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INTRODUCTION

Recently, 2 new method cailed time domain reflectometry
(TDR) has been used to monitor water content in unfrozen
soils [Davis and Annan, 1977; Topp et al. 1980]. It is an
indirect method of scil moisture determination based on the
relationship between the relative compiex dielectric constant
{which is not necessarily a constant) and the volumetric un-
frozen water content of the soil. The use of the TDR method
to measure the reiative complex dielectric constant of maten-
als was first described by Fellner-Feldegg [1969]. Reported in
this paper is an extenston of the above work. specifically, the
application of the TDR technique to the determination of
unfrozen water content in a {rozen medium.

There are three main objectives to the paper.

1. Explain in a straightforward manner how to use the
TDR technique to obtain the liquid water profile in a soil.

2. Show how the TDR technigue was used to monitor the
unfrozen water content continuousiy in the field and to moni-
tor snowmelt infiltration into the soil.

3. Ilustrate the feasibility of using the TDR technique to
monitor snowmeit percolation and unfrozen waler contents in
the snow.

Schmugge et al. [1980] did an extensive review of methods
for unirozen soil moisture determination, including their ad-
vantages and disadvantages. Anderson and Tice [i973] re-
viewed the methods used to determine the unfrozen water
content in frozen soils. Basicaily, all were laboratory tech-
niques. At that time, the onity method to determine continu-
ously the unfrozen water content profile in the field without
too much disturbance was to use the gamma ray method in
combination with temperature probes and laboratory derived
soil freezing curve {volumetric unirozen water content versus
temperature). According to Schmugge et al. {1980], the dual
energy collimated beam gamma rays method has the following
advaniages and disadvantages.
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Advantages

. Data can be obtained over very small horizontai or
vertical distances.

2. The measutement is nondestructive.

3. The average moisture content can be determined with
depth.

4. The system can use automatic recording.

5. It yields simuitaneous resuits of bulk density and total

water content (including ice).

Disadvaniages

1. Large variaton in bulk density and moisiure content
can occur in highly stratified soils and limit spatial resoiution.

2. Field instrumentation is costiy and difficuit to use.

3. Extreme care must be taken to ensure that the radioac-
tive source is not 2 health hazard.

Another disadvantage of this method for determining un-
frozen water content is the necessary use of temperature
probes in the profile as weil. A method is needed that would
be as precise as the gamma ray method but less expensive,
simpler to use, and more adaptabie for field use. Furthermore,
this method should have its advantages without its disadvan-
tages, and it shouid also be applicabie for unsaturated as well
as saturated soils.

With the above advantages and disadvantages in mind, we
assessed the time domain reflectometer technique for mea-
suring unfrozen water contents, The applicability of the TDR
method to measure unirozen water content in frozen soiis was
studied under laboratory conditions [Smith and Patterson,
1980] and the technique appeared quite promising for field
conditions. Topp et al. {19807 developed a curve reiating
water content and the relative complex dielectric content of
unftozen soils. Results obtained from ice/water mixtures
{Smith and Patterson, 1980] and snow/water mixtures [Swee-
ney and Colbeck, 1974] plotted by Smith and Patterson [1980]
also agreed with that curve. These results suggest that the
TDR method can also be used to monitor snowmelt perco-
lation in the snow using Topp's relationship. The TDR
method has all the desirable characteristics of the gamma ray
method except that presently it does not yield buik density or
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total water content. Aiso, the instrumentation is not yet com-
merciaily available for automatic continuous recording,

Three practical problems still limit the use of the TDR tech-
nique in frozen and unfrozen soiis. First, the TDR probes are
usually put vertically in the soils { Davis and Chudobiak, 1975:
Topp er al. 1982b] 10 obtain 2 water profile with depth.
Second, water flowing along the verticai probes affects the
wetting and drying cycles of the soil over long measurement
periods. Third. the freezing and thawing cycies are also af-
lected by the high thermal conductivity of the probes. particu-
larly metal probes.

Starting with the premise that the TDR method could be
stozessfully used in the laboratory to measure the unfrozen
S0l TOISIUrE CONtent, we initiated a program to evaluate this
technique in the field. Varous configurations of probes and
transmission lines were utilized at a field site 10 km north of
Fairbanks, Alaska in a birch-aspen stand, This paper presents
the basic theory behind this technique, a field evaluation, and
some preliminary data on the unfrozen water contents in sea-
sonaily frozen soils and snowpacks.

