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INTRODUCTION

The Hawaiian island of Kaho'olawe has experienced widespread landscape degradation
due to extended periods of overgrazing and military activity. Before environmental
management practices can be implemented to arrest the surface erosion problem on
Kaho'olawe the near-surface hydrology of the island needs to be characierized. To
understand the hydrologic response characteristics of Kaho’olawe the parameters that control
rainfall-runoff processes must be estimated. Before this study there was no such existing
data.

Most likely, overland flow is currently the dominant factor in massive erosion losses
on Kaho’olawe. Overland flow results from excess rainfall. The infilration characteristics of
land surfaces are controlled by the near-surface saturated hydraulic conductivity. In this
effort we conducted a field investigation 10 acquire a relatively large new saturated hydraulic
conductivity data set for Kaho'olawe. In the following section the anatomy of an access,

designed to facilitate our field study, is described.



Anatomy of an access

The field study reported in this paper was conducted during two trips to Kaho'olawe.
Each of these trips is referred to in this report as an access. The first access took place
August 18th through 20th, 1991; the second access took place June 11th through 14th, 1992.
The anatomy of an access is described in the remainder of this section.

The field study team departs for Kaho'olawe at about 4 a.m. from two locations on the
island of Maui. The majority of the team leaves from Maalaea in a 35-foot commercial
fishing boat; the crossing takes approximately one hour. This group brings the study
equipment, food, water, and everything else needed for the stay on the island. The remainder
of the team leaves from Makena in a PKO zodiac (rubber boat). The zodiac crew arrives at
Kaho'olawe first and meets the boat crew approximately 200 m offshore from Hakioawa,
where the team members and equipment are transferred. The zodiac then moves 10 the reef
where people enter the surf and swim all the equipment and supplies (in waterproof bags) to
shore. Several zodiac trips are required to down-load the boat. On the second access, three

trips were required with the boat between Maalea and Hakioawa to transport everyone to the

island as other activities were scheduled besides the effort reported here. Once the unloading |

is completed, the boat departs and the zodiac is beached at Hakioawa. At the end of an
access the entire procedure is repeated, in reverse, with the boat arriving at 6 am.

On the island everyone camped at Hakioawa; PKO members prepared meals and
organized all activities. During the data collection exercises the field study tearn was
accompanied by U.S. Navy EOD (Emergency Ordnance Disposal) personnel. Despite the fact
that sections of the island have been swept several times (since 1981), spent ordnance
(occasionally undetonated) is still quite prevalent. The equipment and water necessary to

conduct the experiments, along with food, was carried by the field study team.




OBJECTIVE
The objective of our two Kaho'olawe accesses was (0 make measurements of saturated

hydraulic conductivity at as many locations, representing different land covers, as possible in
relatively short periods of time. The data reported here are the first of their kind for this
generally inaccessible island. The saturated hydraulic conductivity measurements, from 110
locations across Kaho'olawe, are currently being employed in a larger study, to be described
in a two-pant paper (Loague et al., 1992a,b) discussing (i) the distributed nature of near-
surface soil-hydraulic properties, and (ii) a quasi-physically based rainfall-runoff model

simulations of Horton overland flow for Kaho'olawe.

LAND COVER
Land cover classifications, for Kaho'olawe are shown in Figure 1 and listed in Table
1. The eighteen different land cover classifications in Figure 1 were based upon air photo
interpretations. [llustrated here in black and white, Figure 1 was generated as a color map,
using a geographic information system (GIS) approach, to show the regional scale vartations
in land cover. In this effort we use land cover as a surrogate for near-surface soil hydraulic

property distributions in space. Relationships between sparse (yet precious) soil-hydraulic

property measurements and land cover are established and extrapolated.




METHODS
The methods used in this study are easily divided into field measurements and data
analysis. To make surface estimates of saturated hydraulic conductivity in the field we
employed disk permeameters; soil-water contents needed for these estimates were made using
time-domain reflectometry. Two statistical approaches were used for analysis of the saturated
hydraulic conductivity data: classical and geostatistical methods. In the following sections the

disk permeameter, time-domain reflectometry, and geostatistical methods are briefly reviewed.

Field Measurements

Disk Permeameter
Saturated hydraulic conductivity was measured at selected sites across Kaho'olawe
using four CSIRO disk permeameters. The saturated hydraulic conducuvity (K) estimates are
based upon the following reladonship:

2
nr2 nr(en -ei)

where, q is the flow rate [L3fr], 1t is 3.1416, ry is the radius of permeamcter ring (L], bis a
constant (0.55), S is sorptivity foTm], 8, is the volumetric soil-water content at the start of
the measurement [dimensionless], and 0 is the volumetric soil-water content at the end of the
measurement [dimensionless]. The sorptivity is calculated from the early-time data by
plotting Q/ﬂ:r2 versus the square root of time, where Q[L3] is the cumulative volume of water
used in the measurement. The theory and design of the CSIRO disk permeameter is

discussed by Perroux and White (1988).




Time Domain Reflectometry (TDR)

Volumetric soil-water content was measured, via the TDR approach, at the start (6;)
and end (6,) of each disk permeameter measurement using the Trase System 1 (Soilmoisture,
1990). The Trase System 1 is a time domain reflectometry (TDR) approach to making
indirect soil-water content measurements. TDR is an in situ technique for estimating near-
surface soil-water contents via the electro-magnetic properties of the soil. The reader
interested in a detailed review of TDR is directed to Davis and Annan (1977) and Topp et al.

(1980).

Data Analysis
Geostatistics

The theory of regionalized variables (Journel and Huijbregts, 1978; de Marsily, 1986),
was pioneered by Matheron (1971). A regionalized variable is a set of measurements and
should be interpreted as a particular realization of a certain random function, Any hydrologic
variable distributed in space and/or time may be considered a regionalized variable (Loague
and Gander, 1990). The primary application of geostatistics is for making estimates of
regionalized variables at unsampled locations. Kriging is a method of interpolation and
spatial averaging with sparse data. The technique uses the structural properties of the existing
data. Kriging gives the optimal unbiased estimate for a regionalized variable. In addition to
the unbiased estimate, kriging provides an estimation variance. The square root of this
variance is the kriging standard deviation, which is one measure of the reliability of the
interpolation. Both semivariance and generalized covariance techniques, discussed below, can

be employed to develop spatial structure models for kriging.

c,
=




Semivariance Y(h) expresses the distribution of vanance as a function of separation
between the spatially dependent components of a random function. A plot of y(th) versus h
(the separation distance) is a semivariogram (see Figure 3). If the semivariogram is a
function of distance alone, it is isouropic; however, if it is also a function of direction, it is
anisotropic. The dimensions of a semivariogram are those of the measured variable squared.
By definition, y(h) = 0 where h = 0. However, a nugget is often found in an experimental
semivariogram. This discontinuity at the origin is due either to spatial variability at a scale
smaller than the spacing of the data, or 10 measurement €fror. The semivariogram may reach
a limiting value called the sill that is equal to the variance of the data. The distance between
the origin and the point at which the sill is reached is called the range. Observations
separated by distances greater than the range are not correlated. If measurements are totally
without correlation, the experimental semivariogram will exhibit a pure nugget effect.

A regional variable is described by the drift and covariance structure of the observed
data. The drift is the deterministic component that represents slowly decaying continuous
features. The covariance is the spatially fluctuating random variable with zero expectation.
The theory of regionalized variables has a troublesome paradox. To estimate a
semivariogram requires knowledge of the drift, but the semivariogram itself must be known to
determine the drift. Both the semivariogram and the drift must be estimated from the data. If
the drift is constant, then the semivariogram can be estimated directly from the data without
bias. In general, however, the drift may not be a constant. A method that was developed by
Matheron (1973) and further expanded by Delfiner (1976) circumvents the paradox mentioned
here by eliminating the need to estimate the drift. In this method the spatial process is
viewed as an intrinsic random function (IRF) that may achieve stationarity by filtering. An

IRF that requires a kth-order increment 10 achieve stationarity is denoted by k-IRF.




Increments of order zero, one, and two filter out constant, linear, and quadratic drifts,
respectively. The conditions that filter out drift are summarized by Loague and Gander
(1990). In this study we use semivariance and generalized covariance techniques to
characterize the spatial variability of surface saturated hydraulic conductivity (and sorptivity)

values for the Kaho’olawe data sets.

DATA SUMMARY

The saturated hydraulic conductivity (and sorptivity) values determined for the 110
Kaho'olawe measurement sites (Figure 2) are given in Table 2. The general sclection of the
measurement sites was based upon our desire to represent the spatial variations in land cover,
taken loosely as a surrogate for saturated hydraulic conductivity, and strict time constraints.
At each of the 110 sites, representation of small-scale variability dictated the location of the
measurement. It was not possible to establish multiple measurement sites for all the land-
cover classifications listed in Table 1 due to the time limitations of the two Kaho'olawe
accesses. Therefore, we grouped the 18 classifications in Table 1 into the three revised land-
cover classifications listed in Table 3. The land-cover classifications in Table 3 are used to
group the estimates of saturated hydraulic conductivity (and sorptivity) into three classes.

Inspection of Table 2 shows that there is tremendous variability in the saturated
hydraulic conductivity (and sorptivity) measurements across Kaho’olawe; the maximum and
minimum values being 4.2 x 1073 mys and 1.9 x 10°8 mys, respectively. The mean (harmonic)
saturated hydraulic conductivity value for the 110 estimates is 1.5 x 10 m/s. The

uncertainty in these estimates (represented by the standard deviation is 4.3 x 104 m/s. The

coefficient of variation (standard deviation/arithmetic mean) for the entire saturated hydraulic




conductivity data set is a fairly large 3.6; therefore, the average value is unlikely 10 be a

representative “effective value” for the island.

