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REMOTE SOIL MOISTURE MEASUREMENTS

E. H. Stockhoff
R. T. Frost
E. J. Buerger

ABSTRACT

The degree of polarization of visible sunlight reflected
from bare soils in agricultural test areas in the southwestern
United States was measured by an airborne photopolarimeter,
Surface soil specimens provided data concerning the surface
moisture of the soil to which the polarization data were com-
pared. The results indicate the feasibility of measuring soil
surface moisture by airborne polarimeter instrumentation,
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INTRODUCTION

Work performed in our laboratory and in the field (Ref. 3) has shown
that polarization of reflected visible light is one of the more sensitive
techniques available fcr remote detection of soil surface moisture. This
method has been found to be reasonably invariant to partial shadowing of
rough surfaces being viewed and to their average inclination to the sun's
rays. An advantage to be gained through the use of the optical polarization
signature is the relatively large amount of reflected power available within
narrow bandwidths which can be selected so as to minimize unwanted light,
such as that from sparse foliage on a nearly bare field, and the relatively
high quantum efficiency of available detectors in the visible range of wave-
lengths. Relatively small ground resolutions from satellite altitudes or
from aircraft are thus feasible as a result of adequate signal statistics
being readily attainable.

Instrumentation designed and assembled in our laboratery has been
used for precision measurement of the degree of polarization of visible
light (Ref. 5). A photopolarimeter similar to that described in reference 5,
with a 3° field of view and a 100% bandwidth centered at 64068 was installed
in NASA's Convair-990 aircraft for the purpose of measuring the polariza-
tion of sunlight reflected, i.e. scattered, from the ground as the aircraft
was flown over several agricultural ground truth sites. Data were obtained
from selected fields in the Imperial Valley, California and at Phoenix,
Arizona during March, 1972. Ground truth samples of soil were obtained
by Biospherics, Inc. to measure the moisture content of the soil at several
depths along the flight path in these fields.,

Auxiliary intensity data were taken at 55608 and 891484,

INSTRUMENTATION

The GE polarimeter was installed above a window in the ﬂoor of the
aft cargoocompartment in such a manner that it could view from 42° ahead
of, to 42" to the rear of, the nadir and could view from 40° to the left (port)
of the nadir to directly downward (see Figure l). A view to the right was
not possible due to the presence of part of another experiment outside the
aircraft blocking the view in that direction, Also mounted at the window
was a television camera the body of which was fixed in single position while
its lens, connected to the camera tube via a flexible bundle of fiber optics,
was attached to the polarimeter so that the fields of view of the two instru-
ments were virtually coincident,

The instrumentation rack for the polarimeter and television system
was in the passenger compartment (see Figure 2). This rack contained
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the control panel for the polarimeter, the electronics required to sequence
and process the data from the polarimeter, a television monitor, an oscillo-
scope, a strip chart recorder and a power supply for a heater in the polar-
imeter. A larger television monitor was mounted upon the rack as part of
the aircraft instrumentation system to display certain aircraft data.

During each run over a ground truth site the polarimeter's data were
recorded continuously by the strip chart recorder, along with a time pulse
every 10 seconds, and also at a sampling rate of 100 sec™! in the airborne
data system (ADDAS). The location of the field of view of the polarimeter
was monitored continuously during each data run by watching the television
monitor and whenever it f2ll upon a road a button was pressed which caused
a mark to be placed on both the strip chart and ADDAS records,

DATA REDUCTION

The pattern of markings on the strip chart indicating roads and towns
produced a clearly identifiable pattern so that nearly all the fields frum
which the polarimeter was receiving reflected light were readily identified
and, by reading the time code, the time of observation was determined
within 0.1 second., Where it mattered and where it was not clear whether
the field of view was to the left or to the right of the centerline of the pattern
of fields, the location of the field of view at a particular time was calculated
from the aircraft altitude, speed and attitude and from the location of the
field of view of the downward viewing photographic camera at some proximate
time.

The periods of time, during which the polarimeter viewed the fields
chosen for study, were tabulated and the ADDAS records were then used to
obtain 1) the attitude coordinates necessary to calculate the phase angle,

i.e the angle between the viewing direction and the direction of travel of

the light incident upon a field, the angle against which the degree of polariza-
tion is usually plotted to indicate polarization signatures, and 2) the polar-
imeter data from which the polarization is calculated. Data taken during
periods of time for which the ADDAS records were not available were read
from the strip chart.

