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A RADIATIVE TRANSFER MODEL FOR MICROWAVE

EMISSIONS FROM BARE AGRICULTURAL SOILS

+
William J. Burke,* and Jack F. Paris
Lyndon B. Johnson Space Center

SUMMARY

A radiative transfer model for the emission of microwave radiation from
agricultural fields was developeil. The predictions of the model are found to
be in good agreement with prelimiiary data from the Phoenix Passive Microwave
Imaging System observations. A sun angle effect observed in the L band data
makes & simple comparison of the model with observations impossible at this
time. An inversion.of the model was capable of predicting the moisture content
of the top centimeter of soil with an accuracy of approximately 1 percent. The
model has been used to distinguish the mi:rowave signatures of smooth and
rough surfaces.

INTRODUCTION
The purpose of this memorandum is to present a theoretical model adi=
ative emissions from bare agricultural fields. The model utilizes the - ‘ative

transfer equation to calculate emissions from stratified soil in terms of bright-
ness temperatures at vertical and horizontal polarizations as a function of

look angle and moisture and temperature profiles of the soil. The model was
developed to assist in the analysis of data fror an aircraft experiment con-
ducted during April, 19Tk. Data from the experiment have not been completely
reduced. A small fraction (~1 percent) of the data have been reduced using

by hand methods and are presented in a preliminary form. The data are used to
verify the model and point out the capabilities and limitations of the model

for analyzing radiometric data.

The first section gives an overview of the experiment and is followed by
the development of the model and a comparison of its predictions with prelimi-
nary X band data. On the basis of this comparison an inversion is presented.

A few words of caution are given concerning applications of the model to L band
observations. A program listing of the model calculations is in the appendix.

#NASA Research Center.
+Lockheed Electronics Company and University of Houston.




THE SOTI. MOISTURE EXPERIMENT

A feasibility test for detecting soil moisture using microwave remote sens-
ing techniques was conducted under NASA auspices near Phoenix, Arizona April 5
and 6, 19TL. Contributing investigators came from the Johnson Space Center,
Goddard Space Flight Center, Agriculture Research Service of USDA, Environmental
Research Institute of Michigan, University of Arkansas, University of Kansas,
and Texas A&M University. X and L band radiometers were flown over four flight
lines. Lines 1 and 2 are 32 kilometers (20 miles) long and alined north-south
and lines 3 and 4 are 64 kilometers (LO miles) long, east-west anlined. Three
flights were made over the flight lines during the early afternoon of April 5
and a single flight at dawn April 6. At the time of the flights soil and tem=-
perature ground truth semples were taken from 95 16 hectares (forty acre) fields.
Moisture samples were taken from the tops and bottoms of furrows e* depths of
0tol, 1to?2, 2to5, 5 to 9 and 9 to 15 cm at four points in each field.
Temperature samples from the center of each layer were tuken at one site per
field. ©Soil samples were taken to the Agriculture Research Service La* ratory
in Chickasha, Okalahoma for hygroscopic (ref. 1) and texture analysis. To
measure the dielectric coefficients at X and L band frequencies samples of
representative soil types were taken to Texas A&M lUniversity. Tc date, the
dielectric coefficient analyses at X band have been completed but the L band
have not.

The X and L band radiometers carried aboard the NASA P3A aircraft are the
Passive Microwave Imaging System (PMIS) and Multifrequency Microwave Radiometer
(MFMR). The PMIS (ref. 2) is a 10.69 GHz imaging radiometer that scans in Lk
steps along an azimuthal arc of +34.5° at a constant look angle of 49.5°. The
antenna is a dual polarized cross slot array electronically stepped for scan-
ning. Becese of programming dirficulties, PMIS data are not completely re=-
duced. At the time of the April mission only the L band (1.42 GHz) component
of MFMR was installed in the aircraft (ref. 3). The antenna is a flat plate
dipole array whose look angle and polarization must be manually set. On the
first afternoon and on the dawn flights the antenna was set at nadir look. The
look angle was L0° for the second and third afternoon flights. Vertical and
horizontal polarized brightness temperatures were rieasured on the respective
flights. The MFMR data have been reduced.

