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A MULTI-FREQUENCY MEASUREMENT OF
THERMAL MICROWAVE EMISSION FROM SOIL: THE EFFECT OF

SOIL TEXTURE AND SURFACE ROUGHNESS

J. R. Wang, l P. E. t"Neilll
T. J. Jackson,2 and E. T. Engman2

ABSTRACT

An experiment on remote sensing of soil moisture content was conducted over

bare fields with microwave radiometers at the frequencies of 1.4 GHz, 5 GHz, and

10.7 GHz during July — September of 1981. Three bare fields with different surface

roughnesses and soil textures were prepared for the experiment. Ground truth

acquisition of soil temperatures and moisture contents for 5 layers down to the depths

of 15 cm was made concurrently with radiometric measurements. The experimental

results show that the effect of surface roughness is to increase the soils' brightness

temperature and to reduce the slope of regression between brightness temperature and

moisture content. The slopes of regression for soils with different textures are found

to be comparable, and the effect of soil texture is reflected in the difference of regres-

sion line intercepts at brightness temperature axis. The result is consistent with labora-

tory measurement of soils' dielectric permittivity. Measurements on wet smooth bare

fields give lower brightness temperatures at 5 GHz than at 1.4 GHz. This phenomenon

is not expected from current radiative transfer theory, using laboratory measurements

of the relationship between dielectric permittivity and moisture content for different

soil-water mixtures at frequencies <5 GHz-

'NASA/Goddard Space Flight Center, Greenbelt, Maryland 20771
`USDA/Beltsville Agricultural Research Center, Beltsville, Maryland 20705
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A MULTI-FREQUENCY MEASUREMENT OF
THERMAL MICROWAVE EMISSION FROM SOILS: THE EFFECT OF

SOIL TEXTURE AND SURFACE ROUGHNESS

1. INTRODUCTION

The effects of surface roughness and texture structure an known to play a dominant role in

thermal microwave emission or radar backscatter from soils. A number of exper i ments on soil

moisture remote sensing have been conducted in the past decade at both ground leve l !Ind aircraft

altitudes to study these effects [ 11 - 181. Ulaby et al. studied radar responses to bare fields of vari-

ous surface roughness conditions and found, depending on incidence angles, a strong dependence of

backscattering coefficient on surface roughness over the frequency range of 1-8 GHz. They also

found that the correlation between radar backscatter and soil moisture content was much improved

when the latter was normalized to the field capacity of soils. Newton and Rouse [31 made their

measurements on Miller clay with the soil surface prepared in three different conditions: smooth,

medium rough, and very rough. Their results showed a general increase of brightness temperature

with surface roughness. Choudhury et al. 1 I 1 incorporated the surface roughness effect into a radi-

ative transfer theory 191 and compared it with data obtained front 	 ground level and airborne

microwave radiometers 131 - 15 1. Schnmgge 15 1 analyzed radiometric data front flights at

hoth 1.4 Gliz and 10.7 GHz firquencics and showed a stood correlation between brightness temper-

atures and soil moisture contents expressed in percent field capacity of soils. Quantitative measure-

ments and analyses oil 	 soil texture and surface roughness effects have been made wah the

same radar system 161 - 171. But similar efforts with the same radiometer system have not been

reported to the best of our knowledge.

In this paper we report results of an experiment conducted over bare fields during July

September of 1981. The measurements were made with three radiometers mounted oil mobile

tower at frequencies of 1.4 GHz, 5 GHz, and 10.7 GHz. Two test sites managed by USDA
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Beltsville Agricultural Research Center were selectee for these measurements. The soil in the first

test site is Elinsboro sandy loam which consists of 6710 sand, 19% silt, and 14(l . clay. Previous

measurements over this test site have been reported elsewhere 181, [ 101, [ 11 1, 1121. The soil

in the second site is Mattapex silty loam whose texture consists of 32% sand, 437c silt, and 25'{

clay. A very smooth bare field in the first site and two bare fields, one smooth and the other

rough, in the second site were prepared for the experiment. The radiometric measurements were

made alternately between the two test sites so that both soil texture and surface roughness effects

could be studied with the same set of rad ro . ters. Clre uncertainty in the measured data due to

sensors' calibration, which could be severe when data sets obtained by different sensors are to be

compared, is thus minimized.

