related to circular polarization were the most

101 Subsequently, the

sensitive to soil roughness!
polarimetric decomposition parameters were ap-
plied to eliminate the influence of soil roughness
in soil moisture inversion. The X-Bragg model
was proposed on this basis to improve the disad-
vantages of the small perturbation method, the
traditional soil moisture inversion model, which
could not characterize the cross polarimetric and
depolarization characterization!'’>'%*. With the
abundance of the full polarimetric data, more soil
roughness characterization can be explored
Fully/104105]

The inversion of crop growth parameters us-
ing polarimetric parameters is also one of the hot
issues in current research, and many research res-
ults have emerged in recent years. On the basis of
Radarsat data, the research team of the Cana-
dian Society of Agriculture and Food performed
the inversion of multiple growth parameters and

crop yield estimation with a variety of crops!'® 1%,

109,110]

The research group of the Shaoyun! team of

the Chinese Academy of Sciences also used full
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Tab. 3 Summary of studies using polarimetric characterization
Application Description of SAR parameters Result Reference
Crop classifica- Pauli decomposition parameter; Stokes 1. Adding polarimetric features can effectively improve the [3,65,66]
tion and identifica- vector feature; Decomposition param- classification accuracy.
tion eter based on eigenvalueand eigenve- 2. For different crops, the difference is obvious.
ctor; Freeman-Durden, Yamaguchi 3. The accuracy of crop classification can be effectively
decomposition parameter; Span-Pauli improved by adding temporal features of polarimetric
decomposition parameter, H-A-a de- features.
composition parameter; Cloude decom- 4. The classification accuracy of adding polarimetric
position parameter decomposition feature is higher than that when only simple
linear polarimetric combination is used.
5. The classification results using compact polarimetric
features can achieve the same accuracy as the use of full
polarimetric features.
Inversion of farm- 1. Parameters such as depolarization 1. Using the multipolarimetric feature can better reduce the [3,67]
land parameters ratio, co-polarimetric correlation coeff- uncertainty of soil moisture inversion than using the single
(soil moisture/gro- icient, coherence parameter, scattering polarimetric feature and improve the inversion accuracy.
und roughness) entropy, and scattering angle were 2. The inversion accuracy can be improved by using the
introduced to analyze the relationship parameters of polarimetric decomposition instead of
between soil moisture and backsca- backscattering coefficient.
ttering coefficient; 2. The parameters of 3. With the introduction of polarimetric parameters, the
polarimetric decomposition mainly inversion results are affected by crop phenology and crop
include Freeman-Durden and eigen- types.
value decomposition
Inversion of crop Polarimetric synthesis and polarimetric 1. Growth parameters include LAI, biomass, and crop height. [80-83]
growth parame- decomposition parameters; parameters 2. X- and C-bands are sensitive to the change in LAIL
ters were developed based on polarimetric 3. Inversion results are affected by crop phenological period
synthesis and decomposition param- and crop type.
eters, such as radar vegetation index 4. More accurate inversion of crop growth parameters can be
and reference height parameters. obtained by using multipolarization synthesis and
decomposition parameters (about 30 parameters have been
used for crop growth parameters inversion at present)
Division of crop Cloude-Pottier decomposition param- 1. Time series data are mainly used to retrieve or monitor [9,84-88]
phenological eters, polarimetric ratio, polarimetric the phenological period.
period difference ratio, polarimetric synthesis 2. The methods include classification and dynamic tracking.
parameter (polarization degree), CP 3. The data used for monitoring include X - and C-band.
backscattering coefficient, and polari-
metric decomposition parameter, Stokes
parameter
Crop disaster Polarimetric index (HH/VV, HH/HV 1. Different polarizations have an obvious effect on lodging. [89,90]

monitoring surface scattering, Span, double scattering/

Span)

2. Both polarimetric entropy and polarimetric index can
reflect the lodging.

3. The occurrence of lodging is accompanied by obvious
changes in polarimetric scattering mechanism, so it can be

characterized by polarimetric characterization.

polarimetric and Compact Polarimetric (CP) data
in studying the application of polarimetric charac-
terization in crop growth monitoring and yield es-

1198 and McNairn et ol con-

timation. Jiao et a
firmed the sensitivity of SAR polarimetric charac-
terization to LAI by using polarimetric paramet-
ers (HV intensity, reference height, volume scat-
tering component of polarimetric decomposition),
and their research improved the performance of

the traditional WCM, overcoming the limitation

of using backscatter to retrieve the low satura-
tion point of LAI. They also demonstrated that
LAI is an effective index for crop yield estimation.