THEORY

Since most hydrologists. foresters, agronomists. meteoroto-
gists. and engineers who might be interested in using this tech-
rique are not electronic specialists, 2 discussion of basic ca-
-acitance theory follows. In this discussion we will see how
nime domain reflectometry is refated to the measutement of
the retative complex dieiectric constant which is a component
af the capacitance. We will also see how to refate the relative
complex dielectric constant to the unfrozen moisture content
of the soil. The capacitance € is a constant of proportionality
that relates the potential difference ¥ between conductors to
the amount of equat but opposite eiectric charges @ in each of
them:

Q=Cv (1)

This is analogeus to Darcy’s equation, where ¢ is the flux, V
the hydrauiic gradient, and C the hydraulic conductivity. The
capacitance or capacity of two plates (conductors) o hold
electric charges depends on the voltage across the plates and
on the insulating marenal (also cailed the dielectric) between
the piates. Two metal plates with the dielectric is called a
capacitor. The capacitance of a capacitor is given by the squa-
tion

C = {Keqa)id (2)
where

a area of the plates on one side, m?;
d distance between plates, m;

K relative complex dielectric constant of the dielectric;
£ permittivity of free space, F/m.

Capacitance is quite dependent on the ge: netry of the two
conductors. For example, the capacitance of a coaxial cable
[Ramo et al., 1965] is given by

C = (2aKe,L)n (b/a) 3)
where

L length of the cabie, m:
b inside radius of outer ¢conductor, m:
a radius of inner conductor. m.

As can be deduced from 12) and (3}, the capacitance is also

STEIN AND KANE: TIME DOMAIN REFLECTOMETRY

dependent on the relative complex dielectric constant, which is
in turn an important property that characterizes the capacity
to store electric potential energy under the infiuence of an
electric field. The reiative compiex dielectric constant ism't
really a constant for most materials; it has a real and an
imagnary part that are frequency dependemt (Topp et al.
19807:

K = K’ + j{(04/weq) + K7} (4
where

K compiex dielectric constant;
K’  reai dieiectric constant;
K" dielectric loss;
o4, dc conductivity;
@ angular frequency;
J= (=1,

A transtnission line can be either balanced or unbalanced. A
transmission line is balanced when the voitages of the two
conductors at aay transverse plane are equal in magnitude
and opposite in poiarity with respect to ground; otherwise it is
unbaianced [Markus, 1966]. An example of an unbalanced
transmission line is a coaxial line; a parailei transmission iine
is usually baianced. The compiex dielectric constant of a ma-
terial can be determined from the propagation of a pulse
along either a balanced or unbalanced transmission line. The
velocity of a pulse {v,) along a transmission kine is given by

v,=L,/t (5)

where L, is the physical length of the transmission iine or
length of the probe, in meters and ¢ is the time of propagation.
in seconds, From distnibuted circuit analysis, we know that at
high frequencies and for a nonmagnetic materiai

v, = cAKH"7? {6
Combining the last two equations gives
K =f{et/L,) N

where L. the length of the line, is set by the user and ¢ is
determined by using a time domain reflectometer.

The TDR technique measures both the real and imaginary parts
of the compiex dielectric constant (equation 4), and hence the
term “apparent dielectric constant” (K} is sometimes used. For
low loss materiais, K = K' and henee K, = X'

[Patterson and Smith, 1980, p. 206]. The term K will be used
to denote the relative compiex dielectric constant throughout
the rest of this paper. For a more detailed description of eiec-
trical losses in soiis, see Davis and Chudobiak [1975].

The determination of soil water content using the time
domain reflectometer technique is based on the relationship
that exists between the relative complex dielectric constant of
the soit and its water content. Studies done previously {Davis
and Annan, 1977; Topp et al, 19807 show that the relative
complex dielectric constant of a dry soil doesn't vary signifi-
cantly with ¢ ‘nisity, texture, salt content. or temperature be-
tween frequer::cs of | MHz and | GHz Because the relative
compiex dielectric constant of liquid water is abount 20 times
higher than either soil or ice [V on Hipple, 1961], the refative
complex dielectric constant of the total soil will vary primarily
due to changes in the liquid water content. The relationship
between the relative compiex dielectric constant K and soil
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water content § is determined by measuring the travel time of
an eclectrical puise in a known iength of transmission line in-
serted in a soil of known water content. The study of Pai-
terson and Smith [1980] showed that the predicted volumetric
unfrozen water content using the relationship of Topp et al.
[1980] and the measured values using a dilatometer were in
ciose agreement { +1.5% in volumetric water content for silt
loams). Therefore the same calibration curve developed in un-
[rozen conditions can be used in frozen soil to estimate the
unfrozen water content, ;.

MATERIALS AND METHODS

A time domain refiectometer and a transmission line were
used to measure K.