RESULTS

The statistical characteristics of the 110 saturated hydraulic conductivity and sorptivity
estimates, based upon the land cover classifications in Table 3, are given in Tables 4 and 5,
respectively. The spatial structure of saturated hydraulic conductivity (and sorptivity) across
Kaho'olawe, based upon the 110 estimates for each parameter, is represented by the two-
dimensional directional semi-variograms shown in Figure 4 and the generalized covanance
parameters given in Table 6.

Perusal of the results in Tables 4 through 6 and Figure 4 leads to the following
generalized comments:

(1) The average saturated hydraulic conductive value are greatest for the grass and

smallest for the exposed surface land covers, as should be expected.

(i1) There is considerable uncertainty in the saturated hydraulic conductivity

estimates for three land covers; coefficients of variation of 5.3, 1.4, and 1.9 for the A,

B, and C land covers, respectively.

(iii) The range in saturated hydraulic conductivity estimates for the exposed surface

land cover (A) is almost five orders of magnitude; for the other two land covers (B

and C) and the combination of B and C (vegetated surfaces) the range is much

smaller.

(iv)  The sorptivity data for all three land covers is very similar; the uncertainties

are much smaller than for the saturated hydraulic conductivity estimates.




(v)  There appears to be no spatial structure for either the saturated hydraulic

conductivity or sorptivity data.

DISCUSSION AND CONCLUSIONS

The field study undertaken for this study was highly successful, providing a new and
unique data set of near-surface soil hydraulic propesty information for Kaho'olawe. The large
variability (within and between land covers) and uncertainty in the saturated hydraulic
conductivity data provide physically-based process evidence that hydrologic response is
extremely variable on Kaho’olawe. It was not possible in this study to do any spatial
interpolation of the Kaho'olawe data with geostatistical methods (kriging) as there was no
structure in the data.

The saturated hydraulic conductivity (and sorptivity data) reported here will facilitate
the simulation of rainfall-runoff response for Kaho'olawe for different size events with a
quasi-physically based rainfall-runoff model (see Loague, 1990) of Hortonian overland flow
(this is an ongoing effort; see Loague et al., 1992a,b). The rainfall-runoff simulations will
subsequently enable us to simulate landscape evolution processes under alternative

environmental management strategies focused upon the restoration of Kaho'olawe through

revegetation and erosion reduction.
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‘Table 1. Land cover classifications for Kaho'olawe as shown on Figure 4.

Land cover class Description Percentage of
Island
1 Exposed soil or subsoil - dark color® 0.5
2 Exposed or subsoil - medium color 199
3 Gullied-exposed soil or subsoil - medium color 0.1
4 Exposed soil or subsoil - light color 4.6
5 Gullied — exposed soil or subsoil - light color 038
6 Sea cliff - exposed soil or subsoil - light color 0.6
7 Shrubs and trees — high density 8.0
8 Sea cliff ~ shrubs and trees - high density 04
9 Shrubs and trees - medium density 466
10 Gullied — shrubs and wrees - medium density 0.2
11 Sea cliff — shrubs and trces ~ medium density 0.7
12 Shrubs and trees — low density 11.6
13 Gullied - shrubs and trees ~ low density 02
14 Sea cliff - shrubs and wrees — low density 13
i5 Grass 38
16 Gullied - prass 02
17 Sea cliff - grass 03
18 Beach 02

* Color is keyed to Figure 1.




Table 2. Saturated hydraulic conductivily and sorplivity estimates from (wo Kaho'olawe accesses.

Saturated Hydraulic

Measurement’ Location?; Conductivity, K, Sorptivitr{, S Laad cover
Number X,y (m) {m/s) {ms*'*) classification
1 17200,11975 8.7E-6* 1.8 C
2 17210,11975 2.6E-5 1.6 C
3 17000,11700 1.5E-5 1.0 A
) 4 17010,11700 5.5E-§ 1.5 A
5 16675,11475 6.1E-5 l._l A
6 16685,11475 1.1E-5 0.7 A
7 15875,10925 1.0E-5 1.1 A
8 15885,10925 4.5E-6 0.7 B
9 15950,10925 5.3E-5 1.1 A
10 15960,10925 89E-6 0.5 A
11 15%900,10900 49E-5 1.8 C
12 15910,10900 14E4 15 c
13 15825,11150 19E-5 0.7 A
14 15835,11150 1.0E-5 10 A
15 15775,10375 19E-5 0.8 C
16 15785,10375 3.1E-5 09 C
17 15765,10375 8.4E-6 1.2 C
18 15775,10365 1.2E-5 20 C
19 15775,10385 70E-6 1.7 C
20 15765,10385 7.8E-4 16 C
21 15785,10385 2.2E-5 14 C
22 15765,10365 1.3E-5 13 C
23 15785,10365 3.5E-5 12 C
24 15765,10395 4.3E-5 0.9 C
25 15775,10395 1.2E-5 1.3 C
26 15785,10395 8 9E-5 1.6 C
27 15525.8600 2.4E-5 0.1 A
28 15535,8600 3.6E-7 0.3 A
29 16585,9595 7.8E-5 1.7 C
30 16600,9600 1.2E-3 0.7 C




Table 2 — continued

Saturated Hydraulic

Measurement’ Location?; Conductivity, K, Sorpli\'ilg, S Land cover
Number x,y (m) (m/s) (m %) classification?
K} 16615,9610 23E-7 0.3 A
32 16620,9620 33E-6 0.3 A
33 16595,9595 1.0E4 09 o
34 16610,9600 1.9E-5 20 C
35 16695,10025 1.2E-5 16 A
36 16700,10025 99E-6 1.1 A
37 16700,10030 4.3E-6 1.6 B
38 16705,10025 52E-5 14 A
39 16635,11095 4 6E-6 1.6 A
40 16645,11080 2.4E-S 0.6 A
41 16640,11075 2.5E-5 13 A
42 4055,4750 7.7E4 09 C
43 40504735 9.1E4 0.1 B
44 40554735 1.6E4 0.8 B
45 4065,4750 15E-4 0.9 C
46 40604735 3.0E4 08 B
47 40654715 74E4 1.6 B
43 46852155 14E4 23 B
49 4685,2140 20E-5 12 B
50 47052175 49E-6 08 C
51 4680.2155 S3E-5 23 B
52 4705,2170 1.5E-5 1.6 B
S3 4715,2170 2.1E-§ 1.0 A
54 6625,3965 36E-6 09 B
55 6595,3970 1.8E-5 13 A
56 6590,3985 1.7E-5 1.2 C
57 6615,3960 1.6E-S 1.3 B
58 6585,3975 29E-5 1.0 B
59 65953975 16E-5 0.3 C
60 9135,6035 3.0E-5 18 B
61 9135,6030 26E-5 0.7 A




Table 2 — conunued

Saturated Hydraulic

Measurement! Location?; Conductivity, K, Sorpti\:m. S Lan.d CO\:‘CI"
Number x,y (m) (m/fs) (ms™*%) classification
62 91456035 19E-8 0.9 A
63 9140,6035 6.5E-5 1.8 B
64 9140.6030 2.7E-5 0.7 A
65 9145,6040 1.2E-5 1.1 A
66 8920,5975 69E-6 1.1 A
67 8905,5940 4 6E-6 08 A
68 8925,5955 3.3E-5 1.6 A
69 8920,5980 1.1E-5 0.6 A
70 8905,5935 S0E4 0.7 C
71 8925,5960 5.1E-5 1.1 A
72 15980,8640 8.7E-5 1.5 A
73 15995,8640 2.7E-5 06 A
74 16020,8640 3.3E-6 Qs A
75 16035,8640 3.1E-5 1.1 A
76 15965,8640 3.1E-5 09 A
7 15950,8640 5.8E-7 04 A
78 16015.8540 42E-3 08 A
79 16040,8640 1.1E-5 0.6 A
80 12415,6205 7.9E-6 0.6 A
81 12420,6205 2.8E-6 04 A
82 12415,6200 8.2E-5 1.4 A
83 12420,6195 2.7E-5 1.1 A
84 12425,6205 4.2E-5 13 A
85 12420,6200 2.1E-5 1.2 C
86 14110,6920 2.0E-6 1.7 A
g7 14140,6940 4 8E-5 1.2 A
88 141256930 4,2E-5 1.1 A
89 14150,6950 4 0E-5 09 C
90 14120,6920 2.6E4 08 A
91 14150,6940 S4E-5 1.0 C
92 14135,6930 4.7E-7 0.8 A

17



Table 2 — continued

Saturated Hydraulic

Measurement! Location?; Conductivity, K, Sorplivi};. S Land cover
Number x,y (m} (m/s) {m s classification?

9 14160,6950 9.6E-6 09 C

94 14115,6930 S.7E-7 06 A

95 15755,5300 3.8E-5 0.2 C

96 15750.5310 1.2E4 0.6 C

91 15750.5315 B.OE-6 0.9 C

98 15765,5320 24E-5 2.0 C

99 15135,8110 6.0E-5 1.0 C

100 16120,8100 4 6E-5 09 C

10 15125,8110 2.5E-5 06 A

102 15135,8130 2.7E-5 2.0 C

103 15935,8510 2.0E-5 L5 A

104 159658515 89E-5 1.7 C

105 159458510 S.7E-5 13 B

106 15955,8510 1.4E4 1.6 C

107 15940,8510 5.5E-5 22 C

108 15970.8515 27E-4 07 B

109 15950,8510 1.6E-4 1.0 C

110 15960,8510 74E-5 14 C

T hamemcmean . se Y

Anthmeltic mean 1.2E4 1.1
Geometric Mcan 2.5E-5 1.0
Standard Deviation 4.3E4 0.5
Maximum vajue 4.2E-3 23
Minimum value 19E-8 0.1
Median 2.6E-5 1.1

! Measurements 1-28; August 18-20, 1991; measurements 29-110; June 11-14, 1992
2 See Figure 2

3 See Table 3

* 87E-6=87x10°




Table 3. Land cover classificaton used to group saturated hydraulic conductivity (K,) and sorptivity (S)

estmates.
Used to represent
Land Cover Description Percentage of Istand classifications in Table 1
A Exposed soil or subsoil 26.5 1-6
B Shrubs and trees 69.0 7-14
C Grass 4.5 15-18




Table 4. Statistical characteristics of saturated hydraulic conductivity estmates based upon tand cover.

