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PASSIVE MICROWAVE SENSING OF SOIL MOISTURE CONTENT: SOIL BULK
) DENSITY AND SURFACE ROUGHNESS

ABSTRACT

Microwave radiometric measurements over bare fields of different surface roughnesses were
made at the frequencies of 1.4 GHz, 5 GHz, and 10.7 GHz to study the frequency dependence
as well as the possibie time variation of surface roughness, The presence of surface roughness
was found to increase the brightness temperature of soils and reduce the slope of regression be-
tween brightness temperature and soil moisture content. The frequency dependence of the sur-

‘ face roughness effect was relatively weak when compared with that of the vegetation effect. Rad-

jometric time-series observation over a given field indicated that field surface roughness might
gradually diminish with time, especially after a rainfall or irrigation. This time variation of sur-

face roughness served to enhance the uncertainty in remote soil moisture estimate by microwave

radiometry. Three years of radlometric measurements over a test site revealed a possible incon-

sistency in the soil bulk density determination, which turned out to be an important factor in

e et e .

the interpretation of radiometric data.
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PASSIVE MICROWAVE SENSING OF SOIL MOISTURE CONTENT: SOIL BULK
DENSITY AND SURFACE ROUGHNESS

1. Introduction

A number of experiments on the remote sensing of soil moisture content have been conduc-
ted with both active and passive microwave sensors in the past decade (inaby et. al., 1978, 1979;
Schmugge, 1978, 1980; Schmugge et. al., 1974; Njoku and Kong, 1977; Blanchard et, al., 1981;
Choudhury et. al., 1979; Schanda et. al,, 1978; Newton and Rouse, 1980; Newton, 1977; Wang
et, al., 1980, 1982a, b, c). These experiments have provided some basic understanding of the ef-
fects of soil texture, surface roughness, and vegetation cover on thie responses of microwave radio-
meter and radar systems. Theoretical models, both vigorous and phenomenological, have also
been developed to agcount for these effects based on the experimental results (Burke et. al., 1979;
Choudhury et. al,, 1979; Wang and Choudhury, 1981; Fung and Ulaby, 1978; Jackson et. al.,

1982). In conducting these experiments, ground truth data on soil temperature and moisture

3 AT .

content and soil bulk density at various depths were acquired and ultimately used for analysis
with data collected by microwave sensors. The ground truth data describing the status of soils
at the times of the experiments, with some statistical uncertainty, were used as a basis for asses-
sing the promise and limitation of radar and radiometer systems as effective soil moisture remote i
sensors. The possibility that the acquired ground truth data might not be reliable enough to eval-

uate a remote sensor has not been seriously questioned.

In this paper we explore an important parameter in the ground truth data acquisition, namely,
the soil bulk density. Among the three commonly acquired ground truth parameters over a bare
field, the soil bulk density, the soil temperature, and the soil moisture content in percent by dry

weight, the soil bulk density probably is the most difficult one to determine precisely. The soil ‘

tesnperature can be easily measured to * 1°C accuracy by a well cali.rated temperature probe. The %

B 4.‘,_",‘)!.‘_!) o

moistuie content in percent by dry weight of a soil sample can be determined easily to within £ 1%. :
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Most uncertairities in the determination of these two parameters come from their spatial variation over

a bare field. The uncertainty in the soill bulk density measurement, on the other hand, is much
more difficalt to estimate and its source may originate from sampling procedures as well as the

person doing the sampling. The soil bulk density is used in converting the soil moisture content
in percent by dry weight inio volumetric soil moisture content, a quantity which more uniquely
determines the dielectric permittivity of a soil-water mixture (Wang and Schmugge, 1980). This
uniqueness in the relationship between dielectric permittivity and volumetric moisture content is

essential in microwave emission model calculations and the interpretation of experimental results.

