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Observing and Modeling Multifrequency Scattering
of Maize During the Whole Growth Cycle
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Abstract—The objective of this paper is to carry out a systematic
investigation about the sensitivity of radar to maize crop growth
and soil moisture by considering a wide range of frequencies
and angles and all linear polarizations. We show the results of
a correlation study carried out on the data collected on a maize
field at Suberg, in the Swiss region named Central Plain, by the
multifrequency RAdio ScAtteroMeter (RASAM). This agricul-
tural field was monitored over a long period of time at a wide
range of frequencies and observation angles so that the correlation
between the backscattering and crop height and the biomass and
soil moisture was studied under several plant and observation
conditions. Moreover, we describe some recent refinements ap-
plied to the vegetation scattering model developed at Tor Vergata
University, Rome, Italy, and we evaluate the accuracy of extended
comparisons between model outputs and RASAM signatures. The
Tor Vergata model is finally applied to give a theoretical basis to
the experimental correlation findings.

Index Terms—Biomass, crops, modeling, radar, soil moisture.

I. INTRODUCTION

IN RECENT years, important advances have been achieved
toward understanding the interaction processes between

microwaves and crops; at the same time, crop monitoring tech-
niques based on radar observations are progressing. An impor-
tant opportunity has been offered by the expanded availability
of spaceborne SAR data. By analyzing multitemporal signa-
tures collected during overpasses of ERS-1, ERS-2, JERS-1,
Radarsat-1, and Envisat over large agricultural areas, several is-
sues related to microwave scattering of various crops have been
investigated [1]–[7]. In addition, ground-based and airborne
measurements have contributed significantly [8]–[10]. More-
over, indoor measurements have improved our understanding
of scattering contributions due to single components, that is
soil, lower canopy and upper canopy [11]–[13]. Important ad-
vances have also been achieved in modeling. Some efforts have
been focused on coherent combinations of scattering contribu-
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tions [14], analyzing the situations for which these effects may
be important, particularly at L-band. In addition, the description
of single scatterers has been improved [15], [16], and models
have been tested using new campaigns with detailed ground
truth, including geometrical variables [6]. All these efforts are
aimed at improving monitoring techniques. From this point of
view, the advantages offered by the use of backscattering polar-
ization indexes have been investigated [17]. It is also recognized
that soil and vegetation variables must be estimated simultane-
ously. This is desirable for several applications; however, it is
also necessary to improve the accuracy of the estimates because
both soil and vegetation scattering contribute to the overall
crop backscattering. It is difficult to solve these problems
with radar operating with a single configuration (in terms of
frequency, polarization, and angle), whereas it is recognized
that a dual-polarization system may have a better chance than a
single-polarization one.

However, some limits are still present in the state of the
art, and further efforts are needed. First of all, most presently
available spaceborne radar signatures are at C-band. As a conse-
quence of this, theoretical and application efforts in data analy-
sis, modeling, and monitoring techniques have been focused
on this band. However, the exploitation of valid algorithms is
limited when only a single frequency is used, particularly if
various crops are considered. On the other hand, present and
future spaceborne systems allow us to work with a significantly
expanded microwave spectrum (from L- to X-band). This has
to be considered in further experimental and modeling studies.
Moreover, investigations about angle and polarization effects,
using spaceborne data, suffer limitations, considering that SAR
instruments mounted on ERS-1, ERS-2, and Radarsat-1 operate
at a single polarization and at, essentially, a single-look an-
gle. Important improvements have been achieved with Envisat
ASAR; however, for a specific angle and polarization pair, the
revisit time is generally poor. This limits the capability to derive
multitemporal trends in spite of efforts made by the investiga-
tors (see, e.g., [7]). Therefore, backscattering data collected in
old scatterometer campaigns, although limited to single fields,
are still useful for investigating multitemporal trends in detail.