1081 analyzed the response of C-

Wiseman et al.!
band polarimetric parameters to dry biomass of
corn, soybean, rape, and spring wheat compre-
hensively. They pointed out that the sensitivity of
each polarimetric parameter to crops was af-
fected by crop type and phenological period of

growth, which also indicated the potential of po-
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larimetric characterization in crop phenological
monitoring. Zhang et al.'"' demonstrated the po-
tential of different polarimetric parameters in
crop biomass, LAI, and plant height by extract-
ing 27 simplified polarimetric parameters.
However, most of the above studies used the dir-
ect relationship between the polarimetric para-
meters and crop growth parameters to invert the
crop growth parameters, which have strong re-
gional dependence. Some studies took advantage
of the trade-off advantages of the semi-empirical
model and applied the polarimetric characteriza-
tion to WCM model to improve the accuracy and
applicability of the inversion results!''?!'3l, The
application of SAR technology in the identifica-
tion of phenological period used the advantage of
polarimetric characterization to reflect the struc-
tural changes of crops throughout the growth
period. First, the polarimetric characterization
was extracted from the SAR polarimetric images
covering the phenological period. Second, the
change characteristics of the polarimetric para-
meters in the whole growth process of crops were
analyzed, and then the appropriate polarimetric
parameters were selected to divide each phenolo-
gical period. Most such research used classifica-
tion algorithms®*!. To overcome the low robust-
ness of the empirical threshold, some researchers
developed dynamic modeling methods, such as
Kalman filter and particle filter™'*!**l, Consider-
ing the impact of missing time series images in
the phenological period of interest, some studies
developed a method that combines alternative
parameters and filtering methods to retrieve crop
phenological periods*® %,

Yang et al.® used polarimetric characteriza-
tion to identify wheat lodging disasters. They
found that the scattering energy of HH and VV
polarization before and after wheat lodging had
an obvious inversion phenomenon, and the char-
acterization of multiple polarization combination
parameters changed significantly before and after
wheat lodging, thus providing a rationale for the
use of polarimetric characterization in lodging
monitoring.

The application of polarimetric SAR features
further expands and deepens the application of

SAR information in agriculture. These results
proved that polarimetric features have great po-
tential in agricultural application, especially in
crop identification, crop growth parameter inver-
sion, and yield estimation, and may become one
of the important tools for precision agriculture in
the future.

3.3 Interferometric characterization of SAR

The purpose of interferometry is to obtain the
elevation of terrain by using a simple phase eleva-
tion relationship (¢ = k.h). The traditional Inter-
ferometric SAR (InSAR) usually uses the single-
band and single polarization mode, which does
not consider the polarimetric characterization of
scatterers. The features used include the interfero-
metric phase and amplitude of single polarization.
Polarimetric Interferometric SAR (PolInSAR)
adds polarimetric features to the original interfer-
ometric amplitude and phase characterization,
and it uses full polarimetric observation for inter-
ference processing. It also combines the sensitiv-
ity of interferometric features to spatial distribu-
tion and polarimetric characterization to the
physical properties of scatterers. It can combine
the fine structure features and spatial distribu-
tion features of targets to improve the perform-
ance of traditional interferometry. It can also dis-
tinguish the vertical distribution characterization
of different scattering mechanisms in the same
resolution unit!''%.