Saturated Hydraulic Conductivity

Land Cover! number of mean values® standard deviation maximum and
measurements {m/s) (m/s) minimum values {m/s)

A 51 7.3E-7* S8E4 42E-3
1.1E4** 1.9E-8
1.3E.5***
2‘0E_5.l“

B 17 1.6E-5 24E4 92E-4
1.7E4 3.6E-6
5.0E-5
1.6E-5

C 42 2.3E-5 25E4 1.2E-3
1.3E4 49E-6
4.5E-5
4.0E-5

vegetated 59 2.1E-5 2.5E4 1.2E-3

surfaces 14E-4 36E-6
(8,0) 46E-5
-4 0E-5

! See Tables 1-3 and Figures 1 and 2.
* Harmonic mean; **arithmelic mean; ***geometric mean; ****median




Table 5. Statsucal charactenstics of sorplivity estimates based upon land cover.

Sorptivity (S)

Land Cover! number of mean values standard deviation maximum and minimum
measurements (m s'?) (m s'172) values (m s’'?)
A 51 0.6* 0.4 1.7
0.9** 0.1
Q.80
1.0"“
B 17 08 0.6 23
0.6 0.1
1.1
1.3
C 42 1.0 0.5 22
1.2 0.2
1.1
1.2
vegelated 59 0.9 0.5 23
surfaces 13 0.1
(B.C) 1.1
1.2

! See Tables 1-3 and Figures 1 and 2.
* Harmonic mean; ** arithmetic mean; *** geomctric mean; **** median



Table 6. Parameters identified for the best-fit gencralized covariance models for near-surface soil hydraulic
property data for Kaho'olawe.

Number of
Parameter estimates Order Nugget, C be b, b,
Saturated
hydraulic 110 0 3.7 0 0 0
conductivity
Sorptivity 110 0 0.282 0 0 0
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Electromagnetic Determination of Soil Water Content:
Measurements in Coaxial Transmission Lines

G. C. Tore

Land Resource Research Insittute. Agriculiure Canada, Otiawa. Canada KA OCo

J. L. Davis' aAND A. P. ANNAN®
Geological Survey of Canado, £nergy, Mines and Resources Canada, Quiawa, Canada K1 A OESs

The dependence of the dielectric constant, at frequencies between | MHz and | GHz on the vol-
Umelric water content is determined empincally in the laboratory The effect of varying the texture, bulk
density. wermperature. and soluble salt content on this relationship was also determined. Time-domain re-
flectometry {TDR) was used 10 measure the dieleciric constant of a wide range of granular specimens
placed in a coamial iransmission line. The water or saly solution was cycled continuously (o or from the
speamen. with minimai disturbance. through porous disks placed along the sides of she coaxial tube.

Four mineral soils with a range of texture from sandy loam to clay were lested. Ar empirical relation-
ship between the apparent dielectnc constang K, and the volumerric water content &, which is independ-
ent of soil type. soil densuy. soil tempcrature. and soluble salt conient. can be used 10 deterrmine 8., from
air dry 1o waier saturated. with an error of estimate of 0.0§3. Precision of 8, 10 within =0.01 from N, can
be obizined with a calibration for the paricular granular matenial of interest. An organic soil. vermicu-
lite. and (wo sizes of glass beads were also tested successfully. The empincal relationship determined here
agrees very well with other experimenters’ results. which use a wide range of elecincal techniques over
the frequency range of 20 MHz and | GHz and widely varving soil 1ypes The results of applying the

~TDR technique on parallel 1ransmussion lices in the field to measure 8, versus depth are encouraging

.

INTRODUCTION

Soil water content and the availabiity of water are funda-
mentally imponiant to land activities. especially those in-
volving agnculture, fosestry, hydrology, and engineering.
Knowledge of soil water contents over extensive areas 1s aec-
essary for use in crop yicld oplimization and flood conirol.
Currenily avaiable methods iavolie poirt measurements,
which are too costly for extensive use. or remotely seased
techniques. which at best detect only surface conditions

The neutron moderation technique has come into regular
use for monitoring al established sites The need for sie cali-
bration 2od the inhereat radiation hazard make this technique
less than ideal. Although the removal of samples and measur-
ing their waier content is both direct and reliable. the tech-
nique is destructive, lime consuming. and thus impractical for
large-scale determinations

Ag 1deal method would vse a soil physical property. which
15 2 function primanly of water content and which can be
measured direcily and rehably. 1a ihe frequency range of 1
MHz 10 | GHaz. the reai pan of the complex diclectric con-
stapi (K7) is not strongly frequency dependent. however. X
appears to be highly sensitive to the volumetric water content
(8.) and weakly sensitive to soil typ¢ and densuy as discussed
by Mikodem [1966). Thomas [1966]. Lundien [1971]. Cihlar and
Ulaby [1974]. Hipp [1974). Hoekstra and Delaney [1974). Davis
and Annan {1977). and Davis er af. {1977 Unfortunately, the
reliability of published data 1hat cover this frequency range is
dubious. since the systems used fos measuring the electrical
properties were usually designed either for frequencies up lo
the MHz range or for frequencies in the microwave 1egion
(ie. down to ! GHz). and thus the I-MHz 10 1-GHz band
was usually at the limit of the measuring systems.

' Now with Ensco Incorporaied. Spnngficld. Yirginia
! Now with Bamminger Research, Toronto. Canada.

Copyright © 1980 by the American Geophysical Union.

Paper number 9W|751.
0043.1397/80/005W-1751301.00

The objective of the work reported here was 1o establish in
the laboratory the dependence of K™ on 8, over this frequency,
range for a wide range of materials and in particular soils, The
time-domain reflecctometry technique used is reasonably
simple 10 implement and s znalogous to short-puise radar
sysiems [4anon and Daviv. 1978 which may also prove to b
practical for measuring <u:! warer cortent rapidiy and re
hiably, -

Bt an

Proswns e s e Sgp s

A general discusann of the electrical properties of heleros
ECNeous Malcrials was groen n o de Loer {1956, Chernyak
[1964]. van Beek {1505). Periy o0l [1973). Selig [1975), Davg
and Annan [1977|. Wobschali |1977). and Wang and Schmuggd
{1978]. These pancrs corvinced s of the complexities of lﬁéf
electncal properiies of wet oils ynd the need for rehable ems
pirical data. 3

The electrical netation =2 10 thiy puner 8

At = A Wt (l;

F N LY

where K 1s the compley diviecitn con~iznt. K i» the real pan
of the dieleciric constant. A 1~ the tmagipary pari of the di-
electric constan: or the electric foss, o, s the 7ero-lrequency
conductivity. « is the angular frequency. «, is the frec-space
permuttivaty. and s 1s (= 1V . The magnetic properties of virta-
ally all geologic matenals do not vary significantly from the
magnelic propertics of free space. Therefore, the effect of vand
alions 1n magneik properues do not have 1o be considesed:
when making electromagnetic measurements. 3
The vanables which affect the electnical tesponse in soi
are texture, structure. soluble salts, water content, tem
ature. density, and measurement frequency. The most im !
1ant vanable is the excitaiion frequency. Over the frequen
range of 1 MH2 10 | GHu. the real pant of the diclectric co
stapl docs not appear 1o be sirongly frequency dcpendzg
[Davis and Annan, 1977). It is therefore unlikely that there ¢
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Fig. 1. (a) Block diagram of ume-domain reflectometer (TDR)

connected to soul sample holder. () An ideahized representation of the
TDR outpus from measurement ok a soil sample; ume interval C-D
represents the travel ume i the soil sample, O/C, $/C indicate open
circuit and short gyreuit. respectively.

ist any relaxation mechamisms which iropart strong l:m‘per-
ature dependence to the real dielectnic constant X*. Davis and
Annar [1977] also indicated that the dieleciric loss K° was
considerably less than X* in this frequency range.

EXPERIMENTAL PROCEDURES

The experimental procedures are drawn from both clec-
tronics and sot} science and have been scparated into the fol-
lowiag calegonics: (a) the TDR technique, (b) the coaxial
transmission line soil column, (c) the soils and other porous
mediz. and (d) the expenimental vanauons applied 1o the
soils.

The TDR Technigue

The TDR technique as applied 1o the measurement of the
electrical properties of materials was given in Fellner- Feldegg
[1969]. A discussion of TDR applied to soils can be found in
Davis and Chudobiak [1975] and Davis €1 al. (unpublished
manuscnipt, 1980). Briefly. the propagation velocity (W) of an
eleciromagnelic wave in a transmission line of a known lepgth
1s determined.