2. THE EXPERIMENT

All three radiometers measure brightness temperatures of targets in both vertical and horizon-

tal polarizations simultaneously. The antennas of these radiometer are such that they all have a

comparable 3-db bcamwidth of -13". The radiometer are of Dicke type with two internal cali-

bration loads: a hot load at 310°K and a cold load at liquid nitrogen temperature of 77°K. Abso-

lute calibrations of the radiometers are made with three external targets of known brightness

temperatures: a cold sky at ^5°K, a calm water surface which Rives a range of brightness tempet-

atures over incidence angles of 10°-60°, and a layer of Eccosorb slabs 23-cm thick whose bright-

ness temperature is practically equal to the` ambient temperature. Both sky and Eccosorb

calibrations of the radiometers arc made at least once during each day of field measurements. 'lhe

sensor' calibrations with a calm wat. r surface are made twice during the course of the experiment.

The results of these calibrations are shown in Figure la, b, and c for radiometers at 1.4 GHz,

5 GHz, and 10.7 GHz in sequential order. Only a few representative data points obtained with sky

and Eccosorb calibrations are entered in the figure for the sake of clarity. Applying a linear regres-

sion to each of the six data sets (two polarizations for each of three frequencies) gives a correlation

coefficient in excess of 0.99. Based on these calibration results, it is estimated that the accuracy



icth of the three fields was derived and also given in Table 1. Notice that the surface conditions

r the three fields and the soil textures between the two test sites are markedly different.
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of the radiometric measurements is about ±3°K, with the exception of the 1.4 GHz vertically

polarized data. As clearly shown in Figure 1 a, the 1.4 GHz vertically polarized calibration data

over the calm water surface (brightness temperatures of 105°K-180°K over incidence angles of

10°-60°) appear to have a steeper slope compared to the one derived from the linear regression.

The reason for this observed phenomenon is unknown and is currently under investigation. There-

fore, the 1.4 GHz vertically polarized data are not included in the comparison with emission model

calculations. This will not affect the main conclusions of this paper.

The radiometric measurements over the three bare fields in the two test sites were made with

incidence angle 0 varying from 10° to 70° in 10° steps. Ground truth acquisition of soil moisture

contents at the layers of 0-0.5 cm, 0-2.5 cm, 2.5-5.0 cm, and 5.0-10.0 cm, and of soil temperatures

near the surface, and at the deptlis of 1.25 em, 3.75 cm, 7.5 cm, and 12.5 cm, was made concur-

rently with the radiometric measurements. Soil moisture content in the deeper layer of 10-15 cm

was measured within two hours of radiometric measurements over each field. Soil bulk density in

the layers of 0-2.5 cm, 2.5-5.0 cm, 5.0-10.0 cm, and 10.0-15.0 cm was also measured several times

in each field during the course of the experiment. Mechanical and chemical analyses were made on

soil samples taken from each of the three fields at the layers of 0-5 cm, 5-10 cm, 10-15 cm, and

15-30 cm. The soil texture in each field turned out to be rather uniform with depth and the aver-

age percent values of sand, silt, and clay are given in 'fable 1. Based oil 	 texture information,

the wilting point and field capacity of each field soil were estimated from the formulas of Wang and

and Schmugge 1' 31 and Schmugge [ 51 and listed in the last two columns of the table. As a mea-

sure of surfa,:c roughness conditions, a few photographs of surface profiles were taken in each field

using the method previously employed by Newton [ 141. These photographed profiles were

analyzed and standard deviations (a) about mean surfaces were calculated. The average a value for
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Table 1
The Characteristics of Fields Used for Microwave Radionietr'c M

Surface Characteristics Soil Texture,'Jl

Field Soil Type
Cc

IRMSNo.
Appearance Roughness Sand Silt Clay Point

cm

I Elinsboro
Sandy Loam Very Smooth 0.21 67 19 14 i

2 Mattapex Smooth 0.73 321 43 25
Silty Loam

.t Mattap. ,, Rough 3.45 32 43 25
Silty Loam

Multifrequency radiometric measurements over these fields would provide a

study the effects of soil texture and surface roughness on the thermal microwave emission from soils.