Three years of experimental data obtained with microwave radiometess at the frequencies of
1.4 GHz and 5 GHz over a test site during 1979-1981 were used for the present study. The soil
in this st site was Elinsboro sandy loam which consisted of 67% sand, 19% silt, and 14% clay
(Wang et. al., 1982¢c). Another test site providing bare fields of different sil texture and surface
roughness was included in the 1981 experiment. The field soil if this test site was Mattapex
silty loam which consisted of 32% sand, 43% silt, and 25% clay. Two more radiometers at the
frequencies of 10.7 GHz and 0.6 GHz were added in the 1981 experﬁnent (Wang et. al., 1982b3.
In the following discussion the effects of uncertainty in soil bulk den'sity determination on the
radiometric interpretation of surface roughness and soil texture were illustrated. The responses
of radiometers to the possible change of surface roughness with time were examined. The fre-
quency dependence of soil’s microwave emission on surface roughness was analyzed. The experi-

mental results of Newton and Rouse (1980) were also included in the analyses.

2. The Effect of Soil Bulk Density

If a reliable method can be developed to make a precision measurement of volumetric mois-
ture content directly, then the soil bulk density determination is of littie value in the soil moisture
remote sensing experiment with microwave radiometers or radars. This is so becease the variation

of dielectric constant, and therefore a soil’s thermal microwave emission or backscatter, with soil
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moisture content is quite unique when the moisture content is expressed in volume basis. To il-
lustrate this, Figures 1 and 2 show the measured dielectric constant of Long Lake Clay ¢s a
function of soil moisture ccntent expressed in percent by dry weight (Wy,) and in volume (Wy;)
respectively (Lundien, 1971). The measurements are made with soil samples (total number N =
108) in three different compactive efforts with forces of 5.74, 11.83, and 18.47 Newtons/cm?2.
The corresponding average bulk densities p’s of the soil samples are 1,09, 1.18, and 1.21 g/cm3.
Applying a polynomial regression to each of four data sets (two for the real part €' and another
two for the imaginary part €” in both figures) regardless of compactive effort results in the four
sn;ooth curves with associated correlation coefficient r and standard error of estimates d shown
in the figures, The regressions are performed for up to 5 dzgree polynomials and only the results
with best r and d values are shown here. Notice that, because of the lack of data points at small

Wy or Wy, the intercepts at ¢’ and €'’ axes of the regression results are much higher than those

measured for other dry soils (Lundien, 1971; Topp et. al., 1980; Wang and Schmugge, 1980).

Clearly, r's are higher and d’s smaller for the data shown in Figure 2 than those in Figure 1.
A close examination of Figure 1 reveals that the measured €' and €' values for soil samples with
least compactive effort (5.74 N/cmz) are generally lower than those of high compactive efforts
(11.83 and 18.47 N/cm?). This is due to the fact that the dominant contributions to €' and €"
come from water and, for a given Wy, soil samples with least compactive effort contains least
amount of water. When p’s of soil samples are taken into account and Wy 's are used (as in Fig-
ure 2), the differences in €' and €'’ values due to different compactive efforts are minimized and
both r and d values improve. This comparison of Figures 1 and 2 clearly shows the preference

of acquiring soil moisture content in volume basis.

The ground truth acquisition in support of remote sensing of soil moistire experiments with
microwave sensors (Ulaby et. al., 1978, 1979; Njoku and O’Neill, 1982; Newton and Rouse, 1980;

- Wang et. al., 1982¢) generally requires measurements of both p and Wy, in order to arrive at Wy;.
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Figure 1. The variation of measured dielectric constant at 1.4 GHz frequency with soil
moisture content expressed in percentage of dry weight for Long Lake Clay.
Three different compactive efforts were applied to the soil samples i in the
measurements. T
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Figure 2. The variation of measured dielectric constant at 1.4 GHz frequency with volu-
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metric soil moisture content for Long Lake Clay. Three different compactive
efforts were applied to the soil samples in the measurements.
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Measurements of Wy,’s with good precision are not difficult, but the determinations of p’s are
more often associated with significant uncertainties. To illustrate this, we show in Figures 3 and
4 the measured normalized brightness temperatures %, p’s obtained during 1979-1981 plotted as
a function of Wy and Wy, respectively, Data from both 1.4 GHz (a) and 5 GHz (b) frequercies
at 20° incidence angle and horizontal polarization are shown, The Wy,'s and Wy, 's are evaluated
at two different layers of 0-2.5 cm and 0-0.5 em for 1,4 GHz and 5 GHz measurements because
of the difference in the sampling depth (Mo et. al., 1980). Typ is defined as

Ty
",i:;— €D]

-
[=1

Ty

where Ty is the measured brightness temperature and Ty is the soil’s thermal ternperature mea-
sured at two different layers corresponding to the two frequencies. All three years of data are
ohtained over the same general area of the first test site (sandy loam soil) so that the effect of
spatial soil texture variation is minimized, The fields used for the experiments are 15M X 15M
in size and are all prepared in the same way so that there is not much of a difference in surface

roughness in different years of measurements.

