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ABSTRACT

Polarimetric AIRSAR data of July 13, 1990 acquired over Mahantango watershed area
was processed for the identification of corn fields and forested areas. Polarization Phase
Difference (PPD) values were computed for the corn fields at P-, L- and C- bands and
studied as a function of frequency. The results compare well with the model calculations
at 24° incidence angle where as the locations of corn fields were computed to be at 35°
incidence angle. The discrepancy is attributed to lack of accurate ground truth and the
undulating topography of the corn fields. Another study reported here deals with the
usefulness of Polarization Index (PI) for the study of vegetation. PI was found to be
dependent on frequency for corn fields where as for forest trees no such dependence was
noticed. P/HH.HV is more useful parameter compared to P/HH,VV even for the study of
corn fields.
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1 Introduction

The backseattering coefficient, a physical quantity measured through active mi-

crowave remote sensing, is an integrated result of several target parameters such

as surface roughness, soil moisture and vegetation cover (Ulaby et al. 1986, Wang

et al. 1986, Dobson and Ulaby 1986). Therefore, to resolve these parameters from

backscattering coefficient data, there is a need to adopt multifrequency, multipo-

larization approaches as envisaged by Wang and Mo (1990). It is also needed to

look for new physical quantities, that can be derived from back scattered signals, to

augment the multifrequency approaches, since it may not always possible to have

the required number of multifrequencies due to cost and other factors. Polarization

Phase Difference ( PPD ) seems to be one such quantity introduced by Ulaby et al.

(1987).

With the advent of polarimetric SAR system, it is possible to measure not only

the backscattering coefficient but also Polarization Phase Difference between the

horizontally and vertically polarized scattered waves. Cumming et al. (1991) sum-

marized all the parameters that can be derived from Polarimetric SAR data. PPD

is another physical quantity (like that of backscattering coefficient), as it carries in-

formation about the difference in the phase velocities of horizontally and vertically

scattered waves as they pass through vegetation. This implies that this quantity

can be conveniently used for the study of vegetation. Ulaby et al. (1987) observed

that the mean PPD was close to zero degrees for bare soil, cut vegetation, alfalfa,

soybeans and clover. A different pattern of PPD was observed for corn fields; the

mean PPD increased with increasing incidence angle. Subsequently Mo and Wang

(1990) tried to use this approach for the study of orchard fields. They noticed that

the model developed by Ulaby et al. (1987) for corn fields is not adequate to rep-

resent the PPD from orchard fields. The model needs to be augmented to include

the contributions from branches; the average effect of which was computed by an

appropriate choice of branch orientation and radius using the Monte Carlo method.

Their model results were in good agreement with the PPD values derived from SAR

data acquired over an agricultural area near Fresno, California on September 28,

1984 using JPL L-band SAR system. Wang and Mo (1990) further confirmed the

above approach by studying the PPD derived from several orchard fields.



All the above studies, reported in the literature, confined to the incidence angle

dependence of Polarization Phase difference using L- band SAR data. In this paper,

we have extended the above studies to P-, L- and C- bands with a view to study the

frequency dependence of Polarization Phase Difference from corn fields. Preliminary

results of this study were reported by Rao et &]. (1993). The following sections deal

with the model computations, SAR data analysis, results and discussion.

2 The model

Ulaby et al. (1987) developed a model for the computation of polarization phase dif-

ference applicable to corn fields, based on the assumption that the vertical stalks act

like a uniaxial crystal characterized by different velocities of propagation for waves

with horizontal and vertical polarizations. The model was verified by comparing

with the PPD derived from L-band SAR data acquired by NASA-JPL over a large

agricultural test site near Macomb, Illinois in conjunction with the Shuttle Imaging

Radar (SIR-B) experiment in October 1984. Their model, developed for corn fields,

consists of three components, namely (1) direct backscattering from the corn plants,

(2) direct backscattering from soil surface (including two way attenuation in the

canopy) and (3) indirect scattering by the soil surface followed by bistatic scattering

by the plant, or the reverse process. Therefore, the total PPD (A<j>) is given by

A<t>. + (1)

Where A0P is the phase difference due to two way propagation through the canopy,

A& is the phase difference due to Fresnel reflection by the soil surface and A^ l t is

the phase difference due to bistatic scattering by the stalks. Ulaby et al. (1987)

computed the phase difference due to Fresnel reflection by the soil (Afl>,) for the

complete range of SAR incidence angles and reported that it is negligibly small.

Therefore this term is generally ignored (Wang and Mo 1990, Mo and Wang 1990).

The expressions for A^p and A0,i are given below.