3. -rfiE MEASUREMENT RESULTS

A typical variation of the measured brightness temperatures, T h p(0)'s (subscript P can

either be V for vertical polarization or H for horizontal polarization), with incidence angle 0

is shown in Figure 2a, b, and c for 1.4 GHz, 5 GHz, and 10.7 CHU frequencies. The measure-

ments were made on August 13, 1981 over both smooth and rough fields in the second test site.

About -' cni of rain fell over the test area during the night prior to the measurements. The volu-

metric soil moisture content W was uniform down to a 10 cm depth and was measured to be

-0.250 cm 3,'cm 3 in the smooth field and -0.259 cm ;%cm ? in the rough field during the time of

radiometric measurements. The soil temperature T S was also uniform do g+ n to the sane depth and

measured to be -20°C in both fields. The measured T i3 O0) %ariation with 0 for the smooth field

at all three frequencies was similar to that reported for the sandy loam field [ 10; -1111. Although

there was not much difference in both T S and W betNeen the two fields, T HP (0)'s measured over

the rough field were much higher than those over the smm)th field for 0 < 50 0 . This increase in

I'll with surface roughness was previously observed and Nported by Newton and House 131.

4
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ether feature caused by surface roughness was the change in the rate of increase or decrease in

P(0) with 0. The observed rate of change in TBP(0) with 0 was smaller for the rough field corn-

ed to that for the smooth field.

Figure 3 shows the variation of the normalized TBH (0) at 0 = 20° with W for all three different

ds. Plots a, b, and c again denote results for different frequencies. The W values for 1.4 GHz

isurements are averages over the 0-2.5 cm layer, while those for 5 GHz and 10.7 GHz in plots b

o..., c are averages over the 0-0.5 layer. This choice of layer thickness is based on the calculations of

Mo et al. [ 151 that the radiometric moisture sampling depth is approximately 0.06-0.1 X where X

is the wavelength of observation. The normaliz ed brightness temperature TNBH(0) is defined as

TNBH(0) _
	 TBH(0)	

(1)
TS

with Ts measured over the same layer thickness as W. It is quite clear from the figure that for each

frequency of measurements the data taken over three different fields are separable into three dif-

ferent groups depending on soil type and surface roughness. A linear regression applied to each of

the nine data groups gives nine regression slopes and associated standard deviations listed in Table'_.

The correlation coefficient and the mean standard error of estimates for TNBH(20°) from each of

the nine data groups are also inciuded in the table for comparison. Excellent correlation coefficients

of-0.95 are found between TNBH(20°) and W for the two smooth fields at all three frequencies.

71ie slopes (absolute values) of regression for the rough field are appreciably smaller than those for

smooth fields, showing the effect ot'surface roughness 1 11. The slopes of regression at each fre-

quency for the two smooth fields of different soil texture are more comparable, indicating that the

rate of the observed TNBH(20°)decrease with W is only weakly dependent on soil texture. This

result holds true. for 0 range of 10°-00° and for the regression between TN B OO) and W also. From

Table I the smooth silty loam field has a sliKhtly larger surface roughness RMS than that for the

5
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Table 2
Parameters Dtrived Frorr Regression Analyses and Radiative Transfer Calculations

!	 Rough.iess Data	 3)Individual	 Set (Figure
Measurement Para.-newt-,

Corr. Coeff. Reg. Slope Std. Dev. Std. ErrorFrequent y Field No.