A linear regression applied to all the data points in each of the four plots in Figures 3 and
4 results in the regression slopes, r’s and d’# shown. The r = 0,89 and d = 0.043 obtained in
Figure 3a for regression between TNB and Wy, at 1.4 GHz are worse thantl3r=0.94 and d =
0.032 in Figure 4a obtained for the similar regression between Tyg and Wy, at the same frequency.
The analogous comparison between Figure 3b and Figure 4b also shows better r and d values for
regression between Ty and Wy, at 5 GHz frequency. The reason for the differences in the r and
d values between the results of Figures 3 and 4 is clearly displayed by the data obtained from
different years of measurements, The data points of 1981 measurements in Figures 3, a and b,
are weﬂ separated from those of 1979-1980 measurements. The data points shown in Figure 4,
a and b, on the other hand, are much bettér mixed. Since the only difference between Figures

3 and 4 comes from the expressions Wy, and Wy, the poorer r and d values in Figure 3 must be
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predominantly due to the introduction of p. The measured average p's for the bare fields in the
top 2.5 cm layer are 1,47 g/em?3 in 1979, 1.38 g/em® in 1980, and 1,25 g/em? in 1981 with an
estimated uncertainty of ~ 0.1 g/em3. The measurements of p in 1979 and 1980 were made
with a cylindrical container 2,5 cm in height and 5 c¢m in diameter, A different sampling proce-

dure was adopted by different personnel in the 1981 measurements,

The uncertainty in the determination of p’s could very well be one of the reasons that a
small yegetation cover effect was reported at 1.4 GHz frequency (Newton and Rouse, 1980).
Plétting Typ against Wy, in the top 2 cm layer for both smooth bare and vegetated fields, New-
ton and Rouse found that data points from both fields were well mixed and concluded that
vegetation ef‘fect_ was negligible at 1,4 GHz frequency. With the amount of biomass measured for

: & the vegetated field (Newton and Lee, 1974), it was estimated by Wang et. al. (1982a) that some

-2

egetation effect should be observable. A close examination of the ground truth data seport

. RN L

(Newton nxa Lte, 1974 gave p = 1,55 g/em? for the smooth bare field and p = 1.05 gfcm® for

. the smooth vegetated field in the top 2 cm layer, Since both bare and vegetated fields consisted

of the samelgoﬂ type and were prepared in the same way, it was unusual that p’s between the two

awenmn

: g fields should differ so much It ;:ah be ‘sh‘oﬁ}h t}iat il Tyg’s from both fields were pﬁ&kd

5 S

against Wy,’s in the top 2 cm layer, the effect of vegetation cover was indeed observable.
w

- 3. The Effect of Surface Roughness

t The microwave radiometric measurements of surface roughness effect have been made by
| Newton and Rouse (1940) and more recently by Wang et. al. (1982c). It is» found from these i
studies that the effect of surface roughness generally increases the soils’ thermal microwave emis-
.. sion and reduces the slope of regression between TNB and Wy,. A particular result shared by

poth of these studies but not explicitly discussed in the reports is that the correlation coefficient "’

r derived from regression between observed Typ @nd Wy, tends to degrade from smooth to rough’
! fields (except the 10.7 GHz measurement of Newton and Rouse). This degradation could be due

!
I . .
| to the difficulty in soil moisture ground truth sampling of inhomogeneous field when surface is

s g
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rough, Anothe: possible cause is the time variation of surface roughness, This latter possibility

is examined in this section.

