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Abstract—Vegetation water content (VWC) is an important
biophysical parameter and has a significant role in the retrieval
of soil moisture using microwave remote sensing. Here, the radar
vegetation index (RVI) was evaluated for estimating VWC. Analysis utilized a data set obtained by a ground-based multifrequency
polarimetric scatterometer system, with a single incidence angle of
40◦ , during an entire growth period of rice and soybean. Temporal
variations of the backscattering coefficients for the L-, C-, and
X-bands, RVI, VWC, leaf area index, and normalized difference
vegetation index were analyzed. The L-band RVI was found to
be correlated to the different vegetation indices. Prediction equations for the estimation of VWC from the RVI were developed.
The results indicated that it was possible to estimate VWC with
an accuracy of 0.21 kg · m−2 using L-band RVI observations.
These results demonstrate that valuable new information can be
extracted from current and future radar satellite systems on the
vegetation condition of two globally important crop types. The
results are directly applicable to systems such as the proposed
NASA Soil Moisture Active Passive satellite.
Index Terms—Leaf area index (LAI), microwave remote sensing, normalized difference vegetation index (NDVI), polarimetric
scatterometer, radar vegetation index (RVI), vegetation water content (VWC).

I. I NTRODUCTION

M

ICROWAVE remote sensing, in particular radar, has a
great potential to complement traditional remote sensing
techniques in the monitoring and assessment of crop growth.
The primary advantages of radar are that it can penetrate
through clouds and acquire day or night time data. In addition,
at the appropriate frequencies, it provides information on the
entire canopy and not just the first layer of leaves. Characterizing vegetation (crop growth) and obtaining radar observations for a range of system configurations are challenging
problems. Although numerous experiments have been carried
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out to investigate the response of microwave sensors to crop
growth parameters [1]–[4], additional comprehensive studies
for a variety of crops are needed to develop robust retrieval
methods. One approach to providing these data sets is to use
a multifrequency ground-based polarimetric scatterometer. This
approach facilitates better control of the target (field) conditions
and, as implemented here, facilitates the continuous monitoring
of a field. Several previous investigations have utilized this
approach [5], [6].
The vegetation canopy can be characterized using several
different (but related) biophysical variables (i.e., vegetation
water content (VWC) and biomass) as well as traditional remote
sensing indices [i.e., normalized difference vegetation index
(NDVI) and leaf area index (LAI)]. VWC is an important
parameter in agricultural and forest studies and has been used
for drought assessment and yield estimation [7], [8]. VWC is
also of particular importance in retrieving soil moisture from
remotely sensed microwave data [9], [10]. Previous studies
have analyzed the relationship between NDVI (as well as other
indices) and VWC and developed techniques to estimate VWC
and other biophysical variables [9], [11].
In this investigation, we examine the relationship between
polarimetric radar data, VWC, and several vegetation indices.
The major focus is on the use of the proposed radar vegetation index (RVI) [12]. The data utilized were obtained with
a ground-based multifrequency polarimetric radar system that
provided measurements every 10 min over the crop growing
season. Two different crop types (rice and soybean) were
investigated. These observations were analyzed to determine
what new information can be extracted from current and future
radar satellite systems on the vegetation condition, specifically
the VWC, of two globally important crop types. It should be
noted that the radar system used operated at a single incidence
angle of 40◦ , and therefore, the results are directly applicable to
systems such as the proposed National Aeronautics and Space
Administration Soil Moisture Active Passive (SMAP) satellite.
II. R ADAR VARIABLES R ELATED TO V EGETATION
Radar-based variables that may be related to vegetation condition include the polarimetric measurements (radar backscatter
for a specific horizontal and/or vertical configuration), eigenvalues based upon the set of observations, derived parameters
such as the correlation between polarimetric channels, and the
RVI [12], which will be described hereinafter.
The value of the remotely sensed variable or parameter
depends upon the intended application. In this case, we are
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TABLE I
S CATTEROMETER S YSTEM S PECIFICATIONS

seeking a robust way to characterize VWC using radar observations. The technique should attempt to minimize the impact of
crop structure, incidence angle, and environmental conditions
(i.e., soil moisture). One of the most promising approaches
is the RVI, which has been shown to have low sensitivity
to environmental condition effects [12]. RVI is a function of
incidence angle since the path length through the vegetation
canopy will increase as the incidence angle increases. However,
the current analysis focuses on a single incidence angle.
The RVI has been proposed as a method for monitoring the
level of vegetation growth, particularly when time series data
are available. However, few studies have attempted to establish
a relationship between RVI and biophysical variables [12]. In
this letter, we analyze the relationships between the RVI for
a variety of relevant configurations (L-, C-, and X-bands) and
crop growth parameters (VWC, LAI, and NDVI) over an entire
rice and soybean growth cycle. The RVI is given by
RVI =