MEASUREMENT OF STOKES PARAMETERS

The moisture content of the soil surface viewed by the polarimeter is
measured by determining the angle through which the light has been scattered
by the soil and by observing the degree of polarization of this light produced
during its interaction with the soil. The polarimeter then measures this
degree of polarization in terms of the first three Stokes parameters, called
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here I, Q and U. Q and U are mucasured by the polarimeter as the difference
between two readily measured light intensities. A development of the repre-
sentation of polarized light in terms of these parameters may be found in
Ref. 2 and 5 and for the purposes of this report they may be defined as
follows,

I = total intensity of light
Q = IP cos(2X) (1)
U = IP sin(2A)

where P is the degree of polarization of the light and X is the angle formed
between a reference plane, defined by the viewing direction and, usually,

the vertical, and by the plane of polarization of the light. To obtain maximum
angular scanning range through the assigned window, the reference plane was
oriented as shown in Figure 3 with 8 =22. 5° relative to the ""plane of incidence"
of the aircraft window. The plane of incidence is defined by the norrmal to

the window and the viewing direction. One of the three optical barrels of

the polarimeter measures I, in the form I/2, while each of the other two
barrels measures the intensity of light as transmitted through a polarizing
prism. The resulting intensity B, in one case for the prism whose trans-
mitting axis is oriented as shown and labeled '"B'" in Figure 3, and intensity
D, .n the other case for which an axis labeled '""D'" is shown, were then com-
bined electronically to produce Q and U as follows.

fl

Q/2 B-1/2

u/2 = D-1/2

Two of the three parameters, I, Q and U, are sufficient to calculate the degree
of polarization but, to permit a choice of which combination is used, to min-
imize error in the calculation, all three are measured and recorded. Because
it was necessary to make the measurements by oblique viewing through an
already existing window in the pressure hull of the aircraft, a correction must
be applied to the data to account for 1) the change in magnitude and orientation
of plane of polarization of the polarized component, 2) the attenuation of the
unpolarized component and 3) the generation of a polarized component from the
unpolarized component, all due to the presence of the window. This correction
is derived below.

CORRECTION FOR TRANSMISSION THROUGH WINDOW

The light incident upon the soil from the Sun is assumed to be unpolar-
ized and after scattering it ha.g independent polarized and unpolarized com-
ponents having intensities of Ip and Iu r. spectively., Let the scattering plane,
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defined by the direction of observation and the direction to the Sun, make an
angle ¢ with the plane of incidence at the window. This angle is measured
from the plane of incidence to the scattering plane in a clockwise direction
when looking toward the approaching light. Then the intensities of the

altered polarized component, I , the remaining portion of the unpolarized com-
ponent, 1 , aud the new polarized component, i , (referred to in the preceding
paragraph in 1), 2) & 3) respectively) may be itten as follows,

I = bl
o P
1 = T 1°
u 4 u
i = a I0
p u
.2 2
where b = T sin ¢ + T cos ¢
11 4
a = -!-(T -T )
A § G

and T . and T, are the transmissivities of the window for components whose
electric vectors are parallel to and normal to the plane of incidence, respec-
tively. These three components are independent (Ref. 2 p. 29 (Sec. 15, 2))
and the Stokes parameters of the total beam may therefore be obtained by
adding the corresponding Stokes parameters of the individual components in
the form of equations (1) and making use of Figure 3. The sums of the Stokes
parameters as seen by the instrumernt behind the window are

I = L+l
u P
o o
Q = al cos28-b1l cos2(¢-F) (2)
u P i
o . o .
Uu = aIu sin Zﬁ-blp sin 2 (¢i-ﬁ)
her C = l(T +T)
where = 5T, A

¢, = arc Tan [‘/ 11 Tan ¢]
i T,

and B is the angle measured in a clockwise direction, looking toward the
approaching light, from the plane of incidence to a reference plane associated
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with the orientation of polarizing prisms in the polarimeter. (The angle the
plane of polarization of the initially polarized component makes with the plane

of incidence after it has passed through the window is 90° + ®..) It has been
assumed in writing the equation for ¢., as has been previously assumed (Ref. 8),
that the plane of polarization corre sp%mds closely to the plane defined by the
normal to the scattering plane and the viewing direction, Several checks made
with the calculated values of I: and 13 support this assumption,