2 w2l
V=c/(x,l+{l+;an 8) 2)

where ¢ 1s the velocity of an electromagpetic wave in free
space (3 x 10" m/s) and

1an § = {K” + (0, /wel)} /K (3)

If tan & 1s much less than | then

V=c/(K)? (4)

For all the soils studied by the authors, to date the electnc loss
has been small and bas not significantly aliered the measured
propagation velocity. Even though not measurable, the effects
of clectrical loss did exist in our estimate of X, therefore we
called our measured diclectric constant the apparent dielectric

consiant A,. Thus for low-loss. nearly h;omoggnoua mateﬁ
K.=K -
Figure (o) is 2 block diagram of lhc TDR system.

"TDR source generated a fast rise 1ime siep fupction. 3¢ Sho

in Figure 1(b) at A. The siep propagated down a standify
transmission line through the receiver B o (he (ransmissich
line under test C. R

The recciver used an electronic samplmg technique 10
out a lower-frequency facsimile of the high. frequ:nc\ in
The sampling principle is analogous to the principle of opti
stroboscopes, which are used 10 make rapidly moving lhmg;
appear 10 be at rest or maving very slowly. Ma.ny transmitted
pulses were generated by the TDR in the time necessary 16
produce a scan, which was displayed on the record. The tirn™
ing circuits of the sarpling receiver were synchropized with:
the source. The TDR output consisted of a signal, which was
displayed on a cathode ray tube and photogxaphed; or ploed
on ap x-y plotter, and the data could also be recorded og ana-
log or digital magnetic tape for future signal processing. A
number of TDR systems are available. For the readers’ bene-
fit we include the pame of the TDR syst¢rn used in this
study—Tektrontx Model 7512 TDR samnler with $-52 and §-
& pulse generator and sampling heads 1n 2 7603 oscilloscope
mauw frame.

The transmission line under test, C. usually had different
electncal characteristics from the standard transmission line
in the TDR. and thus part of 1he signal was reflected and pant
of the signal continued down the line 10 1ts end D, where all
the signal was reflected from either an open or short circuit
Measurning the iravel time of the step beiween € and D and
knowing the transmission line length. we determined the
propagation velocity ¥ and thus derived K, Davis et al. {un-
published manuscnpt, 1980) discuss the praciical deails of the
etecincal responses observed acd the nterpretation iechnique
used.

The Coaxial Transmission Line Sotl Column

A coaxial s0i] container of 5-cm inside diameter was chosen
ay a minimum size that would give an adeguate sampling i
soil conditions when applied to trapsmissior lines in the field
The necessary electrical response was verified by measuring
K, of water (81.5 a1 20°C) and K, of air (1) to beuer than 2%
of reading. Since soil at all water contents measured some-
where between these limiting values, we assumed the trans-

TIAXIAL CONNECTOR

END 2P
5 outer ConsucioR

0\ _-INSER  JONIJITOR
SPLIT TUBE-L !

- PCRCUS TERamIC

CROSS SELTKN ‘2-'8

Diagram of the coaxial transmission line sol column, show-
ing the posivon relationship of the ceramiccapped cops.

Fig. 2
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mission lioe design was adequate for the intermediate values.
This meant that these laboratory results could be applied di-
rectly (o field measurements by usiog parallel transmission
lines with 5-cm spacing { Davis and Chudobiak, 1975].

The lengths of the soil in the coaxial lines were either 1.0 m
or 0.33 m, depending on the expecied electrical loss in the soil
under lest. In a soil having high clectrica) attenuation (loss),
the shorier transmission line length improved the precision of
determining the electncal response from the end of the line.

Water was inserted into or removed from the soil, with mig-
imal disturbance, through 1-cm-diameter porous ceramic
disks spaced 5 em_apant on two sides of the coaxial sample
holder as shown in Figures 2 and 3. PTFE (poly-
tetrafluoroethylene, also known by the trade name Teflon)
disks | cm thick were placed at the ends of the sample to hold
in the soil and water and to support the center conductor. The
waler added or rernoved was measured in bureties with 2 pre-
cision better than 0.5% of the total sarple volume (615 cm? or
1844 cm*). The water content throughout the experiment was
known 1o within 1%,

Usually water was added until it just began to flow out of
the ends of the sample holder and then dried first under grav-
ity and then suction. The wetting and dryweg cvcles could be
repeated as oflen as desired for any panicular experiment. At
the end of the final drying cycle the split coaxial soil sample
holder was opened in haif along its length, and the soi} water
content was measured, using regular gravimetric techniques.
The air dry soil water content of the soil pul into the holder
was always determined before water was added. The soil dea-
sity was measured before and afier the weiling took place, and
it was found that these density measurements agreed to betier
thar 1%, 10 all cases.

Soils and Other Porous Media

In the initial evaluation of the TDR procedure. four min-
cral soil materials were chosen 1o give a wide range of textures
{sandy loam to clay) and varying orgamic matter conleats. The
panicle size dustributions and percentages of organic material
are listed in Table 1. As a further test of the applicability of
these techniques, an organic soil. ground vermiculite mineral,
and two sizes of glass beads were also studied. It was assumed
that this range of matenials, although chemically simples, indi-
vidually, than soil, would represent the chemical and physical
extremes of pore sizes and surface properties encountered in
soil and thus would represent the range of electrical properties
given by soil maierials. Using matenals with well-defined
physical propertics, e.g., glass beads. allowed technique or
tquipment comparisons to be cartied out.

Torr £1 AL MEASUREMENT OF SOIL WATER CONTENT
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Fig. 3. Diagram of the water input and removal procedure,

The minera! soil materials were taken from the field, dried
in air at room temperature, and passed through a 2-mm sieve.
The vermiculite minera! was ground 1o pass through a 0.5-mm
sieve. The organic soil was dried at room lempcerature in air,
but was not sieved. All of these porous media, except the or-
ganic soil, were packed into the coaxial cylinders by using me-
¢hanical vibration of the cylinder, while a rotating funnel
carefully deposited materiat around the center conductor of
the coaxial cylinder. This method was a modification of that
of Jackson et ai. [1962] and was found to give very uaiform
lateral and longitudinal deposition of the marterials. The or-
Banic soil was packed into the cylinder by manually adding
increments of a few grams of soil to the cylinder and packing
each one on the last one by using a disc which had clearance
on the center conductor and walls of the coaxial ¢ylinder,

Experimental Variations Applied

A series of 18 different experiments were carmned out 1o as-
certain the influence of selected parameters on the relstion-
ship between water content and apparent dielectric constant -
A list of the experiments is presented as rows in Table 2, and
vanauons on the parameters of each experiment are given in
the columns. S

In column B ihe size given for glass beads represents the
median value, and the bracketed number gives the rangs of
panticle sizes. Column F gives the range and cyctic panern of
waler content changes applied 10 each experiment in whith:
the dielectric constant was measured. A sequence of aumbers
such 2s 0.018/0.431, 0.192. 0.415 means TDR measurements
were made at 8, = 0.018 (air dry) but not again until #, =
0.431, and then at #, increments of <0.02. during decreasing
water content, (o §, = 0.192. followed by increasing #, 18
0.415. etc. Column H indicates the figure in which the datx
from each experiment have been presented.

The experimenis were chosen 1o find out the effects of Tex-:
ture, bulk density, temperature, salinity, and hysteresis on the-

TABLE 1. Sou Type. Panticle Size Distribution. and Percentage of Organuc Maierial of the Four
Mineral Soils Tested

Percentage Percentage
Soil Type, Percentage of Sily, of Sand, Percentage
Depth of Clay, 0.002-0.0% 0.05-2.0 of Organsc Textural
in Centimeters <0.002 mm mm mm Matenial Class
Rubicon 9 26 65 3 sandy loam
(0-20 cm)
Bainsville M 36 30 6 clay loam
(0-20 cm)
Bainsville 36 42 22 1 clay loam
(40-50 cm}
Bainsville 65 k3! 3} 0 heavy clay

(90-110 cm)
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TABLEY Expeniments Performed 1o Esiablish the Relationship Beiween Water Content and Apparent Dielectric Consiant
Dry
Density Date, Data
Depth Dunng Waler Content, Durationof  Appear
Expen- Size or in Study, &, Range, Experiment, in
ment Medium Texture Field gmcm™? Solution and Cycles Days Figure
! Rubicon soil sandy loam 0-20cm 1.43 001 N CasSQ, 0.018/0.431.0.192. 6/16/1976 (11) 4,5
0415,0223
2 Rubicon soil sandy loam 0-20cm 1.44 0.01 N CasSO, 0.02,0431,0218 4/12/1977¢13) 4.5
3 Rubicon soil sandy toam 0-20cm 1.32 0.01 N CasoQ, 0.016,0.455, 0.336, 4/22/5977(30) 4.5
0.403, 0 297, 0.407,
034
4 Rubicon soil sandy loam 0-20¢cm 1.38 2000 ppm NaCl 0022, 0.449, 0.396 9/2/1977 (3) 8
5 Bainsvitle soif  clay loam 0-20cm 1.23 0.01 N CaS0O, 0.072/0.45%,0.261, 6/24/1976 (15 4
0.439,0 286
6 Bainsville soil  ¢lay loam 0-20cm 1.23 0.01 N CaS0, 0.324 7
7 Bainsville sl clay loam 40-55cm 1.04 0.01 N CaSO, 0.069/0.532, 0.348, TA2/1976(12) 4
0.501.0.340
5 Baingville s0il  clay loam 40-55¢m 1.04 0.0) N CasoO, 0.073,0.526.0.337 1/23/1976 (8) 4
9 Bainsville soil  clay 90-110cm 1.14 0.01 N CasoO, 0.058, 0.454, 0.354 7/30/1976 (6) 4
10 Qrganic soil n.d. 0-20¢cm 0.422 0.01 N CaSO, 0.033,0.551 10/7/1977 (30} [
H Yermiculite nd. na. 1.08 0.01 N CaSO, 0.048,0.539,02;2 9/16/1977 (8) -]
12 Glass beads 30 um (19-50) na 154 water 035022 772271977 (8) 6
13 Glass beads 0pm(10-50) na 1.51 waler 0.0.318.0.039. 5/3/1977 (26} 6
0.325.0.124,0.518,
0113
14 Glass beads 30 zm (10-50) na water 0.0.338,0.159 6/13/1977(13) 6
15 Glass beads IPum{10-50) na 1.83 2000 ppm NaCl  0/0.348,0.116, 0.307, 8/3/1977(15) [
0.150
1] Glass beads 450 pm r.a. 1.60 2000 ppm NaCl  0,0.332.0.06 /12/1977 (%)
{300-600}) .
17 Glass beads 350 pm na 1.60 water 0.0334,0046 6/271/19717 (1) 6
(300-600)
18 Glass beads 450 um na 1.61 waler 0.0.327,0.061. 573071977 (13y 6
(300600} 0.299, 0.065

Columns A-G give the value of paricular paramelers adjusted for each cxpenment listed in rows.