Figures 5 and 6 show the observed Tyy's plotted as a function of Wy, from data sets of
Wang et, al, (1982¢c) and Newton and Rouse (1980) respectively. Plots a, b, and ¢ in Figure §
gave, in sequential order, the result§ of the 1.4 GHz, 5 GHz, and 10.7 GHz measurements made
in 1981. The data are obtained from three bare fields with two different soil textures and three
different surface roughness as indicated in the figure. As pointed out in the previous section, the
s0il b(xlk density p rﬁeasured in 1981 appears to be low compared with those of the previous two
years. Since the uncertainty in the measurement is ~ 0.1 g/em3, the upper bounds of the mea-
sured p’s (0.1 g/em? is added to the average'p’s measured in each layer) are used in evaluating ‘
Wy in Figure; S, ' This modification in p’s has no bearing on the discussion pertaining to this
section, but will be of certain significance in the next section when sensitivity reduction in soil
moisture sensing due to surface roughness is discussed. The Wy, values used in Figure 6 were de-
, rived from data report of Newton and Lee (1974). Their radiometric measurements were made

only at 1.4 GHz and 10.7 GHz frequencies. Applying a linear regression to each data group of

SRR 7 TP SN St ety

measurement frequency and surface roughness in both Figures 5 and 6 results in the regression
slopes, r’s and d’s shown. With the exception of the 10.7 GHz data in Figure 6b, all regression
slopes decrease with an increase in surface roughness. It is not ciear why the smaller regression

: slope is observed for the smooth field than fdf’the ined‘ium rough field in the 107 GHz results inFig- ‘
| ure 6b. One of the possibilities could be due to the difference in the weathering of soil surface rough- e
ness between the two fields. As an illustration the data points obtained from 10.7 GHz measurements -
9 over the medlum rough ﬁeld in Figure 6 are separated into two groups, one group taken before

3 July 11 and the other, after July 12, 1974, The datz; gro:x; obtamed earlier generally has higher

TNB’s than the one obtained later at a comparable Wy, level. This observation suggests a possible

change in the field surface roughness with time,

10
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To explore more fully the possible time variation of surface roughness, we plot the residual
. R of rejression, i.e., the difference between the measured Typ and Typ estimated from linear re-
gression at a given Wy, as a function of time in Figure 7 for the data derived from Figure 6 and
in Figure 8 for the data derived from Figure 5. The arrows A and B in Figure 7 indicated the
times when there were appreciable increases in Wy, ’s in all three fields. The measured Wy, ’s in the
top 0-1 cm layer for the smooth, medium rough, and very rough fields respectively were 0.066,
0.060, and 0.065 cm?/cm?® on Tune 27 and were 0.421, 0.361, and 0.380 cm?/cm?® on July 10.
From July 11 to July 12, as indicated by arrow B, the measured WV 's changed from 0.322 to
0.401 cm?/cm? for the smooth field, from 0.147 to 0.301 cm®/cm® for the medium rough field,
and from 0.137 to 0.215 for the very rough field. Similarly, the airows in Figure 8 gave the
times when charges in the measured Wv’s were observed., The numbers associated wiih the arrows

‘were the total amounts of rainfalls in cm recorded by a raingage at the test site where the smooth

imd rough silty loam fields of NASA/GSFC experiment were situated.

If there is no change in field conditions, then the variation of R with time would be random
and no correlation between R and time should be observed. There is a substantial scatter in the
data points in both Figures 7 and 8 and analyzing the change of R’s with time statistically is dif-
. . ficult. Qualitatively there appears to be an observable change in R with time and this change is
_ . smaller at 1.4 GHz than at 5 GHz or 10.7 GHz frequency. For example, most of the R values
. before July 10 in Figure 7 are positive (higher measured Typ than estimated), while most of those

after July 10 are negative. The rapid change from positive to negative R values appears to be

g e

associated with the increase in Wy indicated by the arrows, The variation of R with time at 1.4 -

GHz in Figure 8a does not give much a slope, while those at both § GHz and 10.7 GHz frequen-

i 3

! cies definitely show a general decrease in R with time. These ouservations strongly suggest that
; §< at least for 5 GHz and 10.7 GHz rmeasurements the surface roughness of the bare fields becomes
smoother with time. The change of surface roughness with time or with application of water to

the fields (as implied by Figure 7) will introduce some uncertainty in estimating soil moisture

content remotely by microwave radiometers.
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4, Frequency Dependence of Surface Roughness Effect