CALCULATION OF POLARIZATION

By the orientation of the polarimeter with respect to the window and
through measurement of the index of refraction of the window in our labora-
tory, values of three of the parameters in the I, Q and U equations are known
to be

g = 22.5%+0,2°
T, = 0.982 +0.002
T, = 0.865 + 0,004

The value of ¢ is calculated from knowledge of the orientation of the polar-

irneter relative to the Sun at the time of each measurement., (Alternatively
¢., hence ¢, could be calculated from the equations for Q and U but this was
not done. )

Thus 1° and I: may be calculated from any two of the I, Q and U
equations (Eguations {2)) as follows,

a) I, Q combination
° - lacos28-¢cQ
p  blccos2 (¢i-ﬁ) +a cos 28]
o I cos 2 ((bi-B) +Q
u ¢ cos 2(¢i-ﬁ) +a cos 28
b) I, U combination
o lasin28-c U
I = - - -
P k[c sin 2 (QSi-ﬁ) - a sin 2f
o . I sin 2 (¢i—ﬁ)+U
u  csin2 ((bi-ﬁ) - a sin 28
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c) Q, U combination
o Q sin 28 + U cos 28
I = ;
p -b sin 29,
o Q sin Z(Q)i-ﬁ) - U cos 2(¢i-ﬁ)
u a sin 2 ¢i

The degree of polarization was then calculated from

using combination a), b) or c), above. The incertainty in the value of P re-
sulting from uncertainty in reading the raw data was estimated for each of the
three combinations of equations for each set of data from which a value of P
was obtained. Usually one or two of the three sets of equations produced a
very large uncertainty in P due to the evaluation of the difference between two
nearly equal numbers in the calculation of I or Io. The value of P having the
least uncertainty was selected to be the valfe used in the data analysis,

FIELD SELECTION

Analvysis of the field data was begun by first selecting those bare fields
reported in the ground truth (Ref. 1) study as wet or moist and then by selecting
a dry bare field of the same or similar soil type for each of the wet fields
During the flights over the ground truth sites, a mark had been inserted into
the data recordings and/or a voice comment was made into a tape recorder
whenever the field of view included a road. By doing this, the identification
of the data with the corresponding fields was facilitated by comparing the
pattern made by these marks with the pattern of roads on a detailed rnap of
the area and, in addition, it assured :hat no data recorded during the viewing
of a road were used in the polarization-soil moisture analysis. After the
elimination of several fields for which the field of view of the polarimeter fell
partially upon roads bordering tke fields, the total number of fields or com-
bination of fields used for data analysis amounted to 20, with most of these
fields having been flown over and providing data four times.

DATA ANALYSIS

The degrees of polarization calculated from the photopolarimeter data for
these fields are given in Table 1. The lis( of phase angles given in this table
for each polarization meas'irement was sca:ned to choose groups of data for
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which the phase angles were similar, thereby selecting data which could be
expected to share a common polarization-soil moisture relationship. No data
were plotted for phase angles less than 65° because it is known from previous
work (Ref. 3) that the sensitivity of the polarimetry technique is low at small
phase angles. Each group of data so selected was plotted in Figures 4 through
8 in which the degree of polarization of light reflected from the fields is plotted
against percent soil moisture as given by the ground truta study. On each graph
the solid line, estimated by eye, was drawn to represent the polarization-soil
moisture relationship best fitting the plotted points with exceptions as noted
below. The slope of this line at low moisture levels is known to have a nearly
constant value (Ref. 3) and this fact was used in plotting the solid line at the
lowest moisture levels. The phase angles and fields represented on Figures 7
& 8 are essentially the same; therefore the lines drawn on these two graphs
were deliberately made identical, Phoenix field #84 was very moist when it
was first observed on March 11 and it is evident when the data are plotted
against time, as they have been in Figure 9, that the surface of that field dried
as the day progressed and that the polarimeter measured the moisture at the
surface as this drying was taking place. The ground truth specimens were taken
for this field on March 11 at 13:30 and it is the degree of polarization of this
time, 13:30, taken from the curve in Figure 9, that was used to plot a point at
31% moisture and through which the solid lines were drawn in Figures 7 and 8.
The data marked 83/84 in Figure 8 were taken on March 13 at 13:13 and 13:39
and, apparently, the surface of the fields had again dried to the te afternoon
levels of March 11 after having been under the influence of the Sun for more
than half a day.