N d. rot determined. n.a.. not available.

relaucnship between water content §, and apparent dielectric
constant K,. In addition it was necessary 10 check the repeat-
abunty of the methods. ’

For a wide variation in soil materials, the texture and dep-
sity were inlerrelated and could not be separaied independ-
emtly for this study. Those expenments whose results display
the effect of texture were one from each material tested. c.g..
2.5.7.9.10, i1, 12, 18. In addition these materials had a wide
range of specific surface area and sull permitted the in-
troduction and extraction of water. Although a range of den-
sity of 1 to 1.6 gm cm > was obiained for the inorganic maten-
ais. this range was not independent of the vanauon in texture.
Experiments 2 and 3. for one soil type. show a 9% difference.
which was the maximum range in density attainable while
maintainiog a uniform density in the sample during changes
in water content.

The effect of temperature was siudied in experiment 6,
where the temperature of the room io which the experiments
were carried out was vanied from 10°C to 36°C. The water in-
put and output connections to the coaxial cylinder were closed
when the soil water content was 0,324, The apparent dielectric
constan{ for this 1 m length of soil was measured at selecied
iemperatures. The temperature of the soil was measured by
using thermocouples placed inside the inner conductor and
outside the outer conductor. The room. soil, and electropic
equipment were allowed 24 hours to siabilize after each tem-
perature change. All other experiments were conducted at a
controlled temperature of 20.5°C.

In experiments 4, 15, and 16 the water (s 0.0! N CaSO, so-
lution) was replaced by a solution comtaining approximately
2000 parts per million sodium chloride (2.112 gm I'). These

expenments tesicd the influence of soluble salt on the appar-
ent dielectric constamt. Most of the experiments were cycled
through changes in water conteet (o determine if hysteretic ef-
fects existed in the §, versus K, relationship. To determine the
reproducibility of these procedures. duplicate experiments
were carmied out. eg.. | and 2. 7 and 8, 12 10 14, and 17 and
18.

RESULTS aND DISCUSSION
Dielectric Consiant Versus Water Content

Figure 4 presents the relationship oblained between appar-
ent dielectric constart K. and soi) water content 8. for the
four norganic soil materials. Although these soils vaned
widcly in both density ard texiure. there was little difference
in the K, versus 8, relationship from one soil 1o apother. Be-
fore discussing the relationship between K, and 8, in detail,
we shall determune first whai effects texture, depsity. temper-
ature. and soluble salts had on the relationship. We shall also
discuss our experimental reproducibility 10 give evidence of
the significance of the data.

Effects of Texture and Density -

A compartson of the results of expenment 2 (s), which used
2 sandy loam soil, with those of experiment 9 (o), which used
a clay soil, indicated differences that texture or specific surface
arca had on the relauonship. The clay soil showed a lower K,
2t 8, = 0.1 but a higher X, when 8, was increased to 0.40 than
was observed for the sandy loam soil. Therefore, for the fine-
gratned material the X, versus &, relationship showed greater
curvature above &, = 0.1. A similar effect was observed for
vermiculite and the organic soil. A possible cause for this is
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Fig. 4. The measured relationship between X, and 8, for the four Fig. 5 The measured felavonship betweer K, and 8, for the

mineral soils. The solid line is the empincal best-fit equation and the  Rubicog soil; the measurements were made at different times and on
dashed lines are shifted +0.025 tn 8, The experiment numbers refer  different subsamples. The solhid line is the best-fit equation (sec Table
10 those used in Table 2, - 3} and the dashed liney are shufted =1 in A

discussed in the section below. cntitled Relationship Between umetric waler content. Vwing 16 ev2poration and other wailer
K, and 8, in Diffecent Materials. losses during the experiment. was less than =0.008 in all cases.

In Figure 5. the data from expenments i. 2. and 3 show that  In an atiempt 1o show the magmiude of the daza scatter in re.
the %% change in bulk density of the Rubicon sandy loam soil  lation 1o these measursment uncertainues. we show 1n Figure
had no measurable effect on K, The error of estimate of K, 5 a band whose venica heizhl i+ 2 in X, This hand encom-
for these thrce experiments cumbined is 056 as showr in passed most of the data points of the three experiments. When
Table 3, which is of the same order as the measurement accu-  we doubled the error of estimate 1the 957% confidence limits}
racy. Similarly, the data Figure 4 resuited from soil with of K, for the combinanon of experiments i, 2. and 3 shown og
density ranging from 1.14 1o 144 gm cm™, and it is impos-  Table 3. we noted tha it was =11 which was similar to the

sible to identify any effecy resulung from density alone results of our first estimate. Experuments | and 2 were carried
‘ . out 7 months apan i differens designs of sample holder and
Experimental Reproducibiity by different experimenzers Tables 3 and 4 show a number of

Table 4 lists the third-order polynomsal equations derived  other examples of the cxizllznt e\perimenta! reproduciblity.
and the error of estimates of K, and 4, for each experiment.
The pumbers 1 brackets are the standard deviations of each
cocfhicient. The error of estimate is the square root of the re. The use of plass bead- a- a study medwm provided, first,
sidual vanance or the standard deviation of K, when 8, s \he OppONEmity 10 siudy the A versus 6, relationship over a
known and vice versa for the error of estimaic of 6, Table 3 wide range of §. whese 8. could be changed relaniveiy easily:
lists the derived equation and error of estimates for a pumber second, a means 1o meastre hysteresis, if any. in the KA, versus
of combinations of the txperiments. 8. retationship; and third. a relaiis ely casy means 1o introduce

The major source of uncenainty was from the measurement saline solution without the associated problem of changing the
of the travel time on the photograph records, resulting 1n an  phvsical structure of the siudy medium. as happened with soil

Relationship Between K endb ir Different Marerials

error of estimate of =1 in X, The uncertatnly of the vol- The experiments tha: used the glass beads again demon-
TABLE 3  Equation and Error of Estimaie for Combinauons of Expertments to Determine the Relatonship of &, versus 8, '—-_'
Coefficients of K, = 4 + B8, + C82 - D8’ » Siandare Deviation Error of _'_g
— Estimate of =%

Experiment Medium A 8 C D K,and 8, %}
1.2.3 Rubicon SL 159 (20 16) 219 (219 102 4z So) 448 (239) 0.56 0.89 ',"f
2.4 Rubicon H,;0 and 2.65 (£0.09} 16.5 (x1.1) 123 (= 31 610 (=23 0.26 0.83 a
Rubicon NaC) P~
1,235,189 all minecal soils 103 (20.25) 9.3 (£2.8) 146 (1 §2) 6.7 (£5.7) 1.07 13 55

12.13, 14 glass, 30 um 379 (£0.25) 413 (£1.2) 634 (£108) 270 (£8.0) 071 LOT

1718 glass, 450 um 157 (2021) 317 (£29) t14 (2107 68.2 (£8.0) 0.71 L4

12.13,14, 17,18 glass, 30 um and 355 (20.17) 380 (£2.2) 841 (2 79y 4.1 1=59) 075 llﬁa

450 pm ==




TABLE4. Equalion and Error of Estimate for Each of the Experiments

Coefficients K, = A + B6, + C8,: - D§,’ Error of
Expen- Estimate of
menl Medium A B C D K,and 8 x 1077
[ Rubicon SL + H.O 274 (£0)2) 182 (x 3.2) 113 {1—9-.6) S25(x 68) 042 073
2 Rubicon SL + H;0 256 (20 14) 161 (£ 1.7 127 (z 5.1) 644 (£ 3.6) 032 0.17
3 Rubicon SL + H,0 165 (20.28) 276 (z 34 80.3 (+ 9.9) 2902 7.00 065 079
4 Rubicon SL + NaCl 287 (£0.15) 154 ¢+ 1.8) 125 (x 5.3 618 (£ 37) 0.28 0.83
5 Bamnsville CL + H,0 2.76 (20.54) -1.9 (= 54) 196 (£16.0) 115 (211.Y) 062 1.2
6 Bawmnswville CL + H,0 423 (21.22) -56.6 (112.9) IS0 (237.1) 216 (225.5) 1.43 1.2
8 Bainsville CL + H,0 2386 {(x1.13) —-2.26 (x11.8) 192 (2337 111 (x23.3) 131 L6
9 Bainsville C + H,0 33 (205 =77 (£ 64) 222 (x18.6) 136 (x188) 0.69 1.1
10 organic soil 1.74 (20.22) =034 (£ 2.3) 135 (2 6.2) 553 (2 4.0) 038 1.8
11 vermiculite 2.45 (=0.35) 1.8 (= 3.5) 83.1 (£ 9.5 222 (£ 6.5) 063 14
12 glass, 30 um + H,0 3.62 (20,26} 413 (£ 29 $92 (=10.Y 226 (£ 1.9) 026 0.33
13 glass, 30 um + H,0 3.88 (2013 413 (£ 1.9) 4S5 (2 6 181 (2 5.0 035 053
14 glass. 30 um + H,O 303 (2017 435 (= 2.1) 496 (x 1.0) 146 (2 5.1) 0.28 0.46
15 glass. 30 um + NaCl 389 (£0.74) 396 (t 82) 69.3 (£25.7) 313 (£18.4) 085 1.3
16 glass, 450 um + NaC! 3.30 (£0.34) 310 (= 5.0) 110 (£183) 63.1 (=13.8) 054 14
17 glass, 450 um + H,0 333 (£0.25) 328 (2 37 16 (214.T) 70.9 (=10.3) 0.6t 1.0
18 glass, 450 ym + H,0 3.76 (20.31) 305 (2 4.3) 1S (21586) 67.8 (£11.7) 075 1.2