The application of InSAR features in vegeta-
tion is mainly based on the phase features ob-
tained by interferometry, which include the phase
features caused by vegetation offset. To analyze
the influence of vegetation structure, PolInSAR is
used to monitor the vegetation offset. These fea-
tures were first used to estimate forest height ac-
cording to the available features and vegetation
scattering characterization, and forest height es-
timation methods based on geometric relation-
ship and physical model were developed!''”. The
application of InNSAR and PolInSAR features in
agriculture mainly focuses on the crop height es-
timation. The temporal decorrelation of repeat-
pass InSAR data seriously affects its application
in vegetation coverage areas. For example, even if
only a 24-hour time difference exists, ERS-1/2
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TanDEM data are affected by temporal decorrela-
tion. Nevertheless, the coherence of the data is
obviously related to the height of various crops,
which has great potential in crop height estima-
tion"®), With the enrichment of PolInSAR data,
some researchers proposed vegetation scattering
models that were suitable for polarimetric InNSAR
data and could be used to retrieve vegetation
parameters. The Random Volume over Ground
(RVoG) and Orientation Volume over Ground
(OVoG) models are the most widely used Polln-
SAR vegetation scattering models"?). The RV in
the former means a random volume, that is, the
attenuation coefficient of electromagnetic wave is
independent of the polarization mode. The OV in
the latter represents the oriented volume, that is,
the attenuation coefficient is a function of polariz-
ation when the electromagnetic wave propagates
in the vegetation"”. The RVoG and OVoG mod-
els are often used to retrieve vegetation height.
Lopez-Sanchez!?! first analyzed the feasibility and
limitations of these two models in crop height in-
version and found that the OVoG model could
better describe the scattering characterization of
crops. This finding was proven by experimental
data showing that the OVoG model was feasible
in retrieving the height of corn and rice. Re-
search on crop height inversion based on airborne
PolInSAR data was conducted gradually. The
phase amplitude joint inversion method based on
RVoG model was used to retrieve the height of
rape, corn, wheat, barley, and sugar beet. The
results showed that the RVoG model was crop
type dependent. For example, the inversion
heights of rape, corn, and sugar beet using this
model were better, and the standard deviations
were between 0.20 and 0.31 m. However, for
wheat and oats, the standard deviation was 0.33
and 0.61, respectively. With the abundance of
TerraSAR/TanDEM space-borne InSAR data,
which have no temporal decorrelation, research on
crop height inversion based on InSAR and Polln-

SAR has emerged in recent years. Erten et al.l'*’

123 studied the phase changes of

and Rossi et al.l
rice during its entire growth period. The informa-

tion they obtained was used to analyze the rela-

tionship between interferometric phase and rice
canopy height. The results confirmed that the
choice of HH or VV polarization will significantly
affect the results of rice height estimation. On the
basis of the TerraSAR/TanDEM interferometric
SAR data, Lee et al.l'*!l proposed a method using
the RVoG model and lookup table to retrieve the
rice height, and the RMSE was around 0.10 m.
Guo Xianyu et al.l'*”! developed the RVoG model
and used dual-polarized TerraSAR/TanDEM in-
terferometric SAR data inversed rice height.
When the rice plant is higher than 0.4 m, better
estimation results can be obtained. The R?
between the estimated value and the true value
was 0.86, and RMSE was 6.79 cm.

The existing inversion results for different
crop heights fully demonstrated the potential of
interferometric and polarization interferometric
features in the monitoring of crop vertical struc-
ture changes. However, due to the serious influ-
ence of temporal decorrelation, which resulted in
great noise in the repeat-pass interferometric im-
age in a crop-covered area, the inversion results
were greatly affected, thus limiting their wide ap-
plication. With the emergence of non-temporal
decorrelation InSAR and PolInSAR data, interfer-
ometric and polarimetric interferometric SAR fea-
tures can be used for crop vertical structure mon-
itoring. Although some studies have been conduc-
ted, the potential of interferometric features in
agricultural applications needs to be further ex-
plored.

3.4 Tomography features of SAR

Tomography SAR (TomoSAR) is proposed
for vertical observation of ground objects. At
present, two kinds of tomography techniques in
SAR application are available. One is multi-
baseline SAR tomography, that is, adding mul-
tiple interferometric antennas perpendicular to
the line of sight to realize repeatable observation,
which is equivalent to synthesizing a larger aper-
ture perpendicular to the line of sight to obtain
the height dimension, and the scattering value of
the scene in the vertical direction is usually ob-
tained by spectral analysis!'?"'?*/, The other is po-

larimetric coherence tomography, which uses the



456 Journal of Radars

Vol. 9

interferometric coherence coefficients of different
polarizations to retrieve the vertical structure dis-
tribution of a forest. This method involves recon-
structing the equation between the backscatter-
ing profile and the height of the observation scene
by using the interferometric coherence changes of
different polarizations. Then, the vegetation
height and terrain phase characteristics are ob-
tained by using the observed coherent data, the
obtained vegetation height, and terrain phase
characteristics introduced into the vertical struc-
ture equation via Fourier-Legendre polynomial ex-
pansion, and the scattering values along the ver-
tical direction of the scene are obtained by solv-