h	 t? Reg. Slope Estimate

1 0 0 .95 -1.61 0.12 0.026

1.4 GHz 2 0. •) I	 (;.01 0.97 -1.58 0.13 0.019

.{ 0.5' 0.12 0.83 -0.65 0.13 0.024

1 0 0 0.99 -1.75 0.07 0.020

5 Gliz 2 0.05 0.15 0.96 -1.48 0.14 0.029

? 1).58 t 0.28 0.88 -0.69 0.11 0.025

!	 1 t, 0 0.97 •-1.57 0.08 0.025

kill? 2 0.1 i 0.20 0.94 -1.25 0.15 0.031

[ 3 0.60 0.30 0.81 -0.59 0.13 0.029

smooth sandy loath field. This difference in roughness could bo the cause of the slightly smaller

slopes observed over the smooth silty loarn field at all three frequencies.

Vie approach adopted in the past to quantify the soil texture effect was to express the W's in

terms of percent field capacity [ 5) -171. To see if this same approach is applicable to our data, we

estimated the field capacities of the two different soils in Table 1 according to the formulas of

Schmugge 151 and plotted T N g H (20°) against W in percent field capacity in Figure 4a, b, and c for

three different frequencies. Linear regression analysis applied to individual and composite data

groups results in the slopes and correlation coefficients indicated in the figure. Although the data

paints measured over two different soils are brought together, the regression slopes at all three fre-

quencies for the silty loam field are steeper than those for the sandy loam field, strggvsting an over-

correction from the field capacity approach. It is quite possible that the aircraft data 151 were nor-

malty obtained from a number of agricultural fields of not oil,) two but many different textures,
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and that differences in slopes resulting from the field-capacity normalization approach could be

masked by the scatter in the data points caused by many different surface roughness conditions.

Laboratory measurements 113 1 , 114 1 , [ 161 have shown that the variation of the real part of

dielectric permittivity e' with W depends on soil type. After a slow rise with W up to a transition

moisture content [ 141 depending on soil texture, e' increases rapidly with W. The rate of e' increase

with W above transition moisture is almost soil type independent. The observed comparable rat of

TNBH (20°) decrease with W for the two different soils shown in Figure 3 is consistent with the

results of dielectric permittivity measurements. This correspondence between T NBH (0) and e'

variations with W is further verified in the next sections where results cf the measurements and

radiative transfer calculations are compared.

4. THE MICROWAVE EMISSION MODEL CALCULATIONS

Several radiative transfer models for soil's thermal microwave emission have been developed

in the past few years 191, [ 171. [ 181. Schmugge and Choudhury [ 191 have compared these

models using many different soil temperature and moisture profiles, and found no appreciable

differences among them. 'therefore, only the model developed by Wilheit will be used in the fol-

lowing discussion. In this model the br?ghtness temperature T BP(o) observed outside the soil

medium is given by

TBP(0) _^ fpl(o) T .i + RP(0) Tsky	 (2)
J

,^2 fp1(o) = 1 - R PM	 (3)

where o and subscript p have been defined in the previous section. T i and fPi(B) are the thermo-

dynamic temperature and the fraction of electromagnetic energy absorbed in the jth layer of the N

dielectrically homogeneous layers of the air--soil system, re3pectively. R p(0) is the reflectivity at

air-soil interface. Tsky is the brightness temperature equivalent of sky and atmospheric radiation

7
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incident on the soil which is -5°K at 1.4 GHz and 5 GHz, and -6.2°K at 10,7 GHz on a clear day

Both fp( (8) and 11p (8) are related to the dielectric permittivity of soils, which in turn depends on

the soil moisture content W.

Equations (2) and (3) apply strictly to bare fields with a smooth surface, if the surface is

rough, they need to be modified as discussed in the next section. Using the ground truth data of soil

moisture and temperature profiles collected for the very smooth field (No. 1), T RpM's were calcu-

lated from these ,:quations, employing the empirical relation between dielectric permittivity and W

1131 for Elinsboro sandy loam. The calculated T Bp(8)'s were compared with the measured TBp(B)'s

at 1.4 GHz in Figure 5a and b for 8 = 10° and 8 = 400 respectively. A similar comparison between

calculated and measured T B p(8) values in both vertical and horizontal poiarizations at 5 GHz is

give-, in Figure 6. It has been n-)ted before 1 l 1 that when there was a rapid change in soil moisture

profile, the coherent model of radiative transfer 191 tended to give high (sometimes low)'178p(o)

values. Wry have also observed a few similar cases in our calculations, which are enclosed in the

rectangular boxes in the figures.