4Nk
—t (2)

t - (3)

Where N is the number of plants per unit area, h is the height of the plant, k = ^

is the wave number in free space and 6 is the incidence angle. Tp{6, IT) and Tp(0,0°)

(where p = H or V) are the normalized amplitudes of the scattered fields evaluated

at the scattering azimuth angle 4> — * and 0° and the corresponding expressions are

as follows:

1 ^ >

I ^

(4)

(5)

(6)

Ty(9,0°)= £ (-1

The constants C™(0) and C "̂B(6") are given by Ruck et al. (1970) in terms of the

angle (/> = — — 0 , radius a0 and the dielectric constant of stalks.

2.1 Model computations

Figure l(a, b, c) show the PPD as a function of look angle for C- L- and P- bands

respectively. The vegetation parameters used in the model computations are given

along with the figure. It can be seen from figure 1 that the vegetation parameters

are the same for C-, L- and P- bands except dielectric constant. The dielectric

constant was reported to vary with frequency depending on the vegetation water

content (Ulaby and EL-Rayes 1987). Therefore, the dielectric model developed by

Ulaby and EL-Rayes (1987) for vegetation was used to compute the dielectric con-

stant at C-, L- and P- bands for the same vegetation water content. Different curves

in figure 1 refer to the contributions due to stalk, canopy and the total PPD. The

trends for L- and P- bands are similar where as C- band shows a different trend

below 25C incidence angle. For P- and L- bands the canopy contribution is negative

and slowly increases with increasing incidence angle whereas the stalk contribution

is positive and steeply increases and then reaches a saturation. The net effect of



canopy and stalks has a trend close to that of stalks. A comparison of figure l(a)

and l(b) indicates that P- band gives higher PPD all through the range of incidence

angles compared to L-band. However, the trends are similar. In case of C- band,

the PPD initially increases in the negative side and then steeply rises to about 120°.

The canopy contribution slowly increases with increasing incidence angle.

Figures 2(a, b) show the dependence of PPD on the diameter of stalks and dielec-

tric constant respectively. It can be seen from figure 2(a) that as the diameter

increases, there is a linear shift in the curves along the axis of incidence angle. Also,

the PPD decreases with the increasing stalk diameter. As the dielectric constant in-

creases (figure 2(b)), PPD increases for angles below 30° and it takes a reverse trend

for higher angles. This trend confirms with the calculations of Mo and Wang (1990).

After analyzing the angular dependence of PPD as a function of stalk diameter and

dielectric constant, our further analysis is to study the frequency dependence of

PPD. Figure 3(a) shows the PPD as a function of frequency in the range 0.4 - 6

GHz for 3 incidence angles 20°, 35° and 45° for a stalk diameter of 2 cm. These

angles are selected to cover the complete range of SAR incidence angles. It may

be noted that the dielectric constant was calculated at each frequency using Ulaby

and EL-Rayes (1987) model. It can be seen fiom figure 3(a) that, in general, PPD

decreases with increasing frequency, however the rate of decrease depends on the

incidence angle. For 20° incidence angle, PPD varies around zero degrees (within

±30°). Interestingly all the three curves intersect at about 4.6 GHz. This implies

that at this frequency, the PPD is independent of incidence angle for stalk diameter

of 2 cm. To confirm this, calculations were made (at different frequencies around

4.6 GHz) for PPD as a function of incidence angle and are shown in figure 3(b).

It can be seen from figure 3(b) that the PPD is fairly constant up to about 35°

incidence angle for 4.6 GHz, By properly tuning the frequency it will be possible

to extend the constancy of PPD even for higher incidence angles. This can be

further realised in comparison with figure 1 where PPD continuously varies with

incidence angle. It implies that a particular combination of frequency and stalk

diameter gives rise to an incidence angle independent PPD. We call this frequency

an optimum frequency and the corresponding stalk diameter an optimum diameter.

We further try to find out the relation between the optimum frequency and the

corresponding optimum diameter of the stalks. Calculations were made at several

frequencies and the results are shown in figure 3(c). It can be seen from figure 3(c)

that as the optimum frequency increases, the optimum diameter decreases almost

exponentially showing a trend of flattening at higher frequencies.

3 Polarimetric SAR data processing

3.1 Test site

Polarimetric SAR data was acquired by NASA using multifrequency polarimetric

AIRSAR system over Mahantango watershed area in central Pennsylvania during

10 - 17 July, 1990 (Engman 1992, O'Neill et al. 1992). Synchronous ground truth

data in terms of soil moisture and vegetation cover was also measured at some

selected locations. The test site was an undulating terrain with elevations varying

from 200 to 320 meters with an average elevation of 260 meters; and terrain slope

varying from 0° to 20° with an average slope of 6.45°. The aspect of the fields varied

from -177° to +180° with an average aspect of 2.7°. These values were derived

from Digital Elevation Model (DEM) data for this test site, supplied by US Geol.