On each of these graphs the number of each field and a number repre-
senting its soil type, as given in Table 1, are given beside and within each
point, respectively. In some cases, the numbers of two fields are given for a
data point where the two fields meet and when there was neither a road nor
ditch between the two fields nor was there any significant difference between
the two fields in the ground truth report. The scatter of the data points on these
graphs is best discussed by dividing the comments into two categories; scatter
in the soil moisture measurements and scatter in the polarization measure-
ments, as follows.

SCATTER IN GROUND TRUTH DATA

All the soil surface moisture data reported herein have been derived
from samples taken by removing a specimen layer of soil down to a depth of
1/4 inch, which represents a compromise between a desire to sample the
surface to as shallow a depth as possible, to represent only the soil viewed
by the polarimeter, and the difficulty encountered in removing a thin layer
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from coarse soils, An estimate of the uu.e. .ainty which may be expected in
duplicating a soil surface moisture measurement may be made from the
duplicate samples reported for Phoenix fields #55, #57, #67 and #86 in the
ground truth report, Airborne Microwave Radiometric Data Analysis, sub-
mitted to NASA, Goddard Space Flight Center by Biospherics Inc., June,
1972, under Contract No. NAS5-21674. Table 2 summarizes the data given
in this report for the 0-1/4 inch samples taken from these fields. As may
be expected, this table illustrates that the samples taken from a very dry
ficld tend to vary very little one from another and that  mples taken irom
a more moist field tend toward greater variation. The aata in Table 2
suggest that uncertainty in moisture measurements on the moderately moist
fields may be estimated to be + or - 2% moisture and to be larger for more
wet fields., Examination of the points plotted for fields #11, #12 and #16 on
Figures 4, 5 and 6 indicates a systematic departure from the solid line and
suggests that the uncertainty at these moisture levels may be as great as

+ or - 5% moisture. Note that the data for all of these noints were obtained
on the same day and, because each field was sampled only once each day,
the moisture value given for one field on one graph is the very sarae value
given for the same field on the other two graphs.

SHORT TERM FLUCTUATIONS DUE TO MOTION OF FIELD OF VIEW

An estimate was made of the uncertainty which may exist in the calcu-
lated values of degree of polarization due to motion of the aircraft. Because
the Stokes parameters are determined by the subtraction of two electrical
signals obtained one after the other 0.05 sec apart, each dependent upon the
light reflected from the earth for its magnitude, changes ir the intensity of
light during the 0, 05 sec period, no matter what the cause, will result in
some error in the subtraction and, hence in the degree of polarization cal-
culated from the Stoke. parameters. By examination of light intensity data
recorded along with the Stokes parameter information the average variation
or fluctuation of the light intensity over a 0, 05 sec interval was estimated to
be + or - 1/2%. Applying this to the data for a typical field, Imperial
Valley #2, the calculated degree of polarization and corresponding uncertainty
may be stated as 7.7 + 0.5%. Thus the short term, 0.05 sec variations in
intensity do not produce a sufficiently large variation in polarization to
account for much of the scatter which the data exhibhit.

LONG TER! VARIATIONS DUE TO MOTION OF FIELD OF VIEW

The change in intensity from the time the Stokes parametcrs are
measured once until the next time they are measured was found to aver: :
6% with an extreme change of 12% in one case., The time interval between
these measurements is 1,3 sec and the ground speed of the aircraft was
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typically 40C feet/sec which means that 2 distance of about 500 feet would
have been travelled during that period between measurements. The dis-
tance travelled during the measurement of I, Q and U, for comparison, is
about 100 feet. As may be seen from the color photographs taken during the
flights, each bare field is essentially all the same color with many variations
in the intensity of that color, presumably due to variations in moisture con-
tent, with the wetter soils appearing darker than the drier soils. Adopting

a value of 10% to represent a typical variation in intensity within any one
field and assuming that this variation is due entirely to changes in amornt

of moisture in the soil, an estimate may be made of the resulting variation
in observed polarization. Reference 4 gives data concerning the reflectivity
and polarization for wet and dry loam and for these data at the phase angles
reported herein it shows that when the reflectivity decreases by 60%, as a
dry loam is made moist, the degree of polarization increases by about 140%.
Assuming a similar relationship exists between reflectivity and polarizaticn
for the soil in Imperial Valley field #2, a 10% decrease in intensity, hence
reflectivity, would increase the polarization from the observed value of 7. 7%
to a value of approximately 9.4%. Using this calculation as a guide, a pair
of dotted lines has been drawn in Figures 4 through 8 corresponding to a 10%
maximumn intensity variation from one dotted line vertically to the other, due
to variations in moisture content and it may be seen that most of the data
peints fall within or close to the band formed by these two lines. This in-
dicates that most of the scatter is due, in addition to variations in ground
truth measurements, to actual variations in the soil moisture from one part
of a field to another part oi the same field.