It is clear from Figure 5 that for the 1.4 GNz measurements, the calculated T B p(8)'s generally

followed the measured TB p(8)'s along the 1:1 line. The mean square deviation from this line is esti-

mated to be - t9°K. The 5 GHz results shown in Figure 6, on the other hand, give hitcher calcu-

lated T B p(8)'s than the measured ones in both 8 = 10° and 8 = 40 Examinations of calculated

and measured T B p(8)'s at other 9's also indicate a similar trend. The reason for this disagreement

between calculated and measured T j,'s might be due to soil bulk density, which directly affects the

%oltimetrnc moisture content Wand therefore the soil's dicle,tric permittivity. for example, the

average bulk density in the top 0-5 cm layer measured for the Flinsboro sandy loam soil is

1.15 gent with a possible error of 0.10 g/cm 3 . This is low compared to the bulk density measure-

ment over a similar field of -1.38 g 1cm 3 in 1980 and of -1.47 g/cm ; in i M, 1121. If the upper

bound of the measured bulk density of 1.35 gjcm 3 is used u, evaluating W and subsequently the sail

g
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dielectric permittivity, the recalculated T Bp(0) 's can be brought in line with the measured TBp(8)'s

as shown in Figure 7 for the same 8's of 10° and 40 *. The mean standard deviation about the 1:1

line is — 7°K. This clearly shows the importance of a precision measurement of soil bulk density.

A comparison of Figures 5 and 6 also suggests that over the same smooth hare field at high W

values the observed TB p(8)'s at 1.4 GHz am generally higher than those at 5 GHz. This is illustrated

more clearly in Figure 8, where the observed T Bp(10° )'s at 5 GHz are plotted against the corres-

ponding TB p(100 )'s at 1.4 GHz for the very smooth field (No. I ). At high T Bp(100 )'s correspond-

ing to observations over the dry soil, the T B p(10° )'s at 5 GHz are higher than those at 1.4 GHz.

This is expected due to the fact that when soil is dry, the moisture gradient is large, with driest

layer at the top of the surface. The moisture sampling depth at 5 GHz is smaller and therefore the

measured TB p(10°)'s world he higher than those at 1.4 GHQ. At low T B p(10°)'s corresponding to

observations over wet soil, the measured 5 GHz TB p(1 C° )'s are lower than the 1.4 GPz TBp(100 )'s.

When the soil is wet, especially many hours after the rain, the moisture profile is rather uniform in

the top 15-20 cm layer. Since the real part of dielectric pernttivity for a soil water mixture is

somewhat smaller at 5 GI iz than at 1.4 GHz 1 171, ( 201, the 'rB p(8 )'s observed over bare smooth

field should be a little higher at 5 GH: than at 1.4 Gliz. "hiis is not observed from our measure-

it results as shown in Figure 8. Earlier measurements by Wang et al. 161, 11 11 including those

.0 GHz frequency also give lowest T B p(0,'s at 5 GHz when smooth bare fields are wet. Improve-

it in tke current radiative transfer models 19 1, ( 17i. 1 181, as well as more experimental obser-

ons are needed in order to understand this phenomenon.

THE l'ARAMI-.TERIZATION OF SURFACE ROl1GIMSS

The microwave radiometric response to surface roughness of agricultural fields has been ex-

,ed by Choudhury et al. 1 11, Choudhury 1 211, Newton and Rouse 131 and Wang and Choud-

y 181. The major emphasis in these studies was or{ - , perimental observations, and the surface

Oiness model formulation was of phenomenological nature ( 211. A rigorous approach requires

oiler handling of wave scattering from random rough surface 1221 and will not he attempted

9
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here. It turned out that the available observational results could be interpreted fairly well by the

model. In the model the effect of surface roughness was taken into account by modifying Rresnel

reflectivities with two additional roughness parameters, a roughness height h and a polarization

mixing factor Q, i.e..