For the dimensioning of future systems, it is important to find
convenient radar configurations. Some concepts, such as the
prevalence of soil scattering at low frequencies and low angles
and the prevalence of canopy scattering at high frequency and
high angles, are well established and valid for all crops. Some
discussions about different properties related to crop geometry
have been developed [18]; however, systematic and widely
agreed conclusions have not yet been achieved.
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TABLE I
TOTAL NUMBER OF MEASUREMENTS AT EACH FREQUENCY

AND AT EACH DAY OF OBSERVATION

In this paper, previous studies about maize scattering at
C-band [6] are significantly expanded. Comparisons between
model simulations and experimental data collected by RAdio
ScAtteroMeter (RASAM) [19], [20] are presented, covering
a complete growth cycle, a frequency range between 2.5 and
10.2 GHz, an angle range between 20◦ and 50◦, and at VV,
HH, and HV polarizations. Results of the study lead to con-
siderations about convenient configurations for crop monitor-
ing. Section II introduces the experimental data set and the
statistical study carried out on maize. In Section III, the main
concepts of the maize scattering model are summarized; an
already developed model [21], with some refinements and/or
semiempirical corrections, is used. These modifications aim at
improving backscattering simulations using variables measured
on the field. Section IV shows a critical comparison between
experimental and simulated signatures, and the results are used
to develop considerations about convenient radar parameters.

II. EXPERIMENTAL DATA SET AND APPLICATION ASPECTS

A statistical study has been carried out on radar signatures
collected in Switzerland by the RASAM in 1988. Details about
the instrument and the campaigns are given in [19]. Since
measurements were ground based, observations were confined
to a single field; however, in spite of this limitation, the data set
is very useful because it covers a wide range of frequencies,
angles, and the three linear polarizations. In this work, we
consider the backscattering coefficient per unit area σ0 (in
square meter per square meter) measured over a maize field
at 2.5, 3.1, 4.6, 7.2, and 10.2 GHz. For each frequency, we
considered the five observation angles of 20◦, 30◦, 40◦, 50◦, and
60◦ and the VV, HH, and HV polarizations. Measurements of
the backscattering coefficient were collected during the whole
crop cycle at the days of year (DoY) reported in Table I,

TABLE II
PHENOLOGICAL STAGES OF THE MAIZE FIELD

where the total number of measurements acquired each day
for each frequency is also reported. This number is equal to
a maximum of 15 when measurements at all the five angles
and the three polarizations were available. Depending on the
observation parameters, i.e., frequency, angle, and polarization,
data are available for a minimum of 11 days and a maximum of
21 days.

The phenological evolution of the maize field at Central Plain
is described in Table II; however, ground measurements of
some important variables of the crop fields were also carried
out simultaneously to the scatterometer measurements, namely,
volumetric soil moisture, crop biomass, crop height (which are
shown in Fig. 1 versus the day of measurements), and vegeta-
tion moisture.

The sensitivity of RASAM signatures to crop height, bio-
mass, and soil-moisture content (SMC) has been analyzed
by means of the correlation coefficient. The latter has been
estimated, assuming a quadratic regression between the inde-
pendent variable and the three linear polarizations, or a combi-
nation of them, i.e., their ratios, at the five frequencies and five
angles mentioned previously. When calculating the correlation
with crop parameters, the data set collected over the whole
growth cycle (from DoY 123 to 298) has been included in the
estimation; when considering soil moisture, only the samples
collected during the growth phase have been taken into account,
i.e., until the highest value of height (or biomass) has been
reached (from DoY 123 to 253). The results are reported by
means of gray-level diagrams (Figs. 2–6) with the frequency
and incidence angle on the vertical and horizontal axes, respec-
tively. Figs. 2 and 3 show correlation coefficients with respect
to soil moisture of backscattering coefficients and polarization
ratios, respectively. Figs. 4 and 5 show the coefficients com-
puted with respect to crop height. For the case of polarization
ratios, the correlation coefficients, with respect to biomass,
are also shown in Fig. 6. The light shades of gray represent
high correlation coefficients, whereas dark shades represent low
correlation coefficients. The black squares with a white cross
replace unreliable values of the correlation coefficient, which
are obtained when only ten, or less than ten, measurements are
available.

The diagrams show that the highest correlations with soil
moisture are presented by the copolar backscattering coeffi-
cients at low frequencies and low angles, in agreement with
several previous studies (see, for example, [22, p. 1872]). In
particular, correlations higher than 0.75 are seen in the σ0

VV

(Fig. 2), whereas the correlations between the polarization
ratios and soil moisture are rather weak.

If single polarizations are taken into account, low correlation
coefficients, with respect to maize vegetation parameters, are
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Fig. 1. Variables measured on the Central Plain maize field. From left to right: SMC, biomass, and plant height.