strated the excellent reproducibility, as shown in Tables 3 and
4 and Figure 6. A possible reason for the slightly greater scat-
ter of data in the 450-um glass beads was because the water
was not distnbuted as uniformlv in the coarse material in the
large sample holder. The measured relatioaship between K,
and @, for glass beads was observed to be less curved, espe-
cially for the 30-apm beads. than that for the soil material (see
the second- and third-order cocflicients in Table 4). ln addi-
tion. there was a venical displacement of the curve for glass
beads. which resulted from a higher K, (=3 5) for dry glass
beads a5 opposed 10 =3 for dry soil The vermiculite and or-
eanic soil showed relauonships with greater curvature a1 8, up
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Fig. 6. The measured relationship between X, and 8, for the min-
eral soils, 30 pm plass beads, ground vermiculiie, and ag organic soil.
The area between the dashed lines is the same region as between the
dashed lines in Figure 4,

10 0.2 than either glass beads or the other soils. Both the ver-
miculite and the organic sod showed litile measurable change
in K, untit 8, was greater than 0.10. The remainder of these
curves was sumilar 1o that of the soil material. The dashed
lines in Figure 6 enclosed 93% of the data given in Figure 4.
These curve shapes gave qualitative confirmation of the hy-
pothesis that the active surface area of the soil controls the
dieleciric properties of the first few molecular layers of water
added 10 the sol. The Brsi layers, being constrained by the
electric field of the soil panicles, showed a dielectnic constant
nearer 1o that of water constrained in ice siructures (i.¢., K' =
3). Subsequent molecular layers had dielectric constants
somewhere between 3 and 81 for liquid water. Wang and
Schmugge [1978] discuss this further. Inconsistencies in stan-
dard laboratory measurements of the surface of the soil mate-
rials frustraied atiempis 1o quantify the relationships govern-
ing surface area. added water, and measured dielectric
constant.

Hysteresis of the K, vs 8, Relationship

Although there was little reason 10 expect hysteresis in_the
K, versus 8, relationship. we did observe some. The separation
between wetting and drying branches of a cycle were scidom
greater than 2 in K_and are therefore within the limits of ex-
perimentz] error. An apparent hysteresis was observed with
both sizes of glass beads at low water contents. We now be-
lieve this was an experimental antifact that resulted from the
nonuniformly distributed water during the initial weiting
from the porous cups positioned on the outer conductor of the
coaxial cylinder. Annan's (1977} calculations indicated that for
cases of ponuniform disinbution the measured K, was biased
toward the K, of the material surrounding the inner con-
ductor. Our observations were in accord with those calcu-
lations. This factor should be present in all experiments but
was only observable with the glass beads that could be dned
casily to &, = 0.05 or less. The distribution problem of the wa-
ter occurred mainly on the initial wetting. After an increase of
about 0.05 in 8,, there was no longer any significant effect of
uncqual water distribution oo the measured X, versus &, rela-
tionship,
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Variations Due to Temperature

The results of experiment 6, 10 ascertain the influence of
lemperature, are given in Figure 7. The overall variation of K,
from 10°C 1o 36°C is less than the experimenial error of *1
shown by the vertical bar at T = 20.5°C Davis and Annan
[1977] and Wobschall |1978) reported that K, in wet soils did
not vary significantly as the temperature was varied from 0°
1o 30°C.

Variations Due 10 Change of Soluble Sali Content

A companson of K, versus 8., from experiments 2 and 4
(Figure 8), shows that the presence of sall in the liquid phase
of the soil-water sysiem caused oo measurable effect on the
apparent dielectric constant. The results for the glass bead ex-
peruments were similar. In other words. the dissolved salt did
not alier the speed of travel of the voliage step in the medium.
However salt did increase the attenuation of the voliage step
as it traveled in the soil medium.

Usually more scatier was found in the relationship between
K. and 8. where salt solution replaced the water. This increas-
ing attenuaton effect was not only observed whep sall was
added 10 solution, bul 1t was also noted as the soil temperature
was increased or as the sotl grain size decreased and as the soil
water conten! was increased. A quantitative analysis of the
shape of the reflecied signal from a known length of soil has
the potential of showing the aitenuation of the vanous fre-
quency components of the step pulse.

The TDR technique, being wide band. had the advantage
of preferentially using the optimum frequencies in the soil un-
der test. which were a compromise of minimum attenuation
and maximum resolution. The attepuation of ¢leciromagnetic
signals in the wetter sol} increased with frequency. and the
resolution decreased wih decreasing frequency. It is hoped
that the data from these eaperiments can be used 1o identify
the best compromise of frequency for panicular soil iypes. Us-
ing a parrower bandwidth svsiem over the opltimum fre-
quency range will enable us to increase the signal powet into
the soil and thus maintain resolution and possibly wncrease
penetration range.

Empirical Relationship Berween K. and 6,

This study showed that the TDR approach has a great deal
of potential. bath for funther use in the laboratory and wn the
field. A third-degsee polvnominal equation was fit 1o the data
from the four mineral sous tn Figure 4. The equation for this
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Fig. 7. K, versus iemperature from experirnent 6 with Bainsville

clay loam surfacc soilat §, = 0.324. The venical barat T= 20 is 1 in
K, and represents the measurement precision.
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Fig. 8. The measured relationship beiween A, and 8, for the
Rubicon soil, where the water solution (001 N CaSO‘) for experi-
ment 2 was replaced by 2000 ppm NaCl in experiment 4.

kne 15

K, =303+934§ +~14608°-757¢° (6)

This equation was constrained 1o pass through (81.5, 1) the
datz point for pure water a1 20°C. Measurements of K, versus
8, for clays at water contents between 0.6 and (195 have also
been carmed oui. The daia poinis lic along the empirical curve
{6} sansfactonly.

The lines on either side of the daia were shifted from the
above equation by 0.02% in €. and the band >o formed was
found to enclose more than 93¢ of the measured data. Many
of the data points failing outside this band occurred at low or
high water content extremes, which are less ofien encountered
in the beld. Note that the usval statistical methods for deter-
mining the corfidence limits were not strictly appropriate here
because the scatier was due not unly 10 measurement poise .
but. more significantly. to vanations from soul 1vpe. soil dep-
sity. soil temperature. and soluble salis in the water. and -
therefore. the data were not necessarily normally distributed.
If s1atistical methods were emploved as showrn in Table 4 for
expenuments 1. 2. 3, 5.7, 8, and 9. then doubling the error of
estimate gave the 95% confidence limit of 0.026 in &, This re-
sult was similar to the nonstatistical technique we first em-=
ployed because there are a large number of data points. For
general application to mineral soil. this curve can be used’ IS-
an empirical calibration for determination of water conu'.n!-_,
with a standard error of estimate of 0.013 (i.c.. }.3%) over_ib
complele range of water contents (Table 4) Specialized a
calions requinng greater precision. (o the instrumental Hmif gy
+0.01. or using unusual soils require calibration for the p i
ular soil understudy. .

8, The following equalion, which uses the same data as: ;:
assumed K, was known. To find 8, we use
6, = —53x 07 + 292 x 107K, — 5.5 x 107*K.?

+ a3 x 10K, 15
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fig 9 A companson of resulis of the TOR experiments or four
Jiiferent souls possessing a wide range of teatures with the resalts of
other expenments which use a vanety of techniques and soils.

Comparisons With Other Elecirical Measuremenis

The strong relationship between A and 8, found n these
expeniments has been observed by other experimeniters. using
different electrical iechniques within the same frequerncy
range. Figure Y shows 3 comparisen of our TDR expeniments
on tour minera! sotls with $ix cther reporied expenments tha:
wre many diferent mineral souls and range 1n frequency from
MAH e 1 GHr The dzia of Haeksira and Delaney [1974)
and Mipp [1974] were not shown because their daia at the low-
=<t eapenimental lrequencies used. S00 MH7 and 30 MH.. rz-
socctively, pave much higher dielectre convants fup to 130
diclectnic constant at waler contents zround 015 and 0.20)
than those shuwn in Figure S. Huehstra and Delancey’s dala
Jierged from ours significantdy 2t water contents 2bove 0.1
Loth Hoeksira and Delanen’s. and Hipp's data poinis at =
GHz and | GHz. respectivels, agreed o within K, = =3 of the
empunical curve obiained by using the TDR reported here T
was dificult to expian why the Hozkatre and Delaney date 2t
water contents greater than 0.1 and a1 500 MMz, using the
TDR 1echmque. d:d not agree wnh our dai2 nor with cther
sxperimeniers’ results at 300 MHz and | GHz. Wobschalls
[1978] theoretical curve was lower than any of the other daia
reported. though his 1977 cune [ Wobschall, 1977] appeared to
fit Thomas' [1966] curve at water contents below 0.3 It was
Jlear though that Wobschall's theoreucal curve did run low
compared to all the expenimental data reported. Sefig [1975]
showed many data points of X, versus 8, obtained at 20 MHz
by three different experimznters. and these fell satsfactonty
around our empinical equation over the 0.30 to 0.60 water
conlent range.