RH R(0) - l0 - Q) RH(0 ) + Q RV (0)1 exp (-h G (e)1	 (4)

RV R(8) - RI -Q) RV(8 ) + Q RH (8)1 exp 1-11 G (e)l	 (S)

Here RH R (0) and KV R ;0) are rough field reflectivities in horizontal and vertical polarizations

respectively. R H (0) and RV (0) are the corresponding F'resnel reflectivities for a smooth surface.

The dependence of the function G(0) on 0 was taken to be cos t 0 by Choudhury 121 1 and Wang

and Choudhury 181. It is shown in the following that the cos 2 0 dependence is much too strong.

The data set used by Wang and Choudhury was obtained fro.n a relatively smooth field and the

sensitivity was not good enough to test 8 dependence of surface roughness.

Equations (2). (3). (4), and (5) could he combined together to calculate Tgp(8)'s which could -

be compared with insults of measurements made over fields wi*h a rough surface. This was done for

field 2 and field 3 (respectively, the smooth and rough silty loam fields, see Table 1) using the

.neasured soil moisture and temperature profiles and the empirical model of dielectric pcimittivity

1131 for the soil with wilting point of 0.167 cm 3 /cm3 . The parameters h and Q. and the function

G(0) were varied to match the measured data. When G(0) = cost® was assumed and h, 0.5. tl.c

calculated T RV (0)'s were found to decrease monotonically with increasing 0, which was not ob-

served from measurements over the rough field as shown in Figure 2. °0) = I was found to be

consistent with measurement results over 0 range of 10 0 -4,0° ai all three frequencies. The estimated

h and Q values with G(0) - 1 are given in Table 2 for comparison with the measured RMS surface

height variations a's of the fields in Table 1. It is clear that tx+th h and Q increase with a as pre-

viously conciuued by Choudhury et al. 111. Our results here further indicate that the frequency

dependence of Q is strong, while tha' of h is not.

10
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Figure 9a and b show the comparison of calculated and measured T BH (8)'s for fields 2 and 3

at 1.4 GHz for 0 = 10 0 ;.nd 0 = 400 respectively. A similar comparison for both polarizations at

5 GHz is shown ir. ?igure 10. Notice that with the h and Q values given in Table 2, the calculated

TB p(0)'s compare.; favnrahly with the measured TB p(8)'s. The standard deviation of all data points

from the 1:1 line is on the order of -7°K for the 1.4 GHz and -9°K for the 5 GHz measurements.

An analogous result is obtained for the 10.7 Ghz measurement with a standard deviation of -10'K.

These two figures also show a much larger T Bp(B) variation for field 2 than that for field 3, although

the range of soil moisture variations is about the same for both fields. This again suggests a reduc-

tion in soil moisture sensing sensitivity due to surface roughness pointed out in Section 3.

To show the goodness of fit between calculated and measured T Bp(0)'s at all 8's and frequen-

cies, we define the Q1 1 antity OTB p(8) as

OTBp(0) = TBpM (0) - TBpC (0 )	 (6)

where the calculated and measured T B p(3)'s are designated by superscripts C and M respectively.

For each 0, polarization, and frequency, AT B p(0)'s are evaluated for all the measured data over

field 2 and field 3. The mean values of AT B p(0)'s are calculated and plotted as a function of 8 in

Figure i 1. The standard deviations of AT B p(8)'s are on the order of 8-9°K over 6 range of 10°-

60°, comparable to those in Figures 9 and 10. For all frequencies and polarizations, the mean

OTB p(8)'s are <2°K and their variations with 0 are small over 0 range of 10 0-500 , indicating an

adequate surface roughness model given by Equations (4) and (5). The nearly constant separation

of ~3°K between the vertically and horizontally polarized AT B p(6)'s over 0 range of 100-50° at

10.7 GHz is most likely due to the existance of a constant bias in either one or both of the two data

sets of different polarizations arising from the sensor calibrations.