Fig. 2. Correlation of backscattering coefficient with SMC in the maize field as a function of frequency and observation angle. From left to right: HH, HV, and
VV polarizations.

Fig. 3. Correlation of backscattering coefficient ratios with SMC in the maize field as a function of frequency and observation angle. From left to right: HH/HV,
VV/HH, and VV/HV.

observed (Fig. 4), except for some isolated peaks at angles
> 50◦. These good correlations are related to the preponderance
of vegetation contribution; however, angles higher than 50◦

are seldom used in operational systems. Good correlations
(larger than 0.7) with maize biomass and height are achieved
by the copolar σ0

VV/σ0
HH and the cross-polar σ0

VV/σ0
HV ratios

at C-band and observation angles > 30◦, in agreement with
model simulations performed in [17]. We stress that comparable
correlation values are obtained at low angles (20◦–30◦) and low
frequencies (typically S-band) by σ0

VV/σ0
HV. This turns out to

be an interesting result because of the previously mentioned
sensitivity of the VV polarization to the SMC at this radar
configuration. By looking at Fig. 6, it can be noticed that the
results of correlations with respect to the biomass are similar to
the case of the correlation with respect to the height.

In Fig. 7, the correlation between the polarization ratios and
the wheat biomass is represented; the previous considerations
concerning maize parameters can also be drawn in the case of
wheat. It can be pointed out that the C-band copolar ratio at 40◦,

suggested in [11] as a suitable parameter for wheat biomass
retrieval, shows a significant correlation value. However, the
cross-polar ratio at low angles and low frequencies shows a
good potential also in the case of wheat.

Examples of useful experimental trends are shown in Fig. 8,
where the σ0

VV/σ0
HV ratio, measured at 2.5 GHz and 20◦ inci-

dence angle over the maize field, is studied versus both the crop
height and biomass, with the latter being the most significant
parameter from the application point of view. Superimposed
to the experimental data, the regression curves obtained by the
quadratic fitting are reported.

In general, the cross-polarization ratios are particularly high
for bare soils due to the high values of the copolar backscat-
tering coefficient and decrease appreciably during crop growth
due both to the decreasing trend of the copolar smashσ0 and the
increasing trend of the cross-polar σ0. At low frequencies and
low angles, the dynamic range of the polarization ratio is on the
order of 8–10 dB, whereas variations of soil moisture and veg-
etation structure produce more limited effects. From Fig. 8, it
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Fig. 4. Correlation of backscattering coefficient with plant height as a function of frequency and observation angle. From left to right: HH, HV, and VV
polarizations.

Fig. 5. Correlation of backscattering coefficient ratios with plant height as a function of frequency and observation angle. From left to right: HH/HV, VV/HH,
and VV/HV.

Fig. 6. Correlation of backscattering coefficient ratios with maize biomass as a function of frequency and observation angle. From left to right: HH/HV, VV/HH,
and VV/HV.

Fig. 7. Correlation of backscattering coefficient ratios with wheat biomass as a function of frequency and observation angle. From left to right: HH/HV, VV/HH,
and VV/HV.

can be observed that for very low height values, a first decrease
of σ0

VV/σ0
HV is observed, whereas no significant biomass vari-

ation is present; this is due to the development of maize leaves
in the early phase of growth, which produces a change of
backscattering without a significant biomass increase.

III. MODELING ISSUES

A. General Aspects

In this paper, a discrete scattering model is used. The
advantages of the discrete modeling approach are generally
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Fig. 8. Experimental trend of σ0
VV/σ0

HV as a function of (left) biomass and (right) crop height at 2.5 GHz and 20◦ incidence angle. The continuous line
represents the quadratic regression.

recognized; discrete models represent the fundamental prop-
erties of single-vegetation elements, and allow us to combine
scattering contributions using well-established theories.