MICROWAVE FMISEION FROM SOILS

This section discusses the problem of calculating the intensity of micro-
wave emission measured by an antenna above an agricultural surface. Developing
the radiative transfer model the following simplifying assumptions were made:

1. The radiation is incoherent

2. There is no attenuation or emission between the surface and antenna

3. The sky brightness is isotropic and has a value of 30°




L. Moisture and temperature are functions of depth only
5. Dielectric properties are constant across any given layer of soil
6. The surface of the soil is smooth

The extent these assump!ions break down is discussed where the predictions of
the model are compared with PMIS and MFMR data.

A cross section of a stratified soil is shown on figure 1. Layers have
thicknusses AZJ. which are not necessarily the same for all layers. The J th
layer is banded on the top by the J th surface and by the J th surface on
the bottom. Within this layer the dispersion relation for electromagnetic wave

2
propagation is k2 - (%) u QJ. The frequency is w 1in radians/sec, c¢ the

J J
velocity of light, u the magnetic permeability (assumed equal to one) and
EJ = ERJ + iEIJ is the complex dielectric coefficient. Written as
k, == (g, + ia,), then
J ¢ -
2 2 2 2 2 2
B + B + - [a + a + 0 = £ (1)
(xa y3 BZJ) (xJ yJ zJ) RS
2 *a, = ¢
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Snell's law shows that the component of the wave vector parallel to the surface
is a conserved quantity. Thus

2 2 2
+ By = constant = Sin 0 o

and

o = =0

xJ yd

80 is the angle the ray emerges fr.m the soil with respect t» the surface

normal. It ranges in value between 0 and 90°. Eouation (1) reduces to
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Solving

N =

ald = 2 13
£ EGRJ Sin eo) (1+ [ 1+ 5 (3)

azJ = EI/QBZJ

At the boundary between the J and J-1 layers radiaticn is partially reflected
and transmitted. The fractions of the incident - lectric field with horizontal
and vertical polarizations reflected back into the J th 1layer are given by
the Fresnel coefficients.

) kz - kz o o
"k, + k )
zJ zJ=1

ey €3-1 k4 = B3 K4y
VORI, vk,

where k ia ,. Thus B8 @ s P and

B
z) - Bz.J zJ z z H Py
dielectric coefficient and angle Bo that the ray emerges from the soil.

all depend on the complex

An attempt to construct a radiative transfer equation that describes radi-
ation emitted from a stratified soil is now made. Within the first layer the
radiative transfer equation is

dI

Lom s

dz Y

I +vy,J (5)
w 1l w

y is usually written as a product of the density and monochromatic mass absorp-
tion coefficient. By writing the Poynting theorer in an appropriate form it can
be shown that vy, = 2wa_, (€ )/C.
i zi' o
Im is the intensity of red’ation »t frequency w. J(‘J is the Planck

emission function. In the microwive frequency range Planck's emission law re-
duces to the Rayleigh-Jeans approximation, where JuJ is proportional to the

temperature of the medium T. Adopting a similar scaling rule for Iw, and




effective temperature Tp can be defined which is directly proportional to Iw'
The suvscript w is suppressed and Tp refers to the intensity in a narrow
range near w. The subscript p refers to a polarization state. Since Jw

is isotropic and indeperdent of polarization no designation is necessary. The
radiative transfer equation in the first layer may be written

daT
Eﬁ)" -Tp""li (6)

This equatirn can be integrated from a point Just below the surface to a point
Just above the interface between the first and second layers. Because the
dielectric properties are assumed to be constant across the layer

~-y. Az -Y,Az
T,(17) =T (1 ag > %) +T (2*)e 1 1 (1)

The argument N+ implies that the measurement is made above (+) or below (=)
the N th interfacc. The first term on the right hand side of =2quation T ac-
counts for radiation emitted within the first layer and comes directly to the
surface. The secona term describes upwelling radiation at the bottom of the
second layer. This in turn has two components: first, radiation emitted in the
first layer and reflected at the interface between the first and second layers;
and second, radiation transmitted from lower layers.

