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ABSTRACT

Portable Dielectric Probe (PDP) and Tinme Domain Reflectonetry (TDR)
instruments are increasingly being used for rapid in-situ determ nation
of soil noisture contents. These techniques provide alternatives for
acquiring soil noisture data in field experinments where the |ogistics of
gravimetric sanpling can restrict the nunber of sanples obtained. The
real part of the dielectric constant of soils, neasured by P-, L-, C,
and X-band PDP's , was enpirically related to soil water content for
soils with a wide range of textures. The results were conpared to TDR
nmeasurenments. The P- and L-band probes and the TDR produced very
conparable and accurate results while the C and X-band probes showed
sensitivity to variability within a soil, the neasurenent technique, and
soi|l texture. Both TDR and PDP i nstrunments conpl enent one another as they
sanple different depths/volunmes. In general the TDR is suitable for 0-5
cm or deeper |ayers while the PDP can be used for measuring |ayers on the
order of a cmin thickness.

I NTRODUCTI ON

Soil sanpling programs conducted to support renote sensing field
experinments are frequently inadequate due to the tine, cost, and
| ogistical constraints associated wth conventional gravimetric sanpling
techni ques. This problem can also occur in agronomc studies and thus
there is a well defined need for a nore suitable field techni que.

The recent development of a portable dielectric probe (PDP) may
offer a field instrument which will be useful for field experinments [1].
Thi s probe provides rapid in-situ measurenents of the dielectric constant
(real and imaginary parts) of the contact target. If the target is a soi
then volunmetric soil water content (M) nmay be calculated using an
enpirical relationship to convert the real part of the dielectric
constant (*y') to Mv. This approach has been used by others [2,3] and is

possi bl e because of the large dielectric constant of water at m crowave
frequencies (* 60-80) conpared to the dielectric constant of dry soil (*
2-5).

Time Domain Refl ectometry (TDR) is another el ectromagnetic technique
whi ch has been applied to the in-situ determnation of soil water content



[4,5]. The current TDR systens provide information on a greater soil
profile (*0-5 cm or deeper) than the penetration depths neasured by the
PDP (*0-1 cn). This is because the TDR uses a wavegui de inserted into the
target nedium for signal propagation whereas the PDP uses a capacitance
nodel at the probe tip/soil interface. On the other hand, the PDP is able
to generate detailed depth profiles by nmaking neasurenents at
progressively deeper |ayers. The two types of instrunments may therefore
conmpl enent each other for rapid in-situ construction of a soil noisture
profile.

This paper will present the results of experinents conducted to
establish the relationship between the real part of the dielectric
constant, as neasured by the PDP, and volunetric soil noisture. This wll
be done for X-, G, L-, and P-band probes. The PDP results are also
conpared to TDR results and recomendati ons are nade for field prograns.

EXPERI MENTAL METHODS

A nunber of experinents were conducted over a 2 year period to
generate the PDP, TDR and physical soils data needed to address the
objectives. The soils were selected fromfield sanples available at the
Land Resource Research Centre of Agriculture Canada for which chenical and
physi cal properties were studied previously. The three soils used were a
sandy | oam (Rubicon), a clay |loam (Bainesville), and a clay (R deau). For
each soil air dry sanples were passed through a 2 nm sieve to disperse
soil aggregates. Known volunes of water were added to known vol unes of
soil in several increments to generate a range of soil noisture contents.
In all cases the soil sanples were thoroughly m xed. Statistical analysis
(T-tests) was used to verify uniform m xing when duplicate sanples were
avai |l able. Wet and dry weights were obtained which allowed cal cul ati on of
volunetric soil water content (M) and bulk density (B) for each sanple
measured with the PDP or the TDR techni que.

Seven PDP neasurenents were nmade of each soil sanple because a good
contact of the PDP tip wth the soil surface is essential to avoid
artificially low dielectric neasurenents due to the presence of air-filled
voids in the neasured region. The seven data points were visually
scrutinized and outliers were renoved prior to averaging. Triplicate TDR
measurenents were made, when a |arge enough sanple was used, with 10 cm
I ong transm ssion |lines and averaged for |ater anal yses.

The neasured TDR and PDP dielectric constant values were plotted as
a function of volunetric soil noisture and the effects of frequency, soi
texture, sanple size (container size), and probe tip evaluated. This |ed
to the renoval of several data sets which is described in detail in [6].
The remaining data were conbined by frequency and soil type and then a
structural analysis was used to relate &' to M/. Due to space constraints
in these proceedings the structural analysis results are presented in [6].