The basic algorithm is described in [21], and some advanced
implementation aspects are introduced in [6]. Here, some main
concepts are summarized. Leaves are described by dielectric
discs, and stems and ribs by dielectric cylinders. For each
scatterer, dimensions, orientation, and permittivity are required
as input. For discs, the scattering and extinction cross sections
are computed using the Rayleigh–Gans theory [23] up to 5 GHz
and the physical optics theory [24] at higher frequencies. The
theory based on the “infinite length” approximation [25] is used
for ribs and stems. The scatterer location within the canopy
is selected in order to reproduce, as far as possible, the real
crop geometry. Discs and randomly oriented thin cylinders,
representing leaves and ribs, respectively, are placed in an upper
layer; a lower layer with vertical cylinders is used for the stems
over the soil, which is represented by a rough dielectric surface.
The Integral Equation Model [26] is used to compute the bista-
tic scattering coefficient of soil. Single scatterers’ contributions
are combined by using a matrix algorithm, which is also used to
combine vegetation scattering with soil scattering. Finally, the
canopy backscattering coefficient at pq polarization is obtained.

The simulated backscattering coefficient may be decom-
posed into three main components, as indicated in

σ0
pq =

[
σ0

pq

]
V

+
[
σ0

pq

]
VS

+ Tp

[
σ0

pq

]
S
Tq (1)

where
σ0

pq whole canopy backscattering coefficient;
[σ0

pq]V vegetation direct backscattering component;
[σ0

pq]VS soil–vegetation interaction backscattering com-
ponent, including double-bounce effects;

[σ0
pq]S backscattering component due to bare soil;

Tp and Tq canopy transmissivities at the p and q polariza-
tions, respectively.

In this paper, a specific semiempirical modification has been
applied to correct surface model inaccuracies in simulating the
cross-polarized backscattering of soils. In fact, although several
advances have been achieved in representing the statistics and

TABLE III
MEASURED COVER FRACTION OVER THE MAIZE FIELD

TABLE IV
MEASURED SMC OVER BARE SOIL BEFORE

EMERGENCE OF THE MAIZE FIELD

the electromagnetic properties of soil surfaces, these efforts
improved the description of copolarized backscattering only
[27], [28]; however, the soil backscattering coefficient mea-
sured at the HV polarization is still clearly underestimated by
surface models (see, e.g., [29]). Research on this subject is
still in progress, and for the time being, we have adopted the
semiempirical method indicated in the following.

The scatterometer acquisition samples have been subdivided
into two ensembles. The first ensemble includes the first N1

samples collected before crop emergence (which includes DoY
from 123 to 145), whereas the second one includes the N2

samples collected in the presence of vegetation (from DoY
151 to 298).
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TABLE V
CORRECTION RATIOS [σ0

HV/σ0
VV]1 AT THE FREQUENCIES AND ANGLES CONSIDERED IN

THE MODEL COMPARISON AGAINST EXPERIMENTAL DATA

Fig. 9. Comparison between (continuous line) simulated and (squares) measured data at 2.5 GHz and ϑi = 30◦. From left to right: HH, HV, and VV
polarizations.

Fig. 10. Comparison between (continuous line) simulated and (squares) measured data at 4.6 GHz and ϑi = 30◦. From left to right: HH, HV, and VV
polarizations.

For each frequency and angle, we have computed the average
ratio between HV and VV backscattering coefficients before
crop emergence

[
σ0

HV

σ0
VV

]
1

=
1

N1

N1∑
i=1

σ0
HVi

σ0
VVi

(2)

where the index i indicates a collected scatterometer sample of
the first ensemble (with N1 samples).

Afterwards, we have computed the HV backscattering coef-
ficient at different stages of the crop cycle (j = 1, 2, . . . , N2),
which will be considered in the following analysis. For each
scatterometer sample j of the second ensemble (with N2 sam-
ples), the application of (1) has been modified as:

σ0
HV(j) =

[
σ0

HV

]
V

(j) +
[
σ0

HV

]
VS

(j)

+ TH(j)
[
σ0

VV

]
S
(j)

[
σ0

HV

σ0
VV

]
1

TV(j) (3)

where the HV-polarized backscattering coefficient of bare soil
is calculated on the basis of the theoretical [σ0

VV]S corrected by
the average ratio of (2).

No modifications have been applied to the copolar σ0’s of
bare soil. It is stressed that although this is a semiempirical
operation, it is not a mere fitting. In fact, [σ0

HV/σ0
VV]1 values

are computed a priori with respect to vegetation growth, using
an independent data set. Therefore, the samples adopted to
compute them are kept apart from the samples adopted to test
the crop scattering models.