Previous studies on the effect of soil surface roughness using microwave radiometric measure-
ments are based on a rhenomenological model with two adjustable parameters (Choudhury et. al.,
1979; Wang and Choudhury, 1981; Wang et. al., 1982c)., While the model gives a reasonable de-
scription of the observational results over the incidence angles of 10°~50° (Wang et. al., 1982c),
to provide a physical meaning to the two adjustable parameters is difficult. Thus in order to avoid
analyzing the surface roughness effect based on a specific model, the following approach is adopted
for the treatment of the measured data. It is noticed from Figure 5 of the previous section that
the presence of surface roughness reduces the slope of regression between Tyg and WV, a phenom-
enon analogous to the effect of vegetation cover reported by Wang et. al, (1980, 19823, b) and
by Jackson et. al. (1982). Generally, the rougher the soil’s surface the more reduction in regres-
sion slope is observed. As a measure of the surface roughness effect a slope reduction factor
is introduced here, which is defined as the ratio between a regression slope such as those given in
Figure 5 and a corresponding one derived from a perfectly smooth field. Since the radiometric
response of a perfectly smooth field can not be measured, it is necessary to theoretically generate
a reference data set in a comparable form to Figure 5. To do this the ground truth data of soil
temperature and moisture profiles collected during the radiometric measurements were used in
the radiative transfer calculations (Wilheit, 1978), using the empiriral model of dielectric permit-
tivity for soil-water mixtures (Wang and Schmugge, 1980). Nine groups of calculated Tg’s (at
incidence angle of 20°) coresponding to nine data groups in Figure 5 were then normalized in
the same manner indicated by Eq. (1). The resultant TNB’s from calculations were correlated with
the WV'S in the 0-2.5 cm layer at 1.4 GHz and in the 0-0.5 c¢m layer at 5 GHz and 10.7 GHz
frequencies. The results of the linear regression analyses between the calculated Typ's and
Wy, ’s for each of 9 groups were listed in Table 1 for comparison with the corresponding ones
derived from the radiometric measurements. Additional entries in the table came from the similar
analyses on measurement results of Newton and Rouse (1980), which were shown in Figure 6,
and the RMS roughness height o associated with each field derived from Wang et. al. (1982c) and

Newton and Rouse (1980). N
' 16
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Some difficulty was found in generating the reference data set from the measurements of
Newton and Rouse (1980) when the measured texture of their field soil (Miller clay) was used
in the empirical model of Wang and Schmugge (1980) to estimate the dielectric permittivity of
the soil for input into the radiative transfer calculations, The calculated TNB’S were generally
higher than the measured TNB’s at 1.4 GHz frequency not only for the smocth field bu¢ for the
medium rough field as well, Using the measured dielectric permittivity for Miller ziay (Newton
and Rouse, 1980) in the radiative transfer calculations éssentially gave the same results, Earlier
cal.culatiOns and comparisons with the measured data (Choudhury et. al., 1979) were possible
only when a measured variation of dielectric permittivity with water content for a lower clay con-
tent <oil was used. This discrepancy between calculations and observations could be due to any
one of the following three factors, namely, the measured real part of the dielectric permittivity
for Miller clay was too small, or the measured Typ’s over bare fields were too Iow, or a deficiency
in the radiative transfer model used in the calculations. The results given in Table 1 were derived
by assuming that the dielectric permittivity of Miller clay measured by Newton and Rouse was too
small. A soil with smaller wilting point (soil tension of 1/3 atmosphere) of 0.2 cm3/cm?® com-
pared to Miller clay (~0.34 cm?3/cm?®) was accordingy used in the empirical model of Wang and
Schmugge (1980) to estimate the soil’s dielectric permittivity for input in radiative transfer calcu-
lations. This procedure is adequate as long as the surface roughness and its frequency dependence

derived from the data of Newton and Rouse (1980) are discussed in a.relative sense.