-y, Az
+ 11
Tﬁ (27) = Rp2 T, (l-e ) (8)
+ T (27) (1-R
p ( p2)
R is the absolute value squared of the Fresnel coefficient for p polariza-

p2
tion (equation k). The radiation field just above the surface is the value

Just below multiplied by the transmittance (l-Rpl)

+ —
T (1") = (1-np1) T () (9)
f ( '71621) iy
= (1-R 1 T l-e (}+R “ )
( P)c 4 p2

+ (1-np2) Tp (27) e




The radiative transfer equa‘ion can be integrated again to calculate T (27),.
Repeating the procedure for N layers gives P

.,
-Yi(ao) Af) . -71(00) A:i (10)
Tp(l*.Ou) = ZTi l-e I*Rp,iﬂ (UO) e
i=1
{ i
H “'Rp.J (eo)) e 'Z YE_I(OO)AZE_I

1=2

The brightness temperature measured by the antenne. is the sum of the reflected
sky brightness and radiation emitted from the soil

To,p (8) = Toxy By i

(9]
[
~—

(6 )+1 (1%, 0) (
o p o

A computer program was written that used as its inputs the moisture and tem-
perature profiles measured in the Phoenix fields. Dielectric coefficients were
calculated using the soil type characteristic of each field with the polynomial
representation given from Texas A&M measurements. With this informa.ion
equation 11 could be calculated and results of the model compareda with PMIS
observations.

A COMPARISON WITH PRELIMINARY PASSIVE MICROWAVE IMAGING SYSTEM (PMIS) DATA

April 5 and 6, 197k missions PMIS data have not been reduced to the point
where average temperatures and standard deviations over fields are readily
available. However, it is possible to take data from uncorrected printouts
and estimate average temperatures by considering only data taken near the
center of a field. The preliminary nature of average values cannot be over-
stressed. They do serve the useful purpose of helping to check the model's
validity. The PMIS data are taken from lines 4 and 1 on the first flight of
April 5 flight, and are given in Table I.

A program was developed, which tekes the observed moisture and temperature
profiles as well as soil types and calculates the horizontal and vertical
" rightness for the top and bottom of furrows in ten degree increments frcm O
to 90°. A quick preliminary check of the specular model's applicability is to
compare whether the predicted temperature at a look angle of 0° falls between
the PMIS Tv and Th observations. No field failed to meet the minimal criterion.




TABLE I.- PMIS DATA FROM LINES L AND 1 ON THE FIPST

FLIGHT APRIL 5, 19Tk

Field Tv Th M (1)
237 287 273 1.6
2u2 28R 275 1.6
2u3 286 27Tk I
25U 289 2Tk 3.3
255 291 274 L,1
257 286 269 2.h
260A _ 283 267 L
261 ] 087 212 3.3
26k 286 27k 2.8
299 281 266 2:+5
300 285 266 2.3
317 288 251 1.7
334 284 272 y

' 102 277 266
10L 283 271
106A 283 261 8.8
126 285 274

Field 260A was selected to illustrate the capabilities of the model.
Ground observations were simultaneous with the overpass. Average moisture and
temperature profiles for the field are given in Table IIa. There is a wide
difference between the moisture in the 0 to 1 cm layers of the top and bottom
of furrows. Temperatures predicted by the model for the top and bottom of
furrows are given in Table IIb. The tempercture 272° K at 0° look angle from
tne top of the furrow lies between the PMIS TV = 283° K and T, = 267° K

observations; the 225° K temperature of the furrows bottom does not. It is
concluded that most of the radiation reaching the PMIS antenna comes from the
top of furrows. Furrows in field 260A had a height of ~27 cm at a separation
of 1 meter and were alined perpendicular to the flignt line. Thus, significant
shadowing of the bottom of the furrow is not a complete surprise.