6. DISCUSSION

One of the critical elements in the field experiment discussed above is the measurement of the

soil's bulk density. The determination of the soil bulk density has a significant bearing on the

11
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interpretation of the experimental results, because it directly affects the estimates of volumetric

m«istur, content W and therefore the dielectric permittivity of a soil-water mixture. The average

dry bulk density in the top 0-2.5 cm layer measured in 1981 for the smooth sandy loam field was

1.25 g/cm 3 as compared to 1.47 g/cm; measured for a similar field in 1979 1111, although both

fields were prepared in the saute way a few months before the actual measurements took place. The

low hulk density measured in 1981 could he the main reason for the calculated brightness tempera-

ture 'rB p 's at 5 GHz anti 10.7 GHz being higher than the measurer3 ones for that smooth field. On

the other hand, the 1979 radiometric data at 5 GHz compared favorat.ly with radiative transfer cal-

culations using the measured soil moisture anti temperature profiles only when surface roughness

height It = 0.06 an-t polarization mixing factor Q = 0.08 were included in the calculations 11 11.

This clearly indicates what the uncertainty in the bulk density determination could do to the inter-

pretation of the experimental results. Accurate- measurement of this parameter is needed in any

field experiment of the kind discussed here in order to interpret the experimental results more

precisely.

A major surprise in the results of our field experiments conducted in recent years 1 101, 1 111,

1';1, including the one reported here, was that 'r B p's measured simultaneously at frequencies

^5 GHz over smooth bare fields with high W. gave lowest values at 5 Gitlz and highest values at

0.0 Glit. When this was first found in the 1979 experiment with only 1.4 Gtiz and 5 GHz radiom-

eters, it was suspected that the effect could be caused by a significant side lobe in the 5 GHz

I)hascJ-array antenna 1 10). lit the subsequent experiment of 1980, the phased-array antenna was

therefOre replaced by two corrugated hams in th; 5 Gtiz radiometer system. It turned out that

the lower T B p's were again observed at 5 (AD than at 1.4 GHr over a smooth field of high W 1 1 1 1.

lit 	 1081 experiment another radiometer at 0 t) Gliz was also Included for measurements over

the same sandy loans field in the first tes! site. the measured T B p's were found to he highest at

0.0 GHz and lowest at 5 GHx when the field soil was wet 12:1. This appeared to he supported by

a similar bare field measurement at 0.'75 GHz and 1.4 Glfz made by Njoku and O'Neill 1241. `lice

12
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found that "r,p's were lower at 0.775 (;Hz than at 1.41 GlIz when W's were<0.05 cm1/cm3.

Around W ?! 0.10 cm ; /cm; the measured TBP 's at 0.775 GHz and 1.11 GHz were about equal.

Unfortunately, they did net have measurements liar W 0.1 4 cm3 /cm; . If the regression slopes of

their TB p vs W plots were extended bevoiid W > U.10 cm d i1eld. the TBP 's at 0.775 (,Hz would he

higher than those at 1.41 GHz. ']'his observed rvdion ►etric response at frequencies 6,^ 5 GIIt should

he examined more closely both theoretically and experimentally in the future.

7. SUMMARY

Three bare fields of different surface roughnesses and soil textures were prepared for a soil

moisture remote sensing experiment with 1.4 GHz, 5 Gilr., and 10.7 GHz microwave radiometers.

I'hc maior ce:nclusions resulting from this experiment are as follows.

•	 'rhe rate of decrease in the observed bri ghtness temperature with soil moisture content is

simi:at fur soils of different textures. The soil texture effect is reflected in the difference of

the regression line intercepts at the brightness temlxrature axis.

• Ilse effect of surface roughness is to increase the soil's Ihernial microwave emission and dc-

crease the sloly of the regression between a soil's emissivity and moisture content. This

effect is more pronouni.-d t1w rougher the soil surface..

•	 .A simple phenomenological surface roughnes, model with two parameters, roughness height

mid polarization mixing factor, appears to tit the observed data well.