8σHV
σHH + σVV + 2σHV

(1)

where σHV is the cross-polarization backscattering cross section and σHH and σVV are the copolarization backscattering
cross sections represented in power units. RVI generally ranges
between 0 and 1 and is a measure of the randomness of the
scattering. RVI is near zero for a smooth bare surface and
increases as a crop grows (up to a point in the growth cycle).
There have been a number of investigations that have examined the relationships between biophysical variables and radar
parameters [13]–[17]. We used many of these in assessing the
levels and patterns of response of the backscattering coefficient
in the current investigation. However, it should be noted that
high-resolution radar observations are very sensitive to the
specifics of a particular study and that, in some cases, the
published results do not agree.

Table I). The sizes of the footprints are 1.50 × 1.14 m (X-band),
1.89 × 1.42 m (C-band), and 3.40 × 2.44 m (L-band).
The center frequency of each of the antennas was selected
to replicate existing and planned radar satellites. The system
components were installed inside an air-conditioned shelter to
maintain constant temperature and humidity during the data
acquisition period. Backscattering coefficients were calculated
by applying the radar equation [18]. The system was calibrated
using a triangular trihedral corner reflector with a backscattering coefficient of 0.7 dB. The overall performance of the
system was also verified by comparing the observations to those
obtained by other investigators using similar systems and study
conditions [5], [6].
Measurements were made automatically every 10 min. A
daily average backscattering coefficient was computed from the
144 measurements obtained over the course of each day. Note
that only L- and C-band observations were available during the
rice experiment in 2007.
IV. F IELD E XPERIMENT D ESCRIPTIONS
A. 2007 Rice Experiment
A rice field located near the National Academy of Agricultural Science experimental field (Latitude 37.2578, Longitude
126.9893) was studied in 2007. The paddy field was first
flooded, and then, the rice seedlings were transplanted on May
18. The size of the rice paddy field was 22 × 31 m, and rice
seedlings were about 15 cm tall and were spaced 30 cm × 15 cm
apart at the time of transplanting. The peak biomass occurred
on August 16 (heading stage), and the plants were harvested on
October 11 (146 days after transplanting). It should be noted
that the field was flooded during the entire experiment except
during harvest. Photographs illustrating plant conditions are
included in Fig. 1.
Biophysical observations, including fresh and dry biomass
and plant height, were acquired once every week by destructive sampling. VWC was derived by computing the difference
between the fresh and dry biomass. Total LAI was measured
using a LAI-2000 (LI-COR, Lincoln, NE), which is an indirect
method for estimating total LAI [19]. NDVI of the rice canopy
was derived using measurements provided by an active optical
sensor (Greenseeker, RT 100 model # 505, NTech Inc.). This
sensor uses light-emitting diodes to generate red (wavelength
of 656 nm) and near-infrared (wavelength of 774 nm) light.
The reflected light from the crop is measured by a photodiode
located at the front of the sensor head. The NDVI sensor was
hand carried through the field. Measurements were made at
nadir position (∼0.8 m) directly above the rice canopy for nine
points in the field.
B. 2010 Soybean Experiment

III. M ICROWAVE S CATTEROMETER S YSTEM
A multifrequency polarimetric scatterometer was used to
provide the data for this investigation. This system provides
data at the L-, C-, and X-bands. Details of the system are
summarized in Table I. The system consists of three dual square
horn antennas with collection and processing hardware (see

The soybean study was conducted at the National Institute of
Crop Science experimental field (Latitude 37.2597, Longitude
126.9757). The size of the soybean field was 25 × 32 m, and
the sowing date was June 4. The plants reached peak biomass on
September 28 and were harvested on October 20 (139 days after
sowing). Photographs illustrating plant conditions are included
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Fig. 1. Temporal variation of σ ◦ in L-band, RVI, VWC, LAI, and NDVI
during the rice growth period: (a) VWC, LAI, and NDVI and (b) σ ◦ and RVI for
L-band. Field photographs of rice in different growth stages: (A) Transplanting
(DOY 140), (B) panicle formation (DOY 206), (C) heading (DOY 222), and
(D) harvesting (DOY 283).