TABLE Ila.- AVERAGE FIELD MOISTURE AND TEMPERATURE PROFILES

Field 260A
Layer Moisture Temperature (°K)
1 LL 305.5
2 10.6 303.7
) 3 19,7 301.4
£
L 21,6 297.3
5 23T 290.3
1 12,8 30L. 4
2 17.5 302.0
F
b 3 I | 299.2
& L 23.6 295 .4
5 23.0 289.3
TABLE IIb.- PREDICTED TE“PERATURIS BY THE MODEL FOR TOP AND BOTTOM OF FUBROWS

Field 260A

Top Bottom

o Tv Th v Th
0° 271.9 271.9 225,2 225.2
0° 272.L 271.2 225.7 22k ,9
20° 275,L 268.2 230,2 220.5
30° 280.L 262.6 238.0 212,6
Lo” 287.3 253.2 2L9,5 200.5
562 295.6 238,3 265.0 181,2
60° 302,6 21L.7 283.9 159.3
T0° 299.3 177.5 300.8 127.1
80° 253.5 119.3 2853 84,7
20° 30.0 30.0 30.0 30.0




rredicted temperatures from the top of furrows as a function of look angle

are plotici on Figure 2. The straight lines marked Tv and TH are PMIS observa-

tions. These curves intersect near a look angle of 30°. An inspection of data
from the other fields show that with the exception of fie.d 317, the intersec-
tion of predicted and observed temperatures occurs near 30°. Field 317 was a
flat, smooth field. Here PMIS observations intersect the prediction curves near
4=50Y, The conclusion is that surface roughness changes the effective look
angle from 50 to 30°., Such an effect was anticipated by predictions of a rough
surface emission modei develor-l by Ulaby et al. (ref. L), Their geometrical
optics model predicts that as roughness increases the vertical emissivity is
depressed and horizontal emissivity enhanced relative to the emissivity of o
specular surface. Thus from a specular point of view, observations made at a
look angle of 50° appear, to be made at a lesser angle. The appareni univer-
sality of the 30° observation suggests the roughness model can be inverted to
determine the size of clcds responsible for the X band emissions from Phoenix
fields.

™o sets of calculations were made using varied layer patterns. For the
first calculation temperature and moisture of the first two layers were
averaged and combined. For the second calculation, all layers were set at a
thickness of 0.5 em. The temperature ana moisture in each layer was set as the
average of a linear interpclation across the layer; neither satisfied the zero
look angle criterion as well as the ordinary precrile.

AN ATTEMPT AT INVERSION

If a model is to be useful in remote sensing it must be capable of inver-
sion. We must be able to go from aircraft observations to an estimate of the
soil moisture. To effect such an inversion, the brightness temperatures of a
set of pseudo-fields have been calculated. The temperature profile frem top

to bottom of these {ields was set at Tl = 303, T? = 301, T3 = 299, Th = 297,

T, = 295. The moisture profile was PM(1) = M, PM(2) = M + 2, PM(3) =M + T,
PM(L) = M + 14, PM(5) = M + 16. The dielectric coefficient is that of sandy
clay. M was given values of 1 to 25 but the percent moisture in any gziven
layer was not allowed to exceed 30 percent. This moisture profile iz referred
to as the ordinary profile. Other moisture profiles with sharper gradients
were used. Unless otherwise specified we will be referring to model results

asing the ordinary profiles.

10
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Figure 2.- Emission model [ redictions for Field 260A. The ascending curve 1is for vertical
and the descending curve for norizontal polarizations. Straight lines marked Tv and Th

are PMIS observations.