•	 For a smooth bare field the observed brightness temperature at 5 GH/ is smaller than that at

1.4 GHzi when the field soil is wet. Since the dielectric permittivities measured at these two

frvquencies are comparable, the observed phenomenon can not be accounted for by the cur-

rent radiative transfer model (e.g. Wilhcit. V) 7/ 9).

13
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O ^ C .^.^ Oog

OW

^
^..	 s:
O E;, O

W 0 C y

Q
}

C^^

^ O v ea

tt! C ^ ^

^i C U .^
O w 'O b

Ou-c^is

v ^ v
(^- a EL-

0

T^	 O
n

QO

^

N

q o
u	 u

u	 n
LU

Q

$ O W

H

/00 Q O W	 Qh-
0 M

W
LL	 z

0 J
NN^

=0	 Fc
e ^ ^ N O

r- o =

^	 O	 O	 O	 b	 C	 ^
r

UnivWUW31 SSMHOMIS 03211ViNUON

20



I y
c
w

n

7 Qg

^u
^ S

0
0

8 0
V

0
a	 0

S e '3univW3dW31 SS3Nlt- ome a31vino-ivo

21

ORIGINAL P;,,3..-.y

OF POOR QUA'&-i'f Y

m

Y

F
Q
C
W
CL

W
Z

m

0
W
m

p ^
1A
N W2

8N

A

G
ca

0
O

K Ô
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FIGURE; CAPTIONS

Figure 1. The calibration results of microwave radiometers at (a) 1.4 W!,% (b) 5 (iliz, and (c)

10.7 GHz frequencies.

Figure 2. The variations of the measured brightness temperatures as a function of incidence

angle for (a) 1.4 Gtiz, (b) 5 GHz, and (e) 10.7 GHz frequencies. The soil temperature

for both smooth and rough field was ~200 0. The volumetric soil moisture content for

the smooth field was ! 0.250 cm;/cm; and for the rough field was - • 0.259 cm31cnr' in

the top 0-10 cm layer.

Figure :. The variation of the normalized brightness temperature with volumetric water content

for (a) 1.4 GHz, (b) 5 GHz, and (c) 10.7 Gllz. measurements. Data from three fields of

different soil texture and surface roughtiess are represented by different symbols.

Figure 4. The functional dependence of the normalized brightness temperature on volumetric

water content expressed in percent field capacity for the two smooth fields with differ-

ent soil textures: (a) 1.4 GHz, (b) 5 GIEz, and (c) 10.7 (mz. The solid lines are the

regression results of the composite data.

Figure 5. A comparison of the calculated and measured brightness temperatures at 14 Gll! for

(a) 10° and (b) 40 0 incidence angles. The data are derived from tlic vary smooth sandy

loam field only.

1 . igure 6. A comparison of the calculated and measured hrightness tcmt)eratm( ,s at 5 (;Ili for (al

10° and (b) 400 incidence angles. The data at both vertical and hori.,ontal holarir. ► tions

are derived from the very smooth sLildy Will field only. i he data points cnclo%ed in

the rectangles arc explained in the test.
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I-figure 7. A comparison of the calculated and measured brightness temperatures at S GlIz for (a)

100 and (b) 40' incidence ankles when the upper bound of the measured soil bulk

density is used in soil moisture estimates and therefore in radiative transfer calculations.

Figure K. A comparison of the measured brightness temperatures at 1.4 GHt. and S GHt for all

three different fields. Data at 20 0 incidence angle and horizontal polarization are used.

Figure 9. A comparison of the calculated and treasured brightness temperatures at 1.4 GHz for

(a) W' and (b) 40" incidence angles. Horizontally polarized data from both silty loam

fields are used ;n the comparison.

Figure 10. A comparison of the calculated and measured brightness temperatures at S (Fit. for (a)

10° and (b) 40' incidence angles. Data obtained from both silty loam fields in both

polariiations are used in the comparison.

Figure 11. The variation of the average difference between calculated and measured brightness

temperattires with angles of incidence.
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