in Fig. 2. Biophysical measurements (including fresh and dry
biomass, plant height, and LAI) were observed weekly.
The biomass and VWC were measured as the sum of leaves,
stem, and pods by destructive sampling. Total LAI was measured using a LAI-3100 (LI-COR, Lincoln, NE), which is a direct method for estimating total LAI. This instrument operates
differently than the device used with rice in 2007. However, an
earlier study by Welles [20] showed that observations made by
the direct (LAI-3100) and indirect (LAI-2000) methods compared well with each other. Measurement of the soil moisture
within the top 0.05 m was performed using a portable probe
(Echo-5 TE probe, Decagon Device, Inc.). NDVI data were not
available for the soybean experiment. Crop row orientation was
parallel to the azimuth angle of the antenna.
V. A NALYSIS
A. Time Series Plot of L-Band Backscattering Coefficients,
RVI, VWC, LAI, and NDVI
Fig. 1 shows the observed L-band σ ◦ for all polarizations
over the rice field. It also includes the RVI, VWC, LAI, and
NDVI for the entire rice experiment. VWC, LAI, and NDVI
all increased until Day of Year (DOY) 222 (rice heading stage:
50% of the heads were totally emerged from their leaf sheath)

Fig. 2. Temporal variation of σ ◦ in L-band, RVI, VWC, and LAI during the
soybean growth period: (a) Vegetation biophysical parameters (VWC and LAI)
and (b) σ ◦ and RVI for L-band. Field photographs of soybean in different
growth stages: (A) Forth trifoliolate (V4, DOY 186), (B) beginning pod (DOY
228), (C) full seed (DOY 271), and (D) harvesting (DOY 286).

and then declined until the harvesting stage (DOY 283). L-band
backscattering coefficients increased, as did the RVI, until DOY
222 and then decreased along with VWC, LAI, and NDVI. The
pattern of temporal change was smooth for all variables. We
also observed that the change in the backscattering coefficient
over the growing season was quite large for all polarimetric
channels (∼25 dB).
Fig. 2 shows that the L-band backscattering coefficients for
all polarizations gradually increased until DOY 271 (R6, full
seed stage: pod containing a green seed that fills the pod
capacity at one of the four uppermost nodes on the main stem)
and then decreased until the harvesting stage (DOY 288) for the
soybean study. On DOY 271, the soybean fresh and dry biomass
and plant height reached their maximum. RVI, VWC, and
LAI also reached their maximum on the same DOY and then
decreased thereafter. The change in the backscatter coefficients
over the season was slightly smaller than that observed for rice
(∼20 dB). The results described earlier established the correlation in temporal trends for both crops and a basis for a
relationship between RVI and VWC.
B. Estimation of Crop Biophysical Variables Using RVI
Fig. 3 shows comparisons between L- and C-band RVIs and
growth data for rice (VWC). L-band RVI and VWC were highly
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Fig. 3.

Relationship between VWC and L-, C-band RVIs for rice.

Fig. 4.

Relationship between VWC and L-, C-, and X-band RVIs for soybean.