Survey (1990). Major soil types of the test site were gravely silt loam, channery silt

loam and channery loam. Some of the corn fields were sampled for soil moisture

and vegetation parameters. The water content of the vegetation varied from 1.9 to

2.2 Kg/Sq. meter. The average bulk density was 1.29 g/cm3. The soil moisture

varied from 5% to 23% (gravimetric) from dry to wet conditions. AIRSAR data

was collected at steep (30° target incidence angle) and shallow (45° target incidence

angle) modes. In this analysis we used the shallow mode data acquired on July 13,

1990. The spatial resolution of AIRSAR data was 12 meters along track and 6.6

meters slant range.

3.2 SAR date analysis

Total intensity image was generated from AIRSAR data and displayed on DIPIX

image processing system to identify the coordinates of the boundary of some of the

corn fields of interest in this study. AIRSAR data was calibrated using POLCAL

software Developed by JPL (Van Zyl et al. 1990) and the subimages of the three

corn fields were extracted and processed for computing PPD for individual pixels,

average and standard deviations of a corn field. The number of pixels in each corn



field varied from 300 to 500. The formula used for the computation of PPD (A</> }

is as follows;

= tan ~ dt
(8)

Here, rfg , <f9 and rf,0 are the values stored in 8"1 , 9'* and 10"1 bytes of each SAR

pixel (Ulaby and Elachi, 1990). It may be noted here that each polarimetric SAR

pixel is stored in ten bytes of storage against one byte in ordinary SAR systems.

AIRSAR data was registered with DEM using several ground control points whicli

are distributed uniformly ail through the test site (Rao et al. 1992). The spatial

resolution of DEM was 30 x 30 meters and the registration was done with an accuracy

of less than one DEM pixel. The AIRSAR incidence angles were computed based

on the aircraft geometry as 38°, 39° and 37° for corn fields 1, 2 and 3 respectively.

However, due to local slope and aspect (can be computed from DEM) of the corn

fields, the local incidence angles will be different from the AIRSAR incidence angles.

The local incidence angles were computed as 36°, 36° and 34° respectively for corn

fields 1, 2 and 3.

4 Results and discussion

Figure 4(a) shows the PPD histogram for corn field 1 for C- L- and P- bands. The

number of pixels considered is 500 which is a good number for statistical average.

The distributions for all the three bands were reasonably symmetric with a mean

PPD of -0.2°, 25.5° and 12.1° for C- L- and P- bands respectively. The standard

deviation (Std) was very low for P- band (about 26°) and for C- and L- bands, it

is around 52°. The symmetry of the peaks reflects the uniform slope of the entire

field. Figures 4(b, c) show histograms for corn 2 and 3. A broader distributions

with multiple peaks can be noticed from Figures 4(b, c). Though the average local

incidence angles of these fields ( about 35° ) are the same as that of corn field 1, the

local slopes within the field itself varied considerably. As can be seen from figure 1,

the incidence angle has a strong effect on PPD. The broader distribution and multi-

ple peaks can be attributed to the variations in the local incidence angle within the

field itself. Since the resolution of the DEM is poorer compared to SAR data (one

DEM pixel is about 9 SAR pixels), the local incidence angle could not be estimated

! * • * "

effectively on pixel basis.

Figure 5 shows the pictorial representation of the PPD values for all the 3 bands and

3 fields as a function of frequency. The vertical bars represent standard deviation

based on corn field 2. The solid and dashed lines represent model calculations

at 24° and 35° incidence angles. 35° incidence angle refers to the average local

incidence angle of the fields. 24° incidence angle is to match the experimental and

model calculations. It is good to compute the model with field measured vegetation

parameters. We have taken vegetation parameters guided by Ulaby et al. (1987)

(density and diameter) as we have information on vegetation height and condition of

the crop. We can see that the general trend of experimental data matches with the

model calculations in the sense that both show the decreasing trend with increasing

frequency. The solid curve corresponding to 24° incidence angle matches well with

the experimental data within the limits of standard deviation. The dashed line

(refers to 35° incidence angle) is very far from the experimental values. This can be

partly attributed to the uncertainties in the computation of actual local incidence

angle (taking into account the minor variations in the local terrain within the field)

and partly to the lack of accurate vegetation parameters.

4.1 Polarization Index

Another exercise we would like to report in this paper is the study on Polarization

Index (PI). In passive microwave remote sensing, the normalized polarization index

is defined as the ratio of the modulus of difference in brightness temperature (of

vertical and horizontal polarization) to that of the average (of vertical and horizontal

polarizations) (Ferrazzoli et al. 1992). In active microwave remote sensing, we can

define polarization index in two ways.