RESULTS AND DI SCUSSI ON

The PDP ¢' data plotted as a function of M/ are presented in




Figure 1. Individual synbols represent the data fromall 3 soils from each
frequency probe with the polynomal curve included as well. The data
points show considerable overlapping indicating that the frequency
dependence was not definitive. The curve fitting, however, showed that the
| oner frequency neasurenents resulted in higher &' for all water contents.
Thus, the greatest difference was found between the curves for P- versus
X-band data. The frequency effects shown here are consistent with those
reported by other researchers [2,7,8]. The observed frequency effects in
soil can be attributed to the changes in the dielectric constant of water
whi ch decreases from approximately 80 at P-band to 60 at X-band. At
M/=0. 30, the corresponding values are 18 and 14, which have approxi mately
the sane ratio.

Figure 1. Dy electric constant versus volunetric soil noisture for three
soils nmeasured by P-, L-, C, and X-band PDPs.
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The presentation in Figure 1 has ignored any soil texture

effects. Figures 2 (a), (b), (c), and (d) present these data to show
explicitly the soil texture effects on the PDP response at each frequency.
The coarser textured Rubicon generally gave higher dielectric values than
the finer textured R deau soil, at the sanme water content. The nedium
textured soil usually resulted in a value between the other two, but not
consistently. Thus we conclude the texture effects are mnimal at all
frequencies. The coefficient of determination ,R}, for the polynomal fits
at P-, L-, C, and X-band were .95, .95, .91, and .86 respectively.

Figure 2. Dielectric constant versus volunetric soil noisture for each
frequency PDP with all three soils differentiated.
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The consistently low dielectric constants nmeasured for the R deau
soil when using the C-band probe appear to be anonmal ous and may be due to
the nature of the probe neasurenent itself. The authors attribute sonme of
the soil texture effects observed in our data (see Figures 2(a)-(d)) to
the small sanple volunmes at X- and C band and the physical changes in this

sanmple area by the contact of the probe. Thus nore water may be
redistributed within the soil matrix in a sand than a clay due to the
physi cal contact of the probe itself. This problemis aggravated by the
smal | sanple volunmes (m?¥) at the higher frequencies and by the ratio of
tip size to dielectric constant for wet soils. Sampl e preparation may
also be a factor as clays will Ilikely pack different than sands when

repl aced i nto whatever container is being used during the experinent.
Sone ot her researchers have found soil texture effects to

increase at |lower frequencies [2,3,9]. As a consequence, the nodels used
to portray the dielectric constant as a function of soil properties have
included texture related paraneters such as % clay, % sand, specific
surface area, and field capacity [2,3,10]. Jackson [11], however, found no
significant textural differences using an L-band PDP when working wth
three different soils. This textural effect has been attributed to the
different amounts of bound versus free water contained in heavy versus
[ight textured soils. It has been assuned that bound water has a | ower
dielectric constant. These bound versus free water effects appear to be of
consequence at only low volunetric water contents [12]. At higher soil
water contents (ie. above 0.10) it appears that the higher dielectric
constant of the free water and the increasing relative content of free
water allows it to dom nate and control the resulting dielectric constant




of the soil.

The TDR approach devel oped by Topp and his col | eagues

[4,5], which uses a frequency range of about .1 to 1 GHz, has never
exhibited significant soil texture effects. I ndeed the relationship
devel oped in 1980 even applies to soil which is 50% gravel [13]. This is
desirable for a field instrunent as there is no need to know the texture
or specific surface area of the soil which neans a sinple robust
relationship between &' and M can be developed. The conparison of
performance of the PDP's with that of the TDR was achi eved by conparing
the fitted curves from the PDP's with nmeasured data points from the TDR
(Figure 3).

Figure 3. A conparison of PDP and TDR results for all three soils.
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There is little difference between TDR and P- and L-band PDP
measurenents. The TDR, as expected, gives higher dielectric values than
the C and X-band PDPs so these conparisons were not made. The conparabl e
performance was expected because of the simlar frequency band of the TDR
(.1-1 Giz) to the P- and L-band PDPs. Due to the interest in generating
surface soil water profiles for backscatter nodelling and the need to
understand the relationship between the surface and sub-surface water
content for hydrol ogical nodelling [14,15] these two instrunments are both
very wuseful for field investigations. Thus, they can both be used to
generate detailed in-situ depth profiles of either &' or M.

SUMVARY
The major results of this study are as foll ows:

1) The portable dielectric probes are a new and useful tool for
soil noisture estimation but when using them caution nust be
exercised to avoid problens resulting from sanple size,
calibration, and probe tip sensitivity. For these reasons P-
and L-band are preferred to X- and C-band.

2) There is no significant soil texture effect in the P- and L-band
PDP dat a. The texture effects at G and X-band may be due to
the small sanple volunes and physical changes induced in the
soil matrix by the neasurenent procedure.

3) The P- and L-band PDP data compared very favourably with the TDR
dat a. The two approaches can be considered conplenentary
however, because TDR neasures layers 5 or nmore cm thick while
the PDP can neasure |ayers approximately 1 cmthick. Different
studies or applications may require different depths of sanpling
and thus both instrunents may be used interchangeably.
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