correlated (r = 0.96). In comparing the correlation coefficient
of L-band RVI and C-band RVI, it was observed that L-band
RVI had a higher correlation with VWC than C-band, which
indicates that the L-band RVI may be better than C-band RVI
for the retrieval of rice growth parameters (see Table III).
Fig. 4 presents a comparison between the L-, C-, and X-band
RVIs and VWC over the soybean growth cycle. The correlation
between the L-band RVI and VWC is very good (r = 0.98).
Prediction equations were developed using the RVI based
on the observed linear relationships between RVI and VWC.
Root-mean-square error (rmse) was used as the primary metric
for assessing retrieval performance. As a first step, prediction
equations for VWC using the LAI and NDVI (rice only) were
developed to establish a baseline (how well we might estimate
VWC using visible–near-infrared observations) for intercomparison. Table II includes the results of this analysis and shows
that both LAI and NDVI had good linear correlation with VWC
(r ≥ 0.89) and as a result the retrieval equations performed
well.
Table III summarizes the statistical performance in estimating VWC using RVI for each available radar band. The slope of
the regression equation decreases with frequency (L-band RVI
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has the lowest slope). These results indicate that the L-band RVI
has the largest range of RVI observations over the crop growing
cycle. The accuracy (lower rmse) of the retrieved VWC for rice
using RVI increases as frequency decreases. There was a slight
improvement in estimating VWC using RVI as compared to
using NDVI and a significant improvement over using LAI (see
Table II).
For soybeans, the same trend of increasing rmse with frequency was found. In this case, no NDVI measurements were
available; however, the improvement in using RVI over using
LAI was significant.
In order to explore how robust the RVI approach might be
regardless of crop type, both data sets were combined (see
Fig. 5). The correlation coefficient and the retrieval accuracy
decreased over those obtained for the individual crops. Results
in Table III indicate that, for L-band, a very good relationship
between RVI and VWC with an overall rmse of 0.21 kg · m−2
could be established.
As a qualification, we recognize that the radar signal is
affected by a number of target and system configuration parameters that include the following: leaf size, orientation, canopy
structure, vegetation biomass, surface roughness, soil moisture,
and sensor characteristics. Although we did not consider the
soil moisture information as a significant component of the
current analysis, for the soybean study, the RVI did not correlate
well with observed soil moisture (r = 0.41 and 0.34 for the
L- and C-bands, respectively). Since there was no tillage during
the study, the surface roughness did not change significantly
during the experiment.
The objective of this study was to examine a proposed
vegetation parameterization scheme using radar observations
that could be used to estimate vegetation water content as part
of the SMAP mission. VWC is a critical variable in the estimation of soil moisture from passive microwave observations.
Currently, visible and infrared sensors are used to estimate
VWC; however, these are not available on the same satellite
platform, and they have known limitations. Development of this
radar-based parameterization using data available from SMAP
may be more robust and accurate.
VI. S UMMARY
Backscattering coefficients for the L-, C-, and X-bands,
vegetation indices (RVI, NDVI, and LAI), and crop growth data
(VWC) were observed over rice and soybean growth cycles.
RVI for all frequency bands gradually increased in accordance
with crop growth and decreased with a reduction of VWC.
RVI for L-, C-, and X-bands was compared to VWC, LAI,
and NDVI. It was found that L-band RVI was well correlated with VWC, LAI, and NDVI. Retrieval equations were
developed for estimating VWC using the RVI in both crops.
The most accurate VWC retrievals were achieved using the
L-band RVI, and these were better than the C- and X-band
RVIs. Combining both crops using L-band RVI resulted in a
robust VWC relationship. This investigation focused on a 40◦
single incidence angle observing system, as will be employed
with SMAP. It is expected that the effects of the incidence
and the azimuth angle could affect the results. These results
demonstrate the potential of using L-band radar observations
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TABLE II
L INEAR R EGRESSION OF VWC AND O PTICAL V EGETATION I NDICES

TABLE III
L INEAR R EGRESSION OF VWC AND RVI OF E ACH BAND

Fig. 5. Relationship between VWC and L-, C-, and X-band RVIs for rice and
soybean.

from upcoming satellite missions that include Aquarius (2011)
and SMAP (2014) to retrieve VWC information and contribute
to crop growth monitoring.
ACKNOWLEDGMENT
This work was carried out with the support of “Cooperative
Research Program for Agriculture Science and Technology
Development (Project No. PJ007753032011)” Rural Development Administration, Republic of Korea. USDA is an equal
opportunity employer.
R EFERENCES
[1] Y. Q. Jin and C. Liu, “Biomass retrieval from high-dimensional
active/passive remote sensing data by using artificial neural networks,”
Int. J. Remote Sens., vol. 18, no. 4, pp. 971–979, 1997.
[2] J. P. Wigneron, P. Ferrazzoli, A. Olioso, P. Bertuzzi, and A. Chanzy,
“A simple approach to monitor crop biomass from C-band radar data,”
Remote Sens. Environ., vol. 69, no. 2, pp. 179–188, Aug. 1999.
[3] S. Maity, C. Patnaik, and S. Panigrahy, “Analysis of temporal backscattering of cotton crops using a semi-empirical model,” IEEE Trans. Geosci.
Remote Sens., vol. 42, no. 3, pp. 577–587, Mar. 2004.
[4] A. Bouvet, T. Le Toan, and N. Lam-Dao, “Monitoring of the rice cropping
system in the Mekong Delta using ENVISAT/ASAR dual polarization
data,” IEEE Trans. Geosci. Remote Sens., vol. 47, no. 2, pp. 517–526,
Feb. 2009.