CORRELATION COEFFICIENTS

In order to facilitate comparison of this work with that reported by
Schmugge, Gloersen and Wilheit in Ref. 7, correlation coefficients were cal-
culated for the data in rigures 4 through 8. The coefficient is defined as
(Ref. 6)

Z(P. - P) (M. - M)
1 1 (3)

k

PM 1/2

in which P. and M, are the individual values of polarization and moisture for
each data ;1>oint and P ard M denote their average values. These coefficients
are listed in Table 3 in the column headed with the words '""For data points"
and are given for each of the figures, except for Figure 8, The data for
Figure 8 were obtained under essentially the same conditions as were those
for Figure 7, except that they were obtained later in the day. Therefore the
data (uncorrected) tor Figure 8 were included with those for Figure 7 (also
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uncorrected) in a correlation coefficient calculation to determine to what
extent the drying of the fields would degrade the correlation. It is known

that the relationship between P and M is non-linear (Ref. 3) so that the
correlation coefficients for the Polarization/Moisture data could never

exceed some value less than unity, the exact value depending upon the degree
of non-linearity. In order to assess the limiting values of the linear corre-
lation coefficient as applied to the data in the present work, another column
entitled "For solid line'" is given in Table 3. This gives the linear correlation
coefficients derived from equation (3) for sets of hypothetical data uniformly
distributed along the solid line in each figure. These latter numbers repre-
sent a maximum value for the linear correlation coefficient for each set of
data. A similar non-linear relation may be seen in Ref. 7 between soil mois-
ture anc. microwave emissivity which is presumably due to the different indices

of refraction for free water and for water bound to soil particles and to variation

in the amounts of free and bound water in the soil.

It mav be seen by comparison of the empirical and maximum values of
the linear correlation coefficient that, in general, good correlation was ob-
tained. A similar comparison could be performed with the data in refer-
ence 7.

REMOTE IDENTIFICATION OF BARE FIELDS

The fields selected for analysis in this repurt had been reported in the
ground truth report as bare, or very nearly bare which facilitated the initial
data reduction efforts by concentrating these efforts on these fields for which
the polarization-soil surface moisture technique is applicable. However,
the same discrimination could have beer made without the aid of the ground
truth work by observing the ratio of light intensities measured at two different
colors as measured by the polarimeter and noting the variation of this ratio
with varying amounts of vegetative coverage of the fields. These ratios were
calculated for several typical fields and are listed in Table 4. It may be seen
that a discrimination leve1 of about 0.70 for the I (8914):1 (6406) ratio could
have sorted out the essentially bare fields from those significantly covered
by foliage. Intensity information at 556048 was also recorded and the ratio
I (5560):1 (6406) is also given in Table 4 but it may be observed that this ratio
is not as sensitive an incicator of the presence of foliage as is the I (8914):
I(6406) ratio. An interesting point is to be noted in the data given for Phoenix
field »78. The ratios given for this field appear to vary with the time of day
at which the intensities were measured, suggesting that shadowing of portions
of the field, either by plants or the soil, itself, in the form of clods or
furrows, may significantly affect these ratios.
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SUMMARY

The degree of polarization of sunlight at 64004 reflected from cultivated
fields in agricultaral test areas in southwestern U.S. has been measured from
an aircraft flying over these areas at an altitude of 2000 feet. Soil specimens
taken from these fields on the day of the over-flights provided data concerning
the moisture content of the fields to which the polarization data were compared.
The results show that it is practical to measure the moisture content at or
near the surface of the soil by airborne polarimetric instrumentation.
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Field
Ident,

Ma.och 13,

IvVvi1

Iv 2

Iv 8

Iv 11

iviz

IV 15

IV 16

TABLE 1

Ground Truth Data

1972

é’ 5.5'

)] >,i

2. 33 .
0 S S & g
5 v & Ko 2
= &8 =%s 3
= 2 3 g & 9
" s S 33 A

& *

3 DSMU 8.5% 7:00
3 DSMU 3.7 7:20
3 MS 13,0 8:25
3 MS 11.0 9:15
3 F 22.7 9:40
3 F 26.3 9:55
3 DSMU 2.2 10:30
3 F 30.2 10:40

*See end of . bie for explanation of abbreviations, etc,
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Polarimeter Data

Deg. of Pol,

. . .
U NV WX s o~ ®

O OO W 0O W

—

—
P
.