126,128,129

ing the coefficients! I. The imaging al-
gorithms of multibaseline SAR tomography in-
clude three categories: nonparametric spectral es-
timation, parametric spectral estimation, and
sparse spectral estimation. Sparse spectrum estim-
ation method can effectively solve the drawbacks
of interpolation method in SAR tomography due
to the uneven distribution of the baseline and im-
prove the efficiency of tomography SAR data pro-
cessing. In recent years, many related imaging al-
gorithms have been developed based on this
method*%3 Single-baseline polarimetric coher-
ence tomography can only improve the depth of
the volume scattering layer and the surface phase
characterization of the mixed surface/volume
scattering. The resolution of double baseline is
higher than that of single baseline, but when the
number of baselines is more than three, the meth-
od becomes less stable. In addition, the method
needs to input prior knowledge, such as ground
phase and vegetation height, which are obtained
by PolInSAR technology. Therefore, it will under-
estimate the vegetation height, although it still
depends on the development of PolInSAR techno-
logy!120:131],

The application of TomoSAR is still in the
initial stage of research. Additional applications of
SAR tomography with focus on forest biomass re-
trieval and its application in agriculture have just
begun!*!l. With the rapid growth of crops and the
impact of complex environmental scenarios, most

of the current research focuses on the inversion of

crop height parameters, the vertical backscatter-
ing changes at all frequencies during the crops’
whole growth period, and the distinguishment of
surface or volume scattering in crop-covered

areas!3:132 139

I. During the early days of research in
this field, researchers used indoor and outdoor
ground-based radar experimental to study the
three-dimensional scattering profiles of wheat and
corn at X-, C-, and L-bands, and explored the in-
fluence of polarization mode, incidence angle, and
frequency'* %I, With the emergence of airborne
TomoSAR data, Pichierri et al. used airborne To-
moSAR data to study the feasibility of its use in
farmland scenes. On the basis of the OVoG mod-
el, Pichierri et al" analyzed the feasibility of X-,
C-, and L-band inversion in wheat, oat, corn, and
rape height retrieval by using dual-baseline polari-
metric coherence tomography. The results demon-
strated the influence of baseline length and fre-
quency on different crop height retrieval: the
sensitivity of polarimetric interferometric coher-
ence to crop height was reduced when the
baseline is small; the RMSE was about 10% when
L-band was used for rape and corn height inver-
sion; and the RMSE of X-band was less than 24%
for height inversion of barley and wheat. Joerg et
al.®? obtained the vertical backscatter profiles of
maize, barley, and wheat at different growth
stages at X-, C-, and L-bands by using Capon
nonparametric spectral filtering method. From
the acquired vertical section, we can see the obvi-
ous secondary scattering mechanism in the maize-
covered area, the obvious surface scattering mech-
anism in the wheat canopy, and the obvious field
ridge scattering effect in the wheat-covered area.
The HH scattering characterization of barley is al-
most invisible. On the basis of the scattering pro-
files of different crops, the researchers further
analyzed the feasibility and effective methods of
separating bulk scattering and surface scattering

[132,136-138] ' The acquisition of time

mechanisms
series TomoSAR data also significantly affects its
in-depth application in agriculture because of the
rapid change of crops during the whole growth
cycle. These studies also showed the influence of

temporal decorrelation on polarimetric interfero-
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metric coherence tomography characterization in
crop monitoring!*24,

TomoSAR features have great potential in
improving the accuracy of crop classification, crop
height, and biomass inversion. However, the ap-
plication of these features in agriculture has not
been fully explored yet. In the future, with the
implementation of multibase station SAR obser-
vation technology and the implementation of a
new SAR satellite plan, the application of Tom-
0SAR features in agriculture needs to be further

developed.
4 Summary and Prospect

4.1 Summary

Currently, active radar remote sensing tech-
nology has been applied in various fields of agri-
culture and has fetched substantial gain.
However, in agricultural application, different or-
ganizations and individuals have different con-
cerns with regard to agricultural information and
the demand for radar technology application in
agriculture. Despite several conclusions in various
fields, concrete demands and further applications
still need further exploration and development.
For example, even though we have global-scale
classification products, most of them focus on
classification of the earth surface and lack accur-
ate, subtle crop type classification. Moreover,
most crop identification and classification-related
research was conducted in homogeneous regions.
Achieving the required accuracy in composite and
complex farmlands is difficult. Taking precise
farming as an example, we need more informa-
tion about how to use land in particular demand
and how to operate during the whole crop growth.
Many agricultural disasters, especially floods,
greatly affect crop yield. However, few relevant
studies focus on flood monitoring by using radar
data. The government, organizations, and indi-
viduals are currently paying more attention to
yield estimation, but only a few reports focus on
using radar technology to estimate yields. The
SAR information that is used focuses more on
backscattering coefficient with simple statistical

methods. Some research has been conducted on

yield estimation by using assimilation methods,
but the studies remain theoretical and have not
been applied in large regions or composite farm-
land scenes.