[5] S. B. Kim, B. W. Kim, Y. K. Kim, and Y. S. Kim, “Radar
backscattering measurements of rice crop using X-band scatterometer,”
IEEE Trans. Geosci. Remote Sens., vol. 38, no. 3, pp. 1467–1471,
May 2000.
[6] Y. H. Kim, S. Y. Hong, and H. Y. Lee, “Estimation of paddy rice growth
parameters using L, C, X-bands polarimetric scatterometer,” Korean J.
Remote Sens., vol. 25, no. 1, pp. 31–44, 2009.
[7] J. Penuelas, I. Filella, C. Biel, L. Serrano, and R. Save, “The reflectance
at the 950–970 mm region as an indicator of plant water status,” Int. J.
Remote Sens., vol. 14, no. 10, pp. 1887–1905, 1993.
[8] B. C. Gao and A. F. H. Goetz, “Retrieval of equivalent water thickness and
information related to biochemical components of vegetation canopies
from AVIRIS data,” Remote Sens. Environ., vol. 52, no. 3, pp. 155–162,
Jun. 1995.
[9] T. J. Jackson and T. J. Schmugge, “Vegetation effects on the microwave
emission of soils,” Remote Sens. Environ., vol. 36, no. 3, pp. 203–212,
Jun. 1991.
[10] M. T. Yilmaz, E. R. Hunt, L. D. Goins, S. L. Ustin, V. C. Vandrbilt, and
T. J. Jackson, “Vegetation water content during SMEX04 from ground
data and Landsat 5 Thematic Mapper imagery,” Remote Sens. Environ.,
vol. 112, no. 2, pp. 350–362, Feb. 2008.
[11] C. J. Tucker, “Red and photographic infrared linear combinations for
monitoring vegetation,” Remote Sens. Environ., vol. 8, no. 2, pp. 127–150,
May 1979.
[12] Y. J. Kim and J. Van Zyl, “A time-series approach to estimate soil moisture
using polarimetric radar data,” IEEE Trans. Geosci. Remote Sens., vol. 47,
no. 8, pp. 2519–2527, Aug. 2009.
[13] F. T. Ulaby, R. K. Moore, and A. K. Fung, Microwave Remote
Sensing, Active and Passive, vol. 3. Norwood, MA: Artech House,
1986.
[14] L. Prevot, I. Champion, and G. Guyott, “Estimating surface soil moisture
and leaf area index of a wheat canopy using a dual-frequency (C and
X bands) scatterometer,” Remote Sens. Environ., vol. 46, no. 3, pp. 331–
339, Dec. 1993.
[15] A. K. Fung, Microwave Scattering and Emission Models and Their
Applications. Norwood, MA: Artech House, 1994.
[16] Y. Inoue, T. Kurosy, H. Maeno, S. Uratsuka, T. Kozu, K. D. Zielinska, and
J. Qi, “Season-long daily measurements of multifrequency (Ka, Ku, X, C,
and L) and full-polarization backscatter signatures over paddy rice field
and their relationship with biological variables,” Remote Sens. Environ.,
vol. 81, no. 2/3, pp. 194–204, Aug. 2002.
[17] Y. S. Oh, S. Y. Hong, Y. J. Kim, J. Y. Hong, and
Y. H. Kim, “Polarimetric backscattering coefficients of flooded rice
fields at L- and C-bands: Measurements, modeling, and data analysis,”
IEEE Trans. Geosci. Remote Sens., vol. 47, no. 8, pp. 2714–2721,
Aug. 2009.
[18] K. Sarabandi, Y. Oh, and F. T. Ulaby, “Measurement and calibration of
differential Mueller matrix of distributed targets,” IEEE Trans. Antennas
Propag., vol. 40, no. 12, pp. 1524–1532, Dec. 1992.
[19] J. M. Welles and J. M. Norman, “Instrument for indirect measurement of canopy architecture,” Agron. J., vol. 83, no. 5, pp. 818–825,
Sep./Oct. 1991.
[20] J. M. Welles, “Some indirect methods of estimating canopy structure,”
Remote Sens. Rev., vol. 5, no. 1, pp. 31–43, 1990.