Figure 9a, b, and ¢ shows the variation of § with measured surface RMS roughness height o
at the frequencies of 1.4 GHz, 5 GHz, and 10.7 GHz. The o value stands for the standard devia-

tion of the mean air-soil interface measured for each of the bare fields reported by Wang et. al.

' (1982¢) and by Newton and Lee (1974). A direct comparison between the results from the two

different measurements was not possible because of the difficulty discussed in the previous pzra-

_ graph. Except for the 10.7 GHz measurements of Newton and Rouse (1980), the rest of the

data points in Figure 9 show that § generally decreases with an increase in g. This observed
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change in § with o from the measurements of Wang et. al, (1982¢) further indicates a slight fre-
quency dependence, namely, the higher the frequency of observation the steeper the rate of 8
decrease with increasing 0. At 10,7 GHz f decreases rapidly and almost linearly with an increase
ingm Only a moderate decrease in § at 5 GHz and practically no change in 8 are observed as ¢

increases from 0.21 cm to 0,73 cm.

Figure 10 shows the variation of § with the wavelength A\ of observation, the data points
derived from Wang et. al. (1982c) being connected by light lines and those from Newton and
Rouse (1980) by dashed lines. The heavy solid curve showing the strong dependence of § on A
is derived by Wang et. al, (1982b) for the effect of vegetation cover {the derivation of § here is
slightly diffefent. but equivalent), The strong dependence of § on A was also reported by Kirdia-
shev et. al. (1979) on several types of vegetation covers, Compared to the effect of vegetation, |

the dependence of § on A due to surface roughness is relatively weak, with the exception of i\
smooth field resulis derived from Newton and Rouse (1980),. This suggests that it is possible to A
use a multiple-frequency radiometric approach to distinguish a vegetated field from a bare field.

But using the same approach to unravel the effect of surface roughness could be quite difficult.

Figure 9 alsp shows the effect of uncertainty in the soil bulk density (p) measurements on
B. The analyses leading to the results of Table 1 were repeated here for the data set of Wang et.
al. (1982c¢), with volumetric moisture contents WV ’s ¢valuated from two different p’sof p - 0.1
g/em? and p+0.1 g/cm®. The outcome of these analyses as shown in the figure indicates that

a 0.1 g/em? error in the p measurements could result in an error of ~* 0.04 in g estimate.

5, Conclusions : '
Three factors on the remote sensing of soil moisture experiments with microwave radiometers

are discussed in this paper. The first one deals with the effect of soil buik density on the inter-

permittivity with moisture conteni is better defined when the moisture content is expressed in

20
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“volume than in percent by dry weight. This in tum suggests the need of acquiring the volu-

" metric soil moisture content in the field experiment so that the measured brightness tempera-
tures can be interpreted more uniquely, The technique of measuring volumetric soil moisture con-
tent generally requires determination of both soil bulk density and soil moisture content in per-
cent by dry weight. A precision measurement of soil bulk density is a non-trivial procedure as
evidenced from the three-year microwave radiometer expeximent of Wang et. al, (1980, 1982a, b,
¢) discussed in Section 2. The uncertainty associated with the soil bulk density determination

directly affects the interpretation of surface roughness effect

The second and third factors discussed above are the measured frequency dependence and
the possible time variation of surface roughness., The effect of surface roughness is found to in-
crease a soil’s brightness temperature and reduce the slope of regression between the brightness
temperature and moisture content, confirming the studies earlier (Choudhury et. al. 1979; New-
ton and Rouse, 1980; Wang et. al., 1982c). The effect is stronger the rougher the surface of the
soils, There is some observed frequency deépendence of surface roughness over 1.4-10.7 GHz :
range, but this frequency dependence is relatively weak compared to that due to the effect of
vegetation cover (Wang et. al, 1982b, Kirdiashev et, al. 1979). Time series observation with micro- “
wave radiometers also indicates a possible time variation of surface roughness. This tends to in-

|
troduce additional noise in the scatter plot of brightness temperature aif soil moisture content, E

i and therefore slightly enhances the uncertainty in remotely estimating surface soil moisture con- |