Values of calculated brightness temperatures as a function of the percent
moisture in the first layer PM(1) are plotted on Figure 3 for look angles of
0, 30, and 50°., At the 0° look angle and PM(1) > 10 percent the average slope
is =3.5% K/percent moisture. The slope tends to decrease at higher values
of PM(1). For this reason it is thought that the model's predictions are con=-
sistent with the observations of a -3.3° K/percent moisture slope reported by
Schmugge (ref. 1) for moistures up to 35 percent. Also the plot on Figure 3 can
be used to attempt an inversion. Unless the presence of a flat field is indi-
cated by the large scparation between TV and TH' it is assumed that PMIS obser-

vations come from an effective look angle of 30°. The estimates gained by
this method are found to vary by no more than 1 percent from the average values
of PM(1) found in ground truth results.

The predicted difference between 'I"|r and Th as a function of PM(1) at look

angles of 20, 30, 4O and S0° are plctted on Figure L. A scatter plot of PMIS

observea values of Tv - TH as a function of observed PM(1) is superimposed cn

the calculations. Average values ~f fields 317 A, B, C, D are found near the
Go = 50° curve while the rest of the data points lie close to the Bo = 30°

curve.,

Figure 5 is a plot of the average value of the vertical and horizontal
brightness temperatures as a function of PM(1). The curves are for 0. = 30°

and 50°, We note that 1/2 (TV + TH) is only slightly dependent on the surface

roughness characteristics. A scatter plot of PMIS observations appears less
correlated with the 1/2 (TV - TH) predictions than with the (Tv - TH) predic-
tions.

A plot of (Tv - TH) as a funciton of 1/2 (Tv + TH) for 6 = 20 and 50° is

given on Figure 6. The nearly vertical curves are lines of constant moisture.

A scetter plot of PMIS observations is also displayed. Data points taken frou
fields 313 and 296 appear on the graph. Aerial photographs show the fields were
being irrigated during the overpass. No ground truth for these fields is avail-
able, Th~ anomalous positions of the points on the graph suggest that the beam
is made up of components from smooth water flowing in furrows and relatively

dry tops of furrows. Signacures from a small pond and large metal building on
line 4 are plotted. The pond is cool and flat but the metal building is cold
with no uppreciable polarization.

It should be pointed out that if 1/2 (TV + TH) and (TV - TH) should turn

out to be significant paramete_s, it would not bte a total surprise. Paris
(ref. 5) has shown that these quantities are the non-zero components of the
Stokes vector. Effectively the model sums up the contributions of the Scokes
vector for each layer.
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fo = 0°, 30° and 50° as a function of the percent moisture in the top
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The model provides a means of knowing from what depth the radiation reach-
ing the antenna comes. Figure T gives the contributions from the first, second,
third, and fourth layers as a function of PM(1) for the ordinary profile. The
contribution from the first layer is greatest for PM(1) = 11 percent. Although
the radiation generated in this layer increases with increasing moisture, the
fraction allowed to escape decreases. Output calculations were made with dif-
ferent moisture gradients. Contributions from the first three layers as a func-
tion of PM(2) are plotted on Figure 8. Beside each curve is the percent mois=-
ture in the first layer. Although the contributions from the first and second
layers incresse with increasing PM(2), the output from the third layer mono-
tonically dec:=ases. The sum of the contributions, except in the case of very
dry crusts, = .lows little informatjon about the actual gradient that gets
through. In fact it is impossible to distinguish between cases in which
PM(1) = 1 peccent, PM(2) = 20 percent from PM(1) = L percent, PM(2) = € percent
even though the average moisture over the top two centimeters is quite different.
For PM(1) > 10 percent information abcut lower layers is completely lost. Per-
haps, the ambiguity noted by Schmugge (ref. 1) for average moisture of < 10 per-
cent can be partially explained in terms of the model's predictions.