B. Model for Maize

The model requires, as input, the geometric and dielectric
variables of soil and vegetation. We have used the measured
ones and, if not available, we have estimated them by using
a growth routine fitted over measurements of previous cam-
paigns. In particular, the geometrical variables used for stems
and leaves are the same as in [6, Table 1], where C-band tests
were performed. Here, long leaves have been subdivided into
several discs, with the diameter equal to the leaf width, which
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Fig. 11. Comparison between simulated and measured backscattering coefficients at (a) 2.5, (b) 3.1, (c) 4.6, (d) 7.2, and (e) 10.2 GHz. Angles are at 20◦, 30◦,
40◦, and 50◦. (Triangles) σ0

VV. (Squares) σ0
HH. (Stars) σ0

HV.

corresponds to the simpler assumption within the alternatives
proposed in [6]. Furthermore, the ribs present in the maize
leaves have been modeled by means of cylinders having a
diameter equal to 0.3 cm and length equal to the leaf half-
length. Two cylinders per leaf have been considered.

A further modification to the model has been applied to
consider that in the early stage, vegetation elements are not
uniformly distributed over the soil but tend to thicken along the
rows. This is confirmed by the coverage fraction measurements
C, which indicate low values at the early stage (see Table III).
We assumed that a fraction C of the observed area is covered
by vegetation with a higher density than the average one that
was measured, and that the remaining fraction (1 − C) has a

null scatterer density. In order to consider this effect, we have
applied the correction indicated in the following.

For each observation sample j, the average number of stems
and leaves per unit area measured on the site (nsj and nlj ,
respectively) have been modified into nCsj and nClj based on
nCsj = nsj/Cj and nClj = nlj/Cj , where Cj is the coverage
fraction, which varies with the DoY as reported in Table III.
This way, the concentration of scatterers in a limited fraction of
the observed area has been taken into account.

By using the nCsj and nClj densities, the backscatter-
ing coefficient σ0

Cpq
(j) within the vegetation-covered area is

computed based on (1) or (3), respectively, for co- and cross-
polar simulations.
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TABLE VI
RMS ERRORS BETWEEN MEASURED AND SIMULATED σ0 VALUES

AT THE FIVE FREQUENCIES CONSIDERED

Given the theoretical bare-soil backscattering coefficient
[σ0

pq]S(j), the total backscattering coefficient σ0
Tpq(j) is finally

calculated as the sum of two terms

σ0
Tpq(j) = σ0

Cpq(j) · Cj +
[
σ0

pq

]
S
(j) · (1 − Cj). (4)

The first term is the backscattering coefficient of the Cj

fraction of area which is covered by vegetation, and the second
one is the backscattering coefficient of the (1 − Cj) fraction of
bare soil.

IV. COMPARISONS WITH MULTIFREQUENCY DATA

The model, with the modifications described in the previous
section, has been extensively tested using experimental data
collected by RASAM, and used in Section II for the correlation
study. In this section, we compare experimental radar signatures
with simulations performed using the in situ measured cover
fractions of Table III.

Bare soil samples collected on N1 = 5 days before corn
crop growing are used to recalibrate the theoretical soil HV
backscattering coefficient, based on the semiempirical proce-
dure described in Section III-A. The volumetric SMC measured
by the five samples are reported in Table IV, and the averaged
ratios [σ0

HV/σ0
VV]1 are listed in Table V, as a function of the

frequency and angle.
Model simulations, as a function of the day of measurements,

are compared against RASAM data in Figs. 9 and 10, namely,
for frequencies f = 2.5 and 4.6 GHz and incidence angle ϑi =
30◦. In general, the model follows, fairly well, the plant growth;
larger backscattering variations occur in the first days when the
maize biomass is low because of soil-moisture change, whereas
smaller variations are observed afterward.

Overall comparisons at 2.5, 3.1, 4.6, 7.2, and 10.2 GHz are
shown in Fig. 11. These plots include all samples at 20◦, 30◦,
40◦, 50◦, and VV, HH, and HV polarizations. Total rms error
values for all frequencies are given in Table VI. At 2.5 GHz,
the higher discrepancies are observed for large σ0 values,
i.e., at lower angles, where the soil contribution is more im-
portant, whereas a systematic overestimation (on the order
of 1–2 dB) is observed at 7.2 GHz. In general, the absolute
discrepancies are limited, and the dynamic range related to crop
growth and to the variations of angle and polarization is well
represented. This is important, considering that in the follow-
ing, we show how the model confirms that the use of a polari-
zation pair at low angles is convenient for crop monitoring.