The time domain reflectometer consists of a pulse generator
which produces a (ast rise time step, a sampier which transforms
a high frequency signal into a lower frequency output, and an
osciiloscope or any other display or recording device,

{Fellner-Feldegg, 1969, p. 616]. The lower frequency output
contains frequencies between i MHz and 1 GHz. Normaliy, K
can be measured in the frequency domain or in the time
domain. In the frequency domain, a pulse is sent at one fre-
guency in the transmission iline and X is measured at that
frequency. For a complete charactenzation of K, numecrous
measurements must be made over 2 wide frequency range. In
the time domain, a puise is sent which contains all frequencies
simultaneousiy. The puise travels along the transmission iine
and any electrical discontinuity {such as a change in dielectric,
a change of dimensions of the transmission line, or short cir-
cuit) will send a refiected puise to the generator. The reflected
puises are visible on the recording display and permit the
determination of the beginning and the end of the probe. The
reflected pulse wiil have a certain magnitude in voltage which
will vary according to the type of electrical discontinuity en-
countered on the iine. The ratio of this voitage to the incident
voltage is cailed the reflection coefficiens. With the probes and
soil forming a capactor, the length of the electromagnetic
trace between the beginning and the end of the probe permits
you to calculate X using (7).

Instrumentation

A time domain reflectometer (Tektronix model 1502} was
used 10 measure the relative complex dielectric constant K. To
caiculate K of a transmission line of unknown dielectric, the
velacity of propagation, v, on the instrument is set to a cer-
tain value and the length of the trace, L, is read on the
oscitloscope. Then the following conditions prevaii:

te = L/, (8
When ¢ = t,,, combining (7) and (8) yields
K = [(Letc)lLrvy]z {9}

When v, is set to c. then they toth cancel out in (9}, giving

K ={La/L) (10)

Transmission Lines

Two types of unbalanced transmission lines were used in
the field.

Tvpe i: J00-ohm parailel TV line antenna wire. Listed
from the TDR unit to the end of the probe. we had a static
suppressor, 50-ohm coaxiai cabie. 50- to 75-ohm transformer.
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75-ghm coaxial cable, 75- to 300-ohm TV transiormer, 300-
ohm TV transmission line, and two parailel rods o measure
dielectric properties of the soil. The two parailel stainless steel
rods and part of the 300-ohm line were inserted in the sou,
and the whole system (rods and soii) served as a capacitor.
The rods were 0.3 cm in diameter, 17.7 ¢m long, and placed
2.5 cm apart To connect the probes to the TY lines, the
stainiess steel probes were threaded to hold the pressure termi-
nal connectors of the line between two nuts. Larpe charges of
static electricity can buiid up on peopie and objects in the
laboratory during the cold and dry winter moaths. Caution
should be exercised if the TDR unit is used or stored in the
laboratory. At the beginning of the 50-ohm coaxial transmis-
sion line, a static suppressor (a standard accessory to the 1502
TDR cable tested) was used because the unit could be easily
damaged by small charges of static electricity {over 3 voits).

Type 2: S0-0hm coaxial line. A static suppressor was put
at the outiet of the TDR unit, followed by a 50-ohm coaxial
cable and two parallel rods. This line had probes that were
457 cm long; the spacing and diameter of the probes were the
same as the previous line. At the end of the 50-ohm transmis-
sion line the cable was split for 5 cm. twisted. and then looped
between the nuts on the probes. The split was insuiated with
electrical tape.

This type of transmission line was also used to monitor K
in the snow. The probes were 91.4 cm long and were em-
bedded in styroioam at each end to provide 2 ngd support.
The styrofoam blocks were 147 cm tong, so the effective
length of the probe was 62 cm.

Calibration Curve

To telate the compiex dielectric content K to the unirozen
water content &, data were generated using a S-bar pressure
plate extractor (Soilmoisture Equipment Corporation, model
1600). Five polyvinyl chloride (PYC) tubes, 7.7 cmm mside di-
ameter and 18 cm high, were packed with Fairbanks siit loam
from the site at an average dry density of 1.3 g/om®. A piece of
thin fiberglass cloth was taped on the bottom of the PYC tube
to retain the soil. The oven dry (24 hours at 105°C} soil was
added in increments of 5 cm and packed using a rod. A set of
parallel probes spaced 1.5 cm, center to ceater, and 17.7 ¢m
long were then inserted vertically by hand in the soil. A
wooden guide was used to make sure that the probes were
inserted parallel. The probes were then connected to a 50-obm
coaxiat line (type 2 transmission line),

The five replicates were then put in the extractor and water
was added outside the samples to a level of 5 cm and allowed
to soak for 24 hours, Distilled water was then added almost to
the top of the sampie (17 ¢m) 1o compiete saturation. Water
was added outside the PVC tubes to avoid trapping air in the
soil sampie. The sample was allowed to saturate for two more
days. In both cases the extractor was closed. TDR measure-
ments were taken when the water was 3 cm from the top and
at saturated conditions. Afterwards, the water outside the
samples was removed using a vacuum line. The pressure plate
extractor was then started, TDR readings and weights of the
soil samples in the extractor were taken over a range of water
contents. After each weighing, a small volume of water was
added around the samples to insure a good contact between
the seil and the plate.