The development of radar technology is a
process of exploring and utilizing the resources of
microwave and electromagnetic wave. The applic-
ations of radar characteristic in each field of agri-
culture are different. The most widely used char-
acteristics are backscattering and polarization; the
use of interferometry SAR, polarimetric interfero-
metry SAR, and tomography SAR has just be-
gun and needs to be further explored. The backs-
cattering characteristic is widely used in the field
of soil moisture and crop growth parameter inver-
sion. Most growth parameter inversion studies
used rice as the object, and the estimation meth-
od focused on empirical and semi-empirical mod-
els. These models are limited because the scatter-
ing mechanisms of different/same crops change at
different growing stages obviously, thereby affect-
ing the backscattering characteristic considerably.
Moreover, the current empirical and semi-empiric-
al models mostly use incoherent scattering mod-
els, in which the phase characterization of SAR
data is not used. Most of the soil moisture inver-
sion models are based on specific observation
data, which show great uncertainty when applied
in large areas. Phase characterization is also not
effectively used. Polarization characterization is
mostly utilized in crop identification/classifica-
tion and crop growth parameter inversion. Cur-
rent research is limited to homogeneous regions,
and the classification is limited to crops that have
a simple scattering mechanism. Only a few stud-
ies have begun to explore crops with a complex
scattering mechanism. In research on crop growth
parameter inversion with polarimetric decomposi-
tion characteristics, inversion results become more
uncertain and less applicable because most of the
inversion models assume that the crop canopy is
composed of homogeneous scatter and thus can-
not describe the complex scattering situation of
crop canopy. In addition, the mechanism of crop
growth and yield cannot be fully revealed be-

cause the hydrological, meteorological, environ-
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mental, and other influencing factors in the crop
growth process are rarely considered in crop yield
estimation.
4.2 Prospect

Given its unique advantages, radar remote
sensing plays an important role in agricultural re-
mote sensing monitoring. The application of radar
in agriculture has gradually developed from
ground observation to airborne and space-borne
observation through decades of development. The
sensor has developed from the initial scatteromet-
ers to the present multifrequency, multipolariza-
tion, multiangle, multi-revisiting, and multidi-
mensional SAR observation. At present, radar re-
mote sensing has made much progress in many
aspects of agriculture applications, including crop
identification and classification, field parameter
inversion, crop growth parameter inversion, and
crop phenological period classification. However,
research on crop disaster monitoring and crop
yield estimation is still in the experimental stage,
and most of the relevant technologies and the
methods applied in them are still in the primary
stage, which is why most of them have not been
widely promoted in practical application. This
situation occurred because of the following reas-
ons. First, the development methods and models
have some limitations that need to be further im-
proved and developed. Second, few SAR data re-
sources can support real-time agricultural monit-
oring. For example, most polarimetric interfero-
metric SAR data and tomographic SAR data rely
on foreign airborne and partial space-borne exper-
imental data, thereby limiting the in-depth ana-
lysis and study of robust algorithms and models.
For disaster monitoring, the microwave scatter-
ing mechanisms for disasters have not been fully
explored, and related research has not started yet.
For crop yield estimation, its accuracy depends on
the accuracy of crop growth status monitoring,
but research on the fusion of crop growth status
information and SAR information is still in the
preliminary stage. In current agricultural applica-
tions that use radar remote sensing technology,
passive microwave remote sensing data can be an
effective compensation due to its convenient ac-
quisition, high temporal resolution, and simple

data processing. The application of radar techno-
logy in agriculture has shown great advantages
and potential, becoming a more powerful way to
promote the effectiveness and efficiency of the
rapid development of precision agriculture and
smart agriculture. With the increase in SAR data
types and imaging modes, multidimensional SAR
observation based on multifrequency, multipolar-
ization, and multiangle is becoming even more
possible. In the future, we should pay more atten-
tion to refining the relevant methods to meet the
needs of relevant stakeholders, then promote the
depth and effectiveness of the use of radar techno-
logy in the agricultural field.
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