! tent with microwave radiometric measurement,

Finally, an observed feature displayed in both Figures 9 and 10 but not discussed in the text . :
is the smaller slope reduction factor at 1.4 GHz than at either 5 GHz or 10.7 GHz frequency from
the measurements of Wang et. al. (1982a, b) over a very smooth field. This factor is = 1 at 5
GHz and 10.7 GHz frequencies, showing the closeness in the calculated and measured regression
' slopes between brightness temperature and soil moisture content. At 1.4 GHz this factor is ~

0.82, suggesting an observed regression slope appreciably smaller than the calculated one. This

22
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phenomenon is related to the previous report of Wang et. al. (1982b) that for volumetric soil

moisture content » 0.18 cm®/em?, the observed brightness temperature at small incidence angle

is lJowest at 5 GHz and highest at 0.6 GHz frequency. When soil is dry near the air-soil inter- r
face highest brightness temperature is observed at 5§ GHz and 10.7 GHz frequencies, The case

for dry surface soil can be understobd in terms of shallower sampling depth at higher frequency

of observation (Mo et. al., 1980). But the observation on the smooth wet soils is contrary to

that expected from radiative transfer calculations based on the measured frequency dependence

of -soils’ dielectric permittivity (Wang and Schmugge, 1980). Further experimental as well as

theoretical studies are required to understand this unexpected phenomonon.
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FIGURE CAPTIONS

Figure 1, The variation of measured dielectric constant at 1.4 GHz frequzncy with soil mois-
ture content expressed in percentage of dry weight for Long Lake Clay. Three dif-

ferent compactive efforts were applied to the soil samples in the measurements.

Figure 2, The variation of measured dielectric constant at 1.4 GHz frequency with volumetric
soil moisture content for Long Lake Clay, Three different compactive efforts were

. . applied to the soil samples in the measurements,

. Figure 3. The normalized brightness temperature measured at 1.4 GHz and 5 GHz frequencies
. vs. volumetric moisture content, The measurements were made for three consecu-

tive years over fields with Elinsboro sandy loam: @ 1979; + 1980; 0 1981.

Figure 4. The normalized brightness temperature measured at 1.4 GHz and 5 GHz frequencies
vs. soil moisture content in percent by dry weight. The measurements were made

for three consecutive years over fields with Elinssoro sandy loam: e 1979; + 1980;

© 1981.

' Figure 5. The measured variation of normalized brightness temperatures with volumetric soil
moisture content at (a) 1.4 GHz, (b) 5 GHz, and (c) 10.7 GHz frequencies. Data
were derived from the 1981 measurements of Wang et. al. (1982c): © very smooth

field (sandy laom): + smooth field (silty loam): ® rough field (silty loam).

Figure 6, The measured variation of normalized brightness temperatures with volumetric soil
moisture content at (a) 1.4 GHz and (b) 10.7 GHz frequencies. Data were derived
from the 1974 measurements over fields of Miller clay by Newton and Rouse (1980
\ and references therein): © smooth field; + medium rough field before July 11 (e

after July 12); ® very rough field.
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Figure 7.

Figure 8.

Figure 9,

Figure 10.

;,

N
5

Time variation of residuals from the regressions of data in Figure 6: © smooth field;

+ medium rough field; ® very rough field. Arrows A and B indicated the times when

substantial change in surface soil moisture was observed,

Time variation of residuals from the regressions of data in Figure 6; + smooth field;
® rough field, The numbers associgted with the arrows were the amounts of rainfall

recorded durisg August 10-20 when intensive radiometric measurements were made

over the two fields,

The variations of the slope reduction factor with RMS surface roughness height at
(a) 1.4 GHz, (b) 5 GHz, and (c) 10.7 GHz frequencies: @ data from Wang et. al.
(1982c); © data from Newton and Rouse (1980 and references therein). The results

of analyses for soil bulk densities of p ~ 0.1 g/cm3 (+) and p + 0.1 g/em3 (x) were

also included in the figure.

The wavelength dependence of slope reduction factor for fields with different surface
roughnesses. The data points from the measurements of Wang et. al. (19820) are
connected by light lines, while those of Newton and Rouse (1980), dashed lines. The

heavy solid curve shows the effect of vegetation reported by Wang et. al. (1982b).
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