Determination of the Electromagnetic Length

Angie effeces.  When the probes are instailed in the field,
they might hit & rock or a root and deviate slightly from being
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Fig. L.

Electromagnetic trace of a 300-ohm line (control piot, April 27, 1981; 5 cm deepi. The physical length of the

probe is 17.7 ¢cm.

paraliel. If the two probes are not parailel to each other, the

quantity of material between them can be either greater or less

than expected. The length of the electromagnetic trace will
vary accordingly, possibly leading to erroneous resuits. This
possibility was evaluated in the following manner. In the first
experiment, one set of probes 91.4 ¢cm long, supported by
cardboard. was put in the air with different arrangements. The
spacing at the beginning of the probes was always 2.5 cm; at
the end of the probes, the spacing was 1.0, 2.5, 4.5, and 6.5 cm.
There was aiso a speciai design which we call the triangie
arrangement: the horizontal spacing at the end and the be-
ginning of the probes is the same and equai to 2.5 ¢cm, but at
the end, one probe is vertically down by | cm. The air was
used as a dielectric standard because its dielectric constant is
known. In the second experiment, a set of 17.7-cm-tong probes
were embedded upward in a block of styrofeam 3 ¢m thick
and put into a 2000-mi pyrex beaker. The vertical probes had
an effective length of 15 cm. Fairbanks siit loam was used as
the dielectric material. The soil was added and packed (as
previously described) to a dry density of 1.3 g/cm?, simulating
thte density observed in the field. The volumetric water con-
tenits were ¢ and 43%. Probe spacings for TDR measutremenits
were varied in the same way as in the previous experiment
with air.

Transition zones. Due to power loss, imperfect connec-
tions petween the transmission iine and the parailel probes,
and an imperfect open circuit at the end of the probes, the
clectromagnetic trace on the oscitioscope exhibits transition
zones. These zones render the determination of the electro-
magnetic length L, of the probe more difficuit.

The determination of the beginning and end of the probe
can be done through the use of tangents to the trace. A case is
shown in Figure | for a 300-ohm line. A profile view of the
probes is shown in the upper part of the figure, starting with
the TV line followed by the nuts at D and finaily the probes.
The transition zones on the trace are A—E and V-Z, where D
is the beginning of the probes and W is the end of the probes.
The trace goes down at point A because the impedance of the
soil 1s lower than the impedance of the 300-ohm line. The

determination of W with tangents is fiest reported by Smith
and Patterson [ 1980]. .

Two traces of 50 ohm are illustrated in Figure 2. Trace 1
shows a case where the soii 1s dry. Trace 2 shows the saturated
soil. In both cases the trace goes up because the impedance of
the soil is farger than that of the 30-ohm line. The end of the
electromagnetic distance of the probe is determined in the
same way as with the 300-ohm type. For the 50-ohm lines the
beginning of the probe is situated at the summit of the bump,
The caiculation of the dielectric constant using (10) is aiso
shown. The clectromagnetic trace of an unfrozen dry soil is
similar to the electromagnetic trace of a frozen saturated soil.
As the soil thaws, the trace of a {rozen saturated soil wiil
siowly evoive from trace { to trace 2.

Field Experiments

Soil. A field site was sefected 10 km north of Fairbanks,
Afaska, in a 70-year-oid birch-aspen stand on a south facing
permafrost-free site. Approximately [0-15 cm of organic ma-
terial (Adgq, Ay horizons) covered the underiying mineral soil.
Fairbanks silt joam was the predominant soil type in this area.

During fall 1980, three plots were instrumented with sets of
transmission lines {300-ohm typej. A square of about 100
cm x 100 cm was cut out of the organic matter (444, Ao hor-
izons) and removed so that a pit could be excavated to instaii
the probes. it was put back above the backfill after the probes
were inserted horizontally through the pit wall into the undis-
turbed soil. The probes were installed in 2 manner similar to
that described in the calibration curve section. n the control
plot the probes were buried horizontally a: the following
depths from the surface: 5, 15, 20, 25, 30, 35, 40, 50, 60, 75, 30
and 110 cm. On the two treated plots (plot 1 and piot 2) the
probes were put at the following depths from ground surface:
5, 15, 20, 30, and 40 cm. On ali three piots the first probe was
put in the organic matter in the 4, honizon, the rest of the
probes were tocated from the A, horizon to the C, horizon.
On treated plot 1, 3.8 cm of water was applied to simulate late
fall rainfail, while 6.25 cm was applied to treated plot 2. This
added water provided a wider range of soil moisture con-
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Fig. 2. Electromagnenc traces for the 50-chm iine. K was jound by using (10).

ditions. Equal increments of water were added over a -day
pertod: 1.25 cmd for plot 1 and 0.75 cmyd for plot 2. The
water was pumped from a holding tank and applied using an
oscillating iawn sprinkler. The quantity of water applied was
determined from the level of water leit in the tank.

The next fall (October 10, 1981} the above sets of probes
were all replaced with 50-chm transmission lines. On the con-
trol plot. two gravimetric samples on each side of the old
prabes were taken at 5-cm intervals from a depth of 12.5 cm
below the surface to 42.5 ¢m and at 10-cm intervals from 42.3
to 92.5 cm. We used a soil corer that takes a 137-cm? sampte.
The voiumetric water content was determined from the 300-
ohm line data obtained 3 days earlier and compared with the
gravimetric resuits by calculating the means and standard de-
viations of both methods. On the treated plots. probes were
added art the 60- and 110-cm levels. A third treated piot was
also added. and the probes were put at the same depths as the
other treated plots. On October 1. we applied 3.8 em of water
on plot 1. 2.5 cm on piot 2. and L.25 cm on plot 3.

Snow. Two assemblages of snow probes were instailed on
the contrel plot. An assembiage has five sets of snow probes
placed horizontaily 5 cm apart from a height of 2.5 em to 22.5
cm above the ground. The height of the styrofoam blocks
which support the probes is 25 cm. One assembiage was
placed prier to snowfall, and the second one was put on the
top of the tirst one when the snow depth reached the 23-cm
level. Thermistors were aiso installed at the following heights
above the surface of the ground: 1. 2.5, 5, 7.5, 10, 15, 20, 25, 30,
35,45, 50. 55, 60, 65, 70, and 75 cm.

RESULTS AND Dhscussion

Calibration Curve

The results of pressure plate extractor were compared with
the following equation of Toepp er al. [1980] for mineral soil
iFigure 31
= —53x 107222092 % 072K —55x 107*K?

—43x 10K el

The soiid line in Figure 3 represents the cubic eguation, and
the dashed lines show the 95% contidence intervais. The mois-
ture content at 45% is accurate to about 5%. Almost all the
points are situated in the envelope curves, but most of the
data are situated on the lower side of the solid line. Qut of 19
cases, 16 values of K were lower when taken with the static
suppressor. but from Figure 3. they are not significantiy tower.

Topp et al. [1980] also develop an equation for organic soil,
but they express the equation in terms of the moisture content
f¥ rather than in terms of K°:

K =174—0340+ 135 6* — 553 ¢ {12)

We appiied (12} to generate data points which were used to
devise an equation in terms ol K using the least squares
method. This was done because the dependent variable in our
case is the moisture content ¢ not K. The equation for the
organmic soil using (12) becomes

H=—252x%x 1072 +415x[07*K—}44 x ID"?K?

+220x 1073 K3 (13}

The dry density of the organmic soil used by Topp er al
(19807 is 0.422. In our case it was stiuated around 0.55 (T. A.
Moore. personal communicauon, 1983). Unitke mineral soil,
the density of an organic soil might be an important factor
affecting the relationship between the dielectric constant and
the motsture content due to the increased presence of air,
Theretore (13) might not be accurate for our soil.

Determination of the Electromagnetic Length

Angle etfects, The resuits of the two experiments are pre-
sented in Table 1. If all the data points at 43% moisture
content were plotted on Figure 3, they would be all sitnated
within the envelope curves. For the 0% moisture content case,
all the points are within the standard error of estimate of +0.2
in K as determuned for the calibration curve. Therefore we can
infer that a probe’s position didn’t affect significantlv the com-
plex dielectric constant, even at large deviations from the de-
sired paraile]l spacing. 5o 1t 15 not critical that the probes be
exacuy paraliel.
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Fig. 3. Variation of soil diciectric constant with water content (adapted irom Topp et al. [19807).

Transition zone. Each transition zone differs according to
the design used and the dielectnic material between the probes.
In the case of a 300-ohm iine in the soii, point W lies between
C and D most of the time because of the magnitude of power
ioss in the 300-ohm line {(Figure L). In such cases it is impossi-
ble to find the beginning of the probes (i.c., D) through the use
of tangents because the curve does not flatten between B and
W. Figure 4 is a good exampie of such a trace. If one assumes
that W is as indicated on the figure, then one does not know
where to put the tangents to find D because the trace does not
flatten between E and V, as in Figure 1.

Another method was needed to determine the electro-
magnetic length of the probes (D-W) for the bad traces (that
behaved like the trace in Figure 4). Assuming that B-D was
constant at different moisture contents and that the lowest
point on the trace represented the end of the probe, then W
counid be found using tangents. B-D, determined from ideal
traces. could be subtracted from B-W to give D-W. The
average B-D length of 16 ideal traces was i5 cm with a stan-
dard deviation of +3.! cm. This average length could be used
to determine the other cases by subtracting B-D from B-W
(which is easily determined on the bad traces using tangents).
The only probiem was that the assumption was wrong, and
B-D increased with increasing dietectric constant of the soil
For example, the lowest K (5.5) from our ideal trace had a
B-D length of 12 cm and the jargest K (23.9) had a B-D of 20
cm. Furthermore, the traces we have had problems with had a
K around 3 or less. Therefore our estimation was biased be-
cause we were taking a B—D for traces that had a K greater
than 3.5. Nevertheless, we used that value, knowing that K
would be underestimated at low moistare content (£ < 1%).

The transition zene for the 50-chm line was much shorter.
For example, the B-D length was 3 cm long instead of 15 cm,
as with the 300-chm line. This was due to the fact that the
300-ohm line had high eiectricai losses. and this was translated
into a longer transition zone.

Snow. Tangents could not be used to determine the be-
ginning and the end of the probe, which were actually in the
snow, There was no detectable reflected puise at the
styrofoam-air or styrofoam-snow interfaces. This was due to
the fact that the dielectric constants of the styrofoam (1.0}, air

{1.0), and snow (L.2-1.9) ar¢ approximately the same. An ex-
ample of such a trace is given in Figure 3, where the styroioam
block is superimposed on the trace. The diclectric used was
air.

Another method had to be found to caiibrate the system.
Specifically, it was necessary to locate points D and W which
represent the beginning and end of the probe, respectively.
The distances A-D and W-X were constant because the di-
clectric was always the same. Therefore any change in the
dielectric property between D and W will be directly pro-
portional to A-X. A is the point where the transition zone
begins and therefore where the trace begins to rise. X is deter-
mined using tangents. To calibrate the system. we used air as
the dielectric. The determination of D and W on the electro-
magnetic trace was done by short-circuiting the probe at those
points. The distances A-D and W-X are then subtracted from
A-X 1o obtain the electromagnetic length for the section of
interest.

This was done for five probes with air as the dielectric. The
average dielectric constant was 0.94 with a standard deviation
of +0.04. The short-circuiting method is not accurate. A cor-
rection factor of 0.06 was thercfore introduced so that the
dielectric constant of air would match the theoretical value of
1.0.

TABLE . Relative Compiex Diclectric Constant as Measured by
the TRD Method of Soil and Air for the 50-ohm Transmission Line
for Spaced Probes Differentiy at Distal Ends

Relative Compiex Dielectric Constant

Fairbanks Silt Loam

Spacing,

cm Alr 0%* 43%*
i.0 1.0 1.9 27
2.5 1.0 1.9 24
45 {1 1.8 25
6.5 1.0 21 26
triangle 1 1.8 23

The prode lengths are 18 cm for the soif and 91 cm for the air.
*Yolumetnc water content.
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Fig. 4. Electromagnetic trace of a 300-ohm line (plot 2. April 29, 1981, 40 cm deep). As can be seen. the location of the
tangenis here is highly subjective and inaccurate.

Field Experiments

Soil. Field data are presented here to show how the TDR
technique can be used o monitor the unfrozen water content
continuously in the field and to monitor snowmelt transmis-
sion in the soil. The variation of unfrozen water conrent at
different levels in the soil using the 300-ohm line configuration
is shown in Table 2 for three plots. Equanons (13} and {L1)
were utilized for the organic horizon and the minerai soil,
respectively. The underlined readings show the position of the
wetting front resulting from snowmelt infiltration into the
ground. The snowmelt infiltration or thawing at different
depths can be easily detected on the controt plot. The same
effect was observed only at the first two depths in the two
experiments plots. Because of the high ice content in the soil
pores, snowmeit infiltration was effectiveiy blocked.

The unfrozen water content determined October 10, 1981
by the TDR method (300-ohm line} was compared with gravi-
metric data taken 3 days aiter. This experiment was performed
because the transition zones of the 300-ohm line were quite
large and we wanted to sec how accurate the results were. The
average volumetric water content of the soil between 15 and
90 cm as determined by the 300-ohm line on October 10 was
15.7% with a standard deviation of +3.5. The same average
water content by gravimetric analysis was 17.9% with a stan-
dard deviation of +3.9. This indicated that even with a bad
line configuration, good fesults couid stili be obtained at high
water contents. The total water content was underestimated
by 2%. The TDR resuits of the 300-chm line were not as
accurate for unfrozen water content below 16% because of the
difficulty in estimating K. This expiains the negative resuits in
Tabile 2.

Why did the 300-ohm line give bad resuits? The cable tester
was a wide band time domain reflectometer that sends an

electromagnetic puise containing the [requencies between 1
and 1000 MHZ. The magnitude of the attenuation of those
frequencies along the line depends on the physical character-
istics of the line. The 300-chm TV line is an unshiclded parai-
lel line: therefore the interference due to external sources is
guite high and radiation of the eiectromagnetic wave is much
higher. This results in greater attenuation of the signal along
the 300-ohm transmission line refarive to a 50-ohm coaxial
line. This attenuation transiates into a power loss and longer
transition zones at the beginning and end of the probes. The
error in this case could be reduced by using longer probes to
decrease the ratio of the length of the transition zones to the
total trace length.

For fall 1981 through spring 1982, Figures 6 to 9 illustrate
the variation of unfrozen water content with time and depth
using the 50-ohm coaxial line (Type 2). Each figure shows the
decrease of unfrozen water content from October 31 to March
28 as freezing and cooling of the soil occurs. On April 28 the
unfrozen water contemt starts to increase due to snowmelt
infiltration into the seasonaily frozen ground. Little thawing of
the soil occurs at this time because the ice and infiltration
water coexist in equilibrium at 0°C. The readings of May 17,
reflect the thawing as weil as the infiltration in deeper layers of
the soil. The readings of July were done when the soil had
completely thawed at the maximum depth of frost penetration.
The values of moisture content for the plots were fairiy high
on July 1, since 3.8 cm of rain fell during the two preceding
weeks.

Snow. Smith and Patterson [1980] plotted data of Sweeney
and Colbeck [1974] on snow-water mixtures on Topp's curve
{equation (11)). The snow data follow the curve but with more
variability than the soil data. Figure L0 shows that the snow
dielectric constant (a key factar for determining unirozen
water content) is independent of the snow temperature at high

=
s /
=
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s 05+ { /1
I , ;
L 1
Ly '! i
3 i |
o |
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& & 2 W %
“
W ‘ i ' i ! | T ; ' | |
= o z2 40 60 ac 100 120

LENGTH QF TRACE {cm)

Fig. 5. Electromagnetic trace of a smow probe. Notice the reflected pulse at A and X and the lack of reflected pulsc at D
and W.
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TABLE 2. Volumetric Percentage of Unfrozen Water Content for Various 50:1 Depths as Measured

with the 300-ohm Lins
Probe Depth Probe Depth Probe Depth
Controi Plot, Plot 1.* Plot 2+
cm cm cm
Date st 15§ 20§ 256 30§ 358 40§ & 15§ 5t 15§ 20§
Jan. 5, 1981 —1 0 -1 0 2 0 1] 0 bt 2 0 3
Feb, 20, 1981 -2 2 Q 1 (m) 2 4 2 4 5 1 4
March 13, 1981 —1 1 1 -1 1 0 2 2 6 4 1 i
Apri 20, 198t l 2 1 Q 2 1 3 2 5 7 | 5
April 21, 1981 1 2 2z 1 {mj 8] 3 34 & 12 V] 7
April 22, 1981 9 2 P 2 3 (m) i 37 7 28 11 6
April 24, 1981 2 ] 0 1 2 0 2 47 7 34 12 6
Apnl 25, 1981 2 18 17 5 2 1 2 49 7 36 12 7
April 26, [981 21 25 25 21 7 1 2 46 9 35 10 5
April 27, 1981 16 23 24 23 19 3 4 37 7 36 1t 6
Apnl 28, 1981 i6 15 24 23 25 9 3 3% g 40 10 5
Aprit 29, 1981 15 23 24 24 25 20 6 a4 7 49 11 33
May [, 1981 14 23 24 24 27 20 7 42 7 30 10 7
May 7, 1981 {m) 5 27 27 28 18 12 k) fm) 37 33 7

The (m) 1ndicates a missing value.
*1.8 cm of water added.

16.25 cm of water added.
$Organic soil.