The previous statistical study has demonstrated that correla-
tions larger than 0.7, with both soil moisture and maize height
or biomass, are shown by radar configurations at low frequen-
cies and low angles. Thus, we have run the model at 2.5 GHz

Fig. 12. Simulated trends of σ0
VV/σ0

HV as a function of the maize height
at 2.5 GHz and 20◦ incidence angle for constant values of volumetric soil
moisture.

and 20◦, and the simulated values of σ0
VV/σ0

HV are shown
in Fig. 12 as a function of crop height, which is the driving
parameter of the electromagnetic model. Bare-soil values of the
ratio are assigned by the procedure illustrated in Section III-A.
In the analysis shown in Fig. 12, we have investigated how
the sensitivity to crop growth may be affected by soil-moisture
variations. For each day of observation, the backscattering
coefficient of maize has been simulated by means of the model,
improved as described in Section III-B in order to take the cov-
erage parameter into account. In order to single out the vegeta-
tion and soil scattering effects, the SMC has been kept constant
in each temporal simulation; however, the time trends have been
simulated under four different soil-moisture conditions.

The simulated ratios in Fig. 12 reproduce the decreasing
trend observed experimentally; these ratios are particularly high
for bare soils due to the high values of σ0

VV and low values of
σ0

HV, and they decrease appreciably during crop growth. At a
low incidence angle, the decreasing trend with plant height is
due to the simultaneous increase of vegetation attenuation of the
copolar scattering contribution from the soil and the increase
of the cross-polarized volume scattering. Model simulations
confirm that at low angles, crop growth produces a reduction
of the σ0

VV/σ0
HV ratio of about 7 dB, whereas soil-moisture

variations from 0.1 to 0.4 produce effects on the order of
2 dB. It must be considered that single raining or drying events
produce generally more limited variations of soil moisture.

Also note that the sensitivity of σ0
VV/σ0

HV to height change
is particularly large in the early part of the season, i.e., until the
plants become 30 cm high. This is due to the effect of emerging
leaves, although the total biomass is still very low. The decreas-
ing trend, although with a lower slope, is maintained up to a
maize height of about 2 m.

For the sake of comparison, we finally plotted the measured
σ0

VV/σ0
HV ratio versus the plant height of a wheat field in the

Central Plain region. Fig. 13 shows that a decreasing trend,
similar to the one of the maize, is also observed during the
wheat growing period; however, a slight inversion of the trend
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Fig. 13. Experimental trend of σ0
VV/σ0

HV as a function of (left) biomass and (right) crop height for wheat at 2.5 GHz and 20◦ incidence angle.

of the polarization ratio, which is different from the maize
case, is observed in the final stage. During the final earing
stage (height values higher than about 80 cm), a slight further
increase of height takes place simultaneously with drying,
causing an increase of the polarization ratio.

V. CONCLUSION

This paper has shown the results of a systematic correlation
study about the sensitivity of radar signatures to soil moisture
and crop growth at several frequencies, angles, and combina-
tions of polarizations. The analysis was carried out by means
of backscattering data collected over a maize field, and it was
supported by theoretical simulations performed with the Tor
Vergata model.

The correlation analysis has shown that the highest sensitivi-
ties to SMC are reached by a vertical backscattering coefficient
at low frequencies and low angles, whereas several config-
urations present large correlations with the maize biomass
(or height), i.e., the co- and cross-polar ratios at intermediate
frequencies and angles. On the other hand, experimental and
modeling results indicate that a radar system operating at low
frequency and low angles, at VV and HV polarizations, and
with a sufficiently short revisit time has a good potential for
both soil moisture and maize biomass monitoring, although
vegetation scattering is more dominant at high angles. Indeed,
the correlation study and the theoretical simulations showed
that σ0

VV is sensitive to soil moisture, whereas the cross-
polarization ratio σ0

VV/σ0
HV presents a significant sensitivity

to crop parameters and is moderately affected by soil-moisture
variations.
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