APPLICATION OF THE MODEL TO MFMR DATA

Because the dielectric coefficients at L. band frequencies of all of the
soil types of the Phoenix area are not available, it is impossible to compare
model prediction directly with MFMR data. However, an indirect attempt has been

made using available TV and TH data for the April 5 flight. This attempt was in

the form of a scatter plot of TV - TH as a function of soil moisture. Prelimi-

nary results were not encouraging. Part of the difficulty arises from the fact
that the aircraft flew north on line 1 and south on line 2 while making

TV measurements. The opposite directions were flown while making T” observa-

tions. Thus on line 1 we observed the cold side of ridges measuring Tv and hot

and vice versa on line 2. The effect is to diminish (Tv - T.)

side measuring T ”

H’
observation on line 1 and enhance them on line 2. OSun angle effects on the
parameter (TV + TH)/Q shou’d cancel.

As an example of this sun-angle effect consider observations made in
Fields 11 and 13. The soil of both fields is sandy clay loam. The moisture
profiles were similar and state of cultivation of the fields was identical.
The temperatures observed in field 11 (line 2) were T, = 292.1 and T, = 273.3,

while for field 13 (line 1) T, = 269.6 and T, ® 276.1. A similar systematic
dimunition and enhancement of (TV - TH) is found in all of the lines 1 and 2 ob-

servations. Evidence for a sun angle effect is also obvious in the lines 3 and
L data but to a lesser extent due to the fact that the midday sun was shining
almost directly cat of the south. The average values of TV - TH and (TV + TH)/Q

for the four flight lines (Table III) show an enhancement of the polarization
difference along lines 2 and L and a dimunition along lines 1 and 3. Within
a standard deviation, the intensity is the same along the four flight lines.
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TABLE III.- AVERAGE VALUES: G T, - 7 AND (U + T /2

v H v H
FOR FOUR FLICHT T INES
- T fu s T N/
Line Tv IH (TV . lr 2

1 9.9 £ 2.3 283,8 +

2 19.6 + L.u 278.4 ¢+ 9,9

3 11.2 + 4.7 283,8 ¢ 13,5

L b7 £ 5.2 281,2 + 5.6

Another pertubation comes trom the scales of roughne:<. 1t is the

relatively large facets that contribute most to X band emin. on. Pending
further analysis of the roughness scales, it seems gu'ie reasoucole to expect

that large scale roughness at X band may turn out to he small and middle scale
at L band. This is not to say that the model ir inapyplicable, rather that it
has not been applied. Also the application in the annlysis of dotu may be far
more subtle than the X band application.

CONCLUSION

The radiative transfer equation to the problem of microwave emissions from
layered, moist soils were applied. The predictions of' the nuole’ Jure couporea
with a small set of X band observations and it was shown 'hu!:

1. Except for the case of flat surfaces the effect of surface roughness
is to change the effective look angle trom S0° to <Y

2. The predicted slope for nadir lock is consistent with previous | -
ported observations (Schmugge et al, 197L)
3. The model can be inverted to give the percent moisture in the "Op
layer
The third conclusion does not preclude the possibility of gaining intorution
about moisture in lower layers. We doubt that it can be known with the - cwracy

that we have of the top layer's moisture content.

One final result which deserves some stress concerns the role of the

parameters 1/2(TV + TH) and (TV - T”). We have seen that these are the con-

ponents of the summed, radiatively trans’erred Stokes rectors. The distributic.
of points on Figure 8 suggests thal thnoce noramerers can be used o make
"\r‘.




maximum use of polarizatior information ccitained in the PYIS data by way of
field classification. A cursory look of PMTS imagery suggests that these
parameters can be exploited to classify various agricultural scenes.

The paper has not presented our model rs new. Rather using wel) estab-
lished principles, it has suggested heuristic methods by which information con-
tained in microwave data may be exploited to 21 hance our understanding of this
remote sensing technique.

21




22

APPENDIX

PROGRAM FOR BRIGHT1/ESE TEMPERATURES
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