§Mineral soii.

snow temperatures (near 0°C). This happens because a large
range of moisture contents can exist when the snow is at 0°C
during the melting process. This is due to the time history of
the snow from a temperature and a liquid content point of
view [Colbeck. 1982]. Densnty is another important factor in
the determination of unfrozen water content of snow using the
TDR technique. We wrongly thought that, like that of a soil,
the snow density is not important and by just measuring the
dielectric constant of the snow, one could find its unfrozen
water content using Topp's relationship. We also expected
only one unfrozen water content for each temperature. This
might be true for low temperature but not at 0°C. We were ied
astray because we thought that the data plotted by Smith and
Patterson had different snow densities and also had different
temperatures. The data of Sweeney and Colbeck [1974] reveal
that the snow densities were high and situated around (.68

and the temperature of the expertment was also constant at
0°C., Ambach and Denoth [19807 piotted some data expressing
the variation of dielectric constant with the dry snow density
{Figure L1). From that figure, we could infer that even without
water, the snow dielectric constant would have a large var-
ation due to its density only. Furthermore, the dieiectric con-
stants of the snow are ail below 2.0, which preciudes the use of
Topp's relationship. Data where we had the snow density
available {Fairbanks) were plotted on Figure 11, and they
appear to be a good fit to the iine. Ambach and Denoth [1975]
suggested the relationship.

e =2f(K' — 1) — 2.22 p] (14)
where

z proportionality factor;
8, volumetric water content of snow;

VOLUMETRIC UNFROZEN WATER CONTENT
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Fig. 6. Water profile of control plot.
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Fig. 7. Water proiile of plot 3 (1.25 cm of water).

K’ reai part of dielectric constant at a frequency higher than
20 MHz;
g snow density.

Knowing the proportionality factor and the snow density, the
volumetric water content of the snow could be easily deter-
mined by measuring K’ with time domain reflectometry.

As snowmelt proceeds, Figure 12 shows the increase in the
diclectric constant at every level. This increase was probably
due to the increase of liquid water content and also from the
increase in snow density due to meit metamorphosis. The ref-
erence level is the soil surface.

Suggessions About Transmission Line Design

Spacing of parallel probes. The maximum spacing between
the center of the probes is dependent upon the waveiength of
the electromagnetic signal. The spacing should always be
smailer than a tenth of the wavelength, otherwise higher than

ransverse electromagnetic modes will occur [Davis and
Chudobiak, 1975] and (6) will not be valid. The soil located at
twice the spacing between the probes has a negligible effect on
K [Davis and Chudobiak, 1975]. The voiume sampled is ap-
proximately equal to the square of the spacing between the
probes [Topp et al.. 1982a]. The shape of volume sampled is
probably similar to a flattened cylinder with an ellipsoid cross
section.

Probe length. Probes as long as 100 cm were used by Davis
and Chudobiak [1975] and as short as 12.5 cm by Patterson
and Smith [19807. If the probes are too short, then the transi-
tion zone lengths (A-E and V-Z. Figure 1) are jong relative to
the trace length for the probes (D-W. Figure 1) and L, is
determined less accurately. Longer probes increase sample
size, but the atienuation increases too. This may lengthen the
transition zone at the end of the probe. We used probes 18 cm
long the first year and 46 ¢m long the second year.

VOLLMETRIC UNFROZEN WATER CONTENT
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VOLUMETRIC UNFROZEN WATER CONTENT
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Fig. 9. Water protile of

Balanced versus unbalanced lines. Topp et al. {1980] used
balanced lines. We used unbalanced ones. and the resuits in
Figure 3 seem to be practically the same. The coaxial cable at
the junction of the 50-¢hm line and the parallel probes was
split for 5 cm, Alter the connection is made. we suggest that
some silicone glue or tape be put on the split cable to decrease
the influence of water content on that part of the line and also
to decrease the chance ol short-circuiting the probes.

Insertion in the ground. As noted by Dawvis et al. [1977],
the probes should be installed with excellent soil contact to
avoid lower vaiues in K due to the presence of air between the
probe and the soil. Holes shouid be drilled if the soil is rocky.
"Whether or not pilot holes were used. the soil densities were
:wer belween the probes when the soil was packed around
the probes [ Topp er al. 1982a]. The fact that we used probes
having a diameter three umes smailer than Topp et al. mim-
mized the probiem of increased soii density adjacent to the
probes. When the transmission line is connected to the probes

plot ! {3.8 cm of warter).

for the electricai connection, they should be flush with the
beginning of the probes: otherwise it will generate 2 ionger
transiticn zone.

Horizonrai probes versus vertical probes. For continuous
measurement of the dielectric constant year round the probes
should be installed herizontally to minimize both thermal and
hydraulic disturbances of the soil by the instrumentation.
Thermal disturbance is minimized because with the horizontai
arrangement the transmssion iine can be run over a certain
distance in the soil and away irom the probe before it surfaces
to the air. The transmission tine can then be warmed up or
cooled down by the soil before the heat wave reaches the
probes. Hydraulic disturbance is minimized by running the
transmission line below the level of the probes for awhile: this
permits the water that might flow along the line to percolate
downward before it reaches the probes. The horizomal ar-
rangement of the probes has three significant technical advan-
tages over verucal instailations. First. the moisture content
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Fig. 1y, VYariation of snow dietectric constant with sncw temperature in degrees Celsius.
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