It was interesiing 10 note that measurements made at 6 GHz
on wel snow samples over a water content range of 0.05 to
0.20 agreed well with the curve given here [Sweeny and Col-
beck, 1974] This was not too surpnsing, since the dielecinic
constant of ice was 3.15, which was very similar to the dielect-
ric constant of dry soil. 3.0, and the other components of the

AR LA Nt
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mixture were the <ame AL higher water contents Sweenes and
Colbeck’s curve diverged from ours. which was probably due
1o the increasing ¢fects of the relaxation mechanisms of the
water molecules. 1t was furiher evidence that there is a funda-
mental relationship between the apparent dielectric constant
and volumelnic water content in wet granular mixtures.

CONCLUSIONS

The results of this study have shown that the apparent di-
electric consiant is strongly dependent on the volumetric water
content of the soil. In addition. the dielectine consiant was al-
most independent of soil density. texture. and sah content,
There was no significant temperature dependence. The appar-
ent diclectric constant vaned over a range of 3 o 40 for a
chapge in the volumetric water content of 010 0.55 in minerail
soilis. The simplicity of measurement. using time-domain re-
flectometry. and the empincal equauion derived here provide
a powerful tool for measuring soil water content rapidly and
-=hably.

The fact that the results of more than 10 different expen-
menters. who used widedy differing soils. electrical measuring
techmiques. and frequencies. agreed closely with the empincal
curve reporied here is further evidence that A, was strongly
dependent on 6. and only weakly or soil type. density. lem-
perature. and frequency between 20 MHz and | GHe. The ex-
cellent agreement with other experimenters also showed that
TDR is a useful iechnique for measuring a: high frzquencies
the electrical properties of matenals

Although coasal transrmssion lines are inappropriate for
freld use. the nsiallation of parallel ransmision bhnes are
beirg evaluated as a tool to determine soil water ¢conient ver-
sus depth. The prehminany results of these eapeniments are
veny envouraging as indicdled by Do e el 1977,
practicza] preblems require rzsolunion: Rl the dusian Cf trans:

Tas
DSOS T COMPUnents Jur COUMUM fosQibhch W hv Ji-
elecific vonstaitl wiith deptli in the suill. and sevond, the desve;-
vpment of pracederzs for installaton ol the ransmissial Jues
<o that the hnes de notinfluence the wetting and dnving proc-
essexan the sal, Both laboratory and tield eapernimenis ar¢ wn-
derway tc develop funber the appheation of this techmigue o
obiain rapsd reliable measuremeniy of VOIUMEINIC waidf Cult-
teni in the feld.

ek nowledemenss Thr suthers sre veaefe’

1ey Zebechub, and Jans: Qiorosho tor thenr sssnienide with evpenment
proweduares and Jae aralvaes
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R-5 Revisited
2. Reevaluation of a Quasi-Physically Based Rainfall-Runoff Model
With Supplemental Information

KeiTH LoAGUE

Department of Soil Science. University of Culifornia. Berkeley

In this paper a new set of infiltration data for 2 small rangeland caichment. descnbed 1o the
compamon paper (Loague and Gander. this issuc), 1s used 1o reexcite and reevaluate a quasi-phywically
based rainfall-runoff model that was previously tested by Loague and Freeze (1985). The ranfall-runoff
model is an event-bused simulator of the Horton overland flow mechanism. The performance of the
maodel ty shown 16 be somewhat improved in this study with the supplemental informanion over the
original study. However. the model does not fully approximate the rainfall-ruroff processes for the
catchmen:. a combination of Horton and Dunne overland Aow. and therefore the new data do not lead
10 an overwhelming improvement in the model performance.

Can it be that the vasi lzbor of churacierizing these svstems.
combined weth the vast labor of analvzing them. once they are
adequately characterized. is whollv disproporionate to the
benehis thai could concevably foilow

] R. Phlip. 1980

INTRODUCTION

In an earlier part of this study the efficiencies of three
uaderlving event-basad rainfall-runoff modeling techmques
were comparcd using data from three smali upland cutch-
ments Lo and Freezeo 19R30 We reported. somewhat
strprisiaght at the ttme. that & gquasenhvsicailh Pased sain-
;aii-tunofl model (QPBRRAG Gid ol pene
rangeland caichmicnt iR-Fr whose charooiemutiog were be.
nicved. from some istance. 1o he w2l rzpresented ry the
Mwodel. This paper is ar oxvension of the ook ropomcd by

I.ozgue and Frevze.

- ' HI - .
Fpo B S o P P |

sstic-conceprual rainfali-runoff models. depending upon the
scale of intere<t, i the spanal and tempora; variabiity of
~ainfall rates and ncar-surface soil hyvdraulic properuss. lo
improve the spatial charastenzanon of runof response
coross Re30 0 larse new o of asady <ate anflretion
Teustrements were made. The s Hs trom this field study
are reported in the compamon pupzt iLovzur and Gander.
-hisassuel. The supplementz) infiltrztion information for R-*
15 used here (o reeacite and reevaluate QPBRRM 1o test. in
geners!. whether the performance of catchment-scate mod-
e!s of the same spint as QPBRRM can bhe expected to
improve. as s often anticipated. given addibional daia,

Sireamfiow Generation

The mechamsms of streamflow generation [Freeze. 1974:
Dunne. 1978; Pearce et al., 1936} have been studied in some
delail for at ieast 50 vears. There is now considerable knowl-
edge regarding rainfall-runoff processes and their controls. This
undesstanding 1s the result of bath careful observations from
field expenments [e.g.. Dunne and Black, 1970u. b)] and the

Copynight 1990 by the American Geophysical Umon.

Paper number 89WR0X 32,
0043-1397/90/89WR-031312505.00
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heunstic simulations of hypothetical realities with rigorous
mathemanical models [e.g.. Freeze. 1972a. b

The discharge that is measured at the downstream end of
a channe! reach is supplied by channel inflow at the upstream
end of the reach and by the laieral inflows that enter 1he
channe! from the hillslope along the reach. These lateral
infiows arrive at the channe! in the form of groundwater.
subsurface storm flow. and’or overland flow. Groundwater
provides a base flow component to streamflow while the
fashy response 1n streamflow (o indiadual precipiation
overiand flow  Subsurface <o fow can be oo dJominant
streamfow gencreiion mechantsm only when the impeding
subsoil hurizon faieralls diver~ iatlirating waier dov nslony
Under intense rainfali evenis. whore the surtace ser! s
Pecomes saldrated to some Jenin water oabie e angais
through preferred pathwave rapidly enough 1o deliver con:

T
TS

rbuhions 1o the strzan during the peah runof penod.
conditions for sebsurface storm low are quite resingine,
The mechaniam v most ke 1o Be aperalive on sfesr
Lumid forsaind Rillylomesy with verv permeahle surface ol
the imporizace of large
continuous openings for water tov i sotls

Overland Sow s gencnited on o dldope onb siier simacy
saturation and ponding tuhe pheoz 1as now wideh avoentod
that surface saiuration cun ooour bevause o1 1wo quite
distinct mechanisms. Horon overland flow and Dunne orver-
land flow [Freeze. 1980). The classic mechanism of Horton
overland flow s for & precipsiation rate that exceeds the
saturated hyvdraulic conductivity of the surface ~oil. The
necessary conditions for the generation of overland flow by
the Horton mechanism are a rainfall rate greater than the
saturated hydraulic conductissty of the sail and a ranfall
duration longer than the required ponding time for a given
imitial moisture profile.

As a parallel 1o naming Horton overland flow afier its
discoverer. Freeze [1980] referted to the second mechamsm
as Dunne overland flow. In this case. the precipitation raie is
less than the saturated hydraulic conductivity. and the iniual
water table is shallow or there is a shallow impeding layer.
Surface saturation occurs because of a rising water table,

Beven and Germann 11982 review




974 : l.oradt

R-S Revisiten: Movel Risvarvatnion

Rantall I
{read ]
breakpoint gata )

Soil Properlias .
l (read or calculate )

Channel Geometry
ang Characteristics
(read)

Cverland Flow Plnne1 i
and Characternstcs

{coad}

Y Y

Calculate Excess Raintall

tor Each Soit Type tor Each Tine Step

L Calculate Lateral inflow Hydrographs
for Each Channel for Each Time Step

L

Calculate Channel Flow Hydrographs
tor Esch Reach for Each Time Siep

* Rogowski { 1972}

Fig. 1.

Ponding and overland flow occur at a time when no further
soil moisture storage is available.

Horton overland flow is generated from partial ureas of the
hitislope where surface hydraulic conducuvities are lowest,
Dunne overland flow is generated from partial areas of the
hillslope where %-ater tables are shallowest. Both the Horlon
and Dunne mechamsms lead to variable source areas that
expand and contract through wet and dry periods.

Modeling Hvdrologic Response

Twenty vears ago. Freeze and Herlun (1969} proposed a
biueprint for a deterministic-conseptual hvdrologiz response
model based upon coupling the partial differential equations
which descnbe water movement In general. the ramntall-
runoff process cun be divided inlo ihree water lranspor!
phases deaeribing (D) flow into. through. and out o7 saturat-
ed-unsaturaied porous media. 1 2roverhund flow  and X open
channl flow,

Or a three.dimensional hiisiorz the procasses of mithra-
ton. subsuiface flow. and eafiltraiion are generally de-
scribed by the equations of saturated and unsaturated porous
media fow . These equations resuii from combining a conli-
mety relationship with Darcy '~ law . The groundwater fow
equation and Richards™ equation describe ~eturated and
ensareralzd flow. respeclinely.