Pi

Ph •m = ( a
HH.HV

JHH ]

(9)

(10)

It is more unlikely that the backseattering coefficient is extreme at HH, VV or HV

polarizations. Therefore, in the above definition, the full dynamic range of PI is

not utilized. There are several other ways of defining Polarization Index taking into

account the full advantage of Polarimetric nature of SAR data (Zebker et al. 1987,



Touzi et al. 1992). However, these approaches take enormous computer time and

so we have confined to the simpler models (equations 9 and 10).

For the study of PI, we have identified one more area covering forest trees in addition

to the three corn fields. Pis are computed for all the three corn fields and forest

area, for individual pixels of the field, average of a field and the standard deviation.

Figures 6(a and b) show the histograms of P/HH.VV for corn 3 and forest area re-

spectively. The curves corresponding to C- L- and P-bands are as indicated in the

figure. It can be seen from figure 6 that the histograms do not refer to any stan-

dard distributions, rather, the percentage of occurrence decreases with increasing

PI\myv- Therefore, the mean and standard deviation values shown in figure 6 will

not be of much significance. The P/HH,VV for forest area does not show frequency

dependence, whereas for corn fields, the frequency dependence is clear. The mean

increases with increasing frequency.

Figures 7(a) and (b) show the histograms of P/HH,HV for corn 3 and forest trees

respectively. It can be seen from figure 7 that the histograms show well defined

distribution compared to figure 6. The mean P/HH.HV for corn fields increases with

increasing frequency where as for forest trees, it does not depend much on frequency.

A comparison of figure 6 and 7 shows that the quantity -P/HH.HV will be an interesting

parameter that can be derived from polarimetric SAR data, for the study of corn

fields. In general, Polarization Index is a useful parameter for the study of small

vegetation such as corn fields; and not a useful parameter for the study of tall

trees like forest areas. This is in accordance with the understanding that the longer

wavelengths can penetrate successfully through small vegetation like corn fields and

will be completely absorbed in the tall trees in forest areas. As a result, all the bands

become depolarized equally for forest areas where as, only the shorter wavelengths

get completely depolarized in corn fields. That is why the corn fields showed a clear

frequency dependence of PI compared to forest trees.

5 Conclusions

Polarization Phase Difference (PPD) and Polarization Index (PI) are examined for

their usefulness to study vegetation under multifrequency multipolarization envi-

ronment. PPD appears to be a new physical quantity (derived from backscattered

waves) exclusively for the study of vegetation as it has least dependence on under-

lying soil ( Ulaby et al. 1987). PPD was found to depend on frequency which is in

accordance with the model predictions. The angular dependence of PPD was ex

amined as a function of frequency and staik diameter and noticed that a particular

combination of frequency - stalk diameter give rise to angular independent PPD (up

to about 35° incidence angle). We called them optimum frequency for a given opti-

mum stalk diameter. The relation between optimum frequency and optimum stalk

diameter was examined and found to vary non-linearly. PPD values derived from

SAR. data match well with the model computations at 24° incidence angle whereas

the corn fields were estimated to be at 35° incidence angle. The discrepancy is at-

tributed to the undulating topographic effects and lack of accurate ground truth on

vegetation. We plan to extend the studies to another test site with a flat terrain.

PI is found to be a function of frequency for corn fields where as for forest area, no

such dependence was notices. Even for the study of corn fields, P/HH.HV is more

useful parameter than P/HH,VV.
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Figure captions:

F i g u r e 1. Angular dependence of Polarization Phase Difference for canopy prop-
agation (A<^p), bistatic scattering by stalks (A^«) and total (A0) for (a) C-band
(b) L-band and (c) P-band.

F i g u r e 2 . Angular dependence of Polarization Phase Difference
function of stalk diameter and (b) dielectric constant.

(a) as a

F i g u r e 3 . (a) Frequency dependence of Polarization Phase Difference (A<£) for
three angles of incidence. The intersection of three curves at 4.6 GHz can be seen,
(b) A,(j> versus incidence angle for different frequencies around 4.6 GHz, for stalk
diameter of 2 cm. The constancy of &<j> up to about 35° of incidence angle can be
seen. (c) The relation between optimum diameter of stalks and optimum frequency
which gives rise to angle independent Afli.

f i g u r e 4 . Histogram showing the occurrence of Polarization Phase Difference
(A*) at C-, L- and P-bands for (a) corn field 1 (b) corn field 2 and (c) corn field 3.

F i g u r e 5. Frequency dependence of Polarization Phase Difference (A4>) showing
model calculations and the results from the analysis of AIRSAR data over three
corn fields. Standard deviation values (with reference to corn field 2) are shown as
vertical bars.

F i g u r e 6. Histogram showing the occurrence of Polarization Index P/HH,vv at
C-, L- and P-bands for (a) corn field 3 and (b) forest trees.

F i g u r e 7. Histogram showing the occurrence of Polarization Index /VHH.HV at
C-, L- and P-bands for (a) corn field 3 and (b) forest trees.
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