21.2
18.0
13.0
12,3
21.6
17.2
6.9
5.7
11.5
12,0
11. 6
10.2
16,0
15.1

%

2 v
= £
< &
s r
2 3
o 3
80.4° 10:03
74.5  10:33
114.3  16:10
119.7  16:37
80.3  10:03
74.0 10:33
114.2  16:10
119.7  16:37
80.1 10:03
73.0 10:33
114.3  16:11
120.2  16:37
80.0 10:04
73.0 10:33
114.4  16:11
120.3 16:37
79.0  10:04
73.0 10:34
115.4  16:11
120. 6 16:38
78.9 10:04
72.5  10:34
115.5 16:11
120.9  16:38
79.5 10:04
71.3  10:34
115.7  1l6:11
120, 7 16:38
79.0  10:04
71.5  10:34
115.4  16:11
120.9 16:38

o e b4 b




TABLE 1 (Cont'd.)

IV 23 4 w 17.9 12:40 7.6 79.7 10:05
6.8 71,6 10:36

8.3 115,2  16:13

10.1 120.8 16:39

P 45/46 5-2/2 D 1.4 13:33 5.0 55.1 12:36
4.0 49,5 13:05

0.4 25.4  15:48

7.4 107.3  16:16

P 47 2 D 0.7 13:40 4.2 55.2 12:36
3.6 49,8 13:05

0.7 26.0  15:48

P 53/54 2 D 2.5 10:45 5.4 56.0 12:35
4.9 49,3 13:04

0.4 26,1 15:47

9.2 106.7 16:16

P 60/61 3/3-5 DSMU 11:08 2.9 52.4  16:06
P 61 3-5 DSMU 3.2 11:15 6.7 8l.6 12:29
P 67/68 3-5 DSMU 3.3 13:00 6.6 82.7 12:29
6.8 80,4 12:58

7.9 85.8  15:40

2.4 53,0 16:07

P 71/72 3 TWFD 18,0 9:53 9.8 82.4 12:28
8.7 79.9 12:58

10.7 85.6 15:40

3.0 52,7 16:07

P 73/74 3 DSMU 13,1 10:23 7.8 82.8 12:28
7.2 80.8  12:58

10,1 85.4  15:40

3.2 52.2  16:07

P 84 5 w 30.9 13:30 24.4 82.1 12:28
25.1 81.8 12:57

13.5 85,0 15:39

3.0 52.2  16:07

P 90 5 DSMU 6.7 14:15 7.6 81,6 12:27
6.8 82.3 12:56

6.8 85.2 15:39

1.4 51.8 16:06

P9l 4-5 DSMU 3.3 13:30 7.5 81.8 12:56
P 95 1-5-4 W {(a) 18.4 11:10 No. 16,0 81,4 12:27

So. 7.3 81.4 12:27
No. 13.4 82.6 12:56
So. 9.8 82,8 12:56
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TABLE 1 (Cont'd. )

March 13, 1972
P 45/46 5.2/2 D 1.4% 14:39 3. 3% 46.5°  13:20
2.8 40.8  13:47
P 47 2 D 0.9 14:51 2.2 46.5  13:20
1.1 41,0  13:47
P 53 2 D 32.4 (b) 11:24 4.1 47.0 13:19
3.2 41,7  13:46
P 68 3-5 DSMU 64,3 14:10 6.1 81.5 13:14
5.7 82.9  13:40
P 72 3 DSMU 16.7 9:45 7.3 81.5 13:14
6.8 82.3  13:40
P 73/74 3 DSMU 4.8 10:23 6.7 81.5 13:14
7.4 81.3  13:40
P 83/84 5 W 30.9 13:08 11,1 8l.1 13:13
11,4 81.0 13:39
P 90 5 DSMU 8.2 13:40 3.8 82.0 13:12
4,9 80,7 13:39