On z recharpng and discharging sheet flow lane, over.

TABLE !. Charactersiics of QPBRRM
Charactensiic OPBRRM
Streamflon Generatior Mecharnisnn
Horton overland low ves
Dunne overland flow no
Subsurface storm flow no
Groundwater flow no
Hyvdredogic Response Processes
Infilizativn yes
Rewnfiltration ves
Exfiliration no
Spanally Variable tnput
Soil properues ves
Overland and channel flow charactenstuc yes
paramelers
Rawnfall no

Flow chart of the operational structure of QPBRRM (adapted from Engman [1974]).

tand flow is described by the simulianeous solution of the
hvdroedynamic equations of continuity and motion, Collec-
tively. these relationships are known as the St Venant or
shallow water equations. The shallow water cquations also
describe the flow in a recharging and discharging ¢hannel.

A model that rigorously couples the three water trunsport
phases as described here, once seemingly well within reach
but as of yet undeveloped. is probably best suited as a
research tool for the formulation of concepts based upon
generic simulations ai the hilislope scale. This type of model
15, however, of little use ax fur as the operational hydrologist
is concerned due 10 stepgerning daia requirements,

Model Efficienay

League ang Freeze TIORSEdissuess Sibration. veniicalon,
afhd Moddes efficienys as Cach fiwics o siindialing fainfai-
minoff processes with muhematicai modeis The same ideas
are carried over o this paper exeept ihe e salidaiion s
substituted tor vonficuton tosod coon the donninons fel-
ommended by the Amzricin soaeh fur Testing and Mate-
rials 11984},

The Nash wne Swrcezie (39705 voetioze: of gifidendy
ceiteron. empiovad By Loczue and Freenn D190 o again
used here. Vhe cooficeent of efmnienoy s catoulindd us

= - — ill

TABLE 2. Sazturated Hydrsubc Conductiviy A dues Jor R-3
Laed to Exciie QPBRRM
Saturated Hadrauhic Corductiviiy . mes
Lnuum' (?"(j F'(‘!':('

Soil Name [1985] This Study
Kingfisher T 6E-6* 9.5E-6
Grant 7.6E -6 19.9E -6
Renfrow T6E-6 134FE-6

7.6 » 10 7%
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SOIL NAME

Grant

M1

L

Renfrow

Kingfisher

Fig. 2.

tvnes identified for the R-S catchment are principally defined by vepclabon: buffalo and blue gram

Area: 0.1 km2
Contour Interval: 4 ft.
1foot = 0.3048 meters
Datum is sea level

SYMBOLS

0 - Rain gage

B - weir

30 &G 90

i2c

Scale in meters

NORTH

Distridution of soils across the R-5 caichment (G. Gander. personal commumication. 19811, The three sl

a grasses with the

Renfrow soils: bluestem grass with the Grant and Kinghisher sols.

where (2, is a predicted runofl summary variable for ¢cvent ¢
@, 15 the observed runoff summary value for event ¢, and 0
is the mean of @, for all the events i = 1 10 m When
calibration and vahdation perniods are considered. the m
rainfall-runoff events are divided such that events i = tlon

are used jor cahibration and events i = n+ 110 m are used for
validation. With a split sample, E is based only on the events
bounded by the sample delimiters. Efficiency values calcu-
lated for calibration and validation periods arc denoted as £°
and £°, respectively, The cvent summary vanables referred
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TABLE )} Characieristics for R-S Ramfall-Runofl Events

Observed Event Summary Vanables

Event Yo"
Number Dane Fyomm Pyx. mmh tyx. hours ¢n. mm Opy . Los fpy . hours tdimensionless)
1966
l July 24 | 145 0.23 153 187.66 0.71 s
1967
2 Apnl 9 Ay 97 0.70 0.15 07 2.4} 7%
3 Apnl 10 29 127 0.10 4.47 108.37 0.52 78
4 Apnl 12 . 63 7 1.03 20,39 58478 1.60 80
5 April 20 14 49 0.47 0.18 12 2.34 78
6 May § 28 R4 347 0.60 12.53 428 70
? May 20 35 b 3.3 0.48 8.19 410 67
1968
8 March 18 24 62 6.00 3.0 S1.51 6.93 gs
9 May 25 hid 5B 0.03 0.85 4% 512 70
0 June 1 23 13 10.10 0.52 542 4.18 7R
1 June 7 13 76 0.37 0.62 7.48 1.37 78
12 July | 0 54 0.77 0.13 0.91 4.88 82
13 July 13 30 19 0723 0.21 228 1.42 6
14 July 14 1 36 0.03 0.0 0.13 5.57 57
15 Sept. 4 30 77 0.27 030 + 38 1.33 30
16 Nov. 26 32 12 0.03 0.28 SRR 10.8% T4
17 Nov. 27 19 s 0.03 0.25 0.4 6.15 78
1969
18 Feb. 20 15 12 Q80 094 3.42 1.89 87
19 Feb. 2i £ & 0.03 0.68 438 332 87
20 May 2 ¥ 3 1.20 0.37 4.8 5.86 B
| May 4 14 18 1.32 0.09 0.57 530 74
A May A < 9i <90 1424 4770 518 Th
23 Mav 1] 19 4 390 G.18 | &3 4.62 wh
24 June 13 8° 191 8.9: HURS 6209 9.26 ™
23 Julv 20 Si R 1.07 4.24 1A% 72 1.5 33
197U
In Apry 3 I v [t u.pe T S dii n”
e May 1a e o2 027 0 46 HE 12 4
28 Moy 29 N 5l G095 048 9.7% 14 3
29 Ol 7 '8 s .3 e 1.63 1,78 7y
KL 0o A it AT 22" 0.2% RNt Al h
ur:
3 june 2 3] i 0.50 0.29 FAg 138 4%
2 June 3 [ i3 013 n Pin 06 0.74 48
2 Junc 12 B L 0.£? 222 -2 H ) N
4 Sept. 24 42 NS 220 2.9 bk 120 6”
K e 2 w3 LT U.4s 2530 b o> 138 N3
3h Dec 14 In in 0K 629 eI 1.8 &y
N
i April 20 1€ AN ne” 004 2 298 Al
¥ May 12 af 2 G.9: 1.27 1270 533 N
9 Oct. 20 Bt ol 23 £9 LR 2 6b K
40 Gt 1 68 85 10.23 2736 13187 5.55 80
1973
4] Jan. 2 2y 20 a7 .44 10.06 7.62 91
42 Jan. 21 20 47 0.13 L i 5 88 98
<3 Jan. 28 17 12 v.37 1.63 1166 11,94 96
4 March 6 e 6 097 0 515 203 £7
45 Murch 9 A 3t 393 7.86 69.49 0.70 8y
46 Muarch 22 43 39 6.80 1142 15368 9.55 100
47 March 24 3 70 0.5} 2559 68,59 1.09 100
a8 Apnl £5 15 6 233 0.23 L0 369 85
49 Apnl 15 7 32 003 068 6.11 0.94 &5
Nt April 19 15 83 0.83 1.54 2339 t.BS 81
51 Mav 22 32 16 G 80 0.16 228 172 87
52 Muv 24 91 248 033 1560 1785 9% 0.51 7
53 May 30 53 152 0.07 5.07 97.64 6.22 93
54 June 2 44 104 1.63 2143 TR 2% 96
55 June 3 33 214 1.67 16.63 S5 74 o 92
56 June 19 15 70 0.43 0.36 549 1.00 83
57 Aug, 9 i 122 0.50 022 438 0.9 28

ht Sept. 12 a2 164 0.10 o0 0n1s 152 61
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TABILFE 3

Y7

(continuedl

Observed Event Summary Vanables

Event . f,*

Number Date Py, mm Pux. mm/ fyyx. hbours p. mm Qpy. Lis tey . hours {dimensionless)
59 Sept. 26 55 65 0.03 0.70 4.92 162 80
60 Oct. NN 24 86 0.03 0.37 2.6l 1M 80
61 Oct. 12 1 18 0.70 011 oM 5.20 80
62 Oc1. 27 12 6% 0.33 0.49 7.45 1.05 78
63 Nov. {9 57 169 1.03 15.11 S64.36 1.27 70
64 Nov. 24 30 16 6.93 §.44 64.02 8.9 74

1974

65 Febh. 20 . 33 a6 0.13 0.27 389 186 80
65 March 10 20 64 0.60 1.59 27.96 1.16 93
67 Apnl 1t 33 56 037 0.003 0.03 6.78 74
68 Apnl 29 50 12 1.93 1015 220016 297 67
69 May 1 3 43 10.00 6.52 87 61 10.41 67
70 Nov, 3 5 35 00 0.003 0.01 1.17 67
n Nov. 3 ] 3 0.20 0.22 2.61 1.29 67
72 Nov. 3 8 51 0.13 0.10 091 0.67 67

The complete hydrograph and hvetograph fo:
Laboratory in Belisvitle Marvland

¢ach R-5 event can be obtained 1n breakpoint form from the USDA ARS Hydrology

“Anteceden: soil-waler contents: expressed as percen: saturation: values arc estimated for the surface laver at the start of each event: see

Loague {1986] for description of estimates.

-

to in describing (1), abstracted from complete hydrographs.
arc total stormflow depth (Q),). peak storm flow (Qpy ). and
time 10 Qpk from the start of the event (rp,).

Loague and Freeze {1983) differentiate between forecast-
ing