Field Identification Key
v Imperial Valley
P Phoenix

Soil Types Key

2 loam

3 sandy clay loam
4 sandy clay loam
5 clay loam

Surface Moisture Key
DSMU Dry surface, moist underneath

MS Moist surface

F Flooded trenches
w Wet surface

D Very dry surface

TWFD Trenches wet, furrows dry

(2) South dry; North wet

{b} The northern end of P 53 was wet but the polarimeter's field of view fell
only upon the southern end which was reported to be dry.
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TABLE 2

verage Value
of
Scit Moisture

Absolute Value of Difference
Between Two Samples
From Same Field

2% 0%
3-4% 0.7%
7% 4%
TABLE 3
Correlation Coefficients
Figure For data For solid
No. points line
4 0. 81 0.93
5 0. 85 0.93
6 0.74 0. 89
7 0.91 0.91
7+8 0.75 0.91
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TABLE 4

Ratios of Light Intensity

Degree of

e

.
‘

r

e e aim gl TR T IR VRAEL SO U I I PRGN s 57

PH e s
P—— ——

Field Soil Vegegative I(8914K) I (5560K)
Ident, Type Coverage fj(m m
v 1 3 0% 0.6 0.7
11 3 0 0.6 0.7 E
12 3 0 0.6 0.7
15 3 0 0.6 0.6
16 3 0 0.5 0. 6 !
P 10 2 0 v. b 0.5 i
45/46 5-2 0 0.6 0.6 ;‘
47 2 0 0.6 0.6 §
53/54 2 0 0.6 0.6
67/63 3-5 0 0.5 0.6
73/74 3 0 0.6 0.6
84 5 0 0.5 0.6
90 5 0 0.6 0.6
95 1-4-5 0 0.5 0.6
Iv 2 3 1 0.6 0.6
7 3 1 0.6 0.6
8 3 1 0.6 0.7 i
23 4 10 0.9 0.7 i
P 18 3 50 2,3% 0.9
4, 4%% 1.3
2. 6¥kx 1.0
77 - 100 10.8 1.9
9.6 1.6
* 12:30 - 13;00, 3/11/72
*% 15:40 - 16:00, 3/11/72
k% 13:10 - 13:40, 3/13/72 L
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p-ane of incidence reference plane

s/

B _ / \\ / plane of polarization
~ \ .-
S \ -

\
\|
\

\
~._\
.

/
.

View is toward approaching light, ‘

Plane of Incidence: Plane defined by normal to window in aircraft and o |
viewing direction, | ‘ =

Reference Plane: Plane from which orientation of plane of polariza- T

tion is measured. \ i

Plane of Polarization: Plane in which electric vector of light has its 3{ \

maximum value, {

B: Plane of transmission of polarizing prism in one of the barrels of the !

photopolarimeter. This plane is normal to the reference plane. 9 \

D. Plane of transmission of polarizing prism in another of the barrels of ‘

the photopolarimeter. (Plane of transmission means plane in which ]

-

electric vector of light is completely transmitted. )

B: Arbitrary angle between photopolarimeter refergnce plane and normal
to window. In the work reported here, 8 =22.5".

. Angle indicating orientation of plane of polarization of light after having
passed through aircraft window.

X: Angle indicating orientation of plane of polarization relative to reference
plane; used in general expression for C & U,

Figure 3, Orientation of Pianes Identified ]
in the Discussion of Stokes Parameters i
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fom

p.ane of incidence

reference plane

./
7
/

// plane of polarization

-

Pilane of Incidence:

—
./‘
/X~
S o

\ S e

View 1s toward approsching light.

Plane defined by normal to window in aircraft and

viewing direction.

Reference Plane:

Plane from which orientation of plane of polariza-

tion is measured.

Plane of Polarization:

Plane in which electric vector of light has its

maximum value,
B: Plane of transmission of polarizing prism in one of the barrels of the
photopolarimeter. This plane is normal to the reference plane.

D. Plane of transmission of polarizing prism in another of the barrels of

the photopolarimeter,.

B: Arbitrary angle between photopolarimeter refergnce plane and normal

(Plane of transmission means plane in which
electric vector of light is completely transmitted. )

to window. In the work reported here, 8 = 22. 5°,

¢ Angle indicating orientation of plane of polarization of light after having

passed through aircraft window,

X Angle indicating orientation of plane of polarization relative to reference

plane; used in general expression for Q & U,

Figure 3.

Orientation of Pianes Identified

in the Discussion of Stokes Parameters
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Figure 9. Degree of Polarization vs Local Time for Phoenix 3l ‘
Field No. 84 on March 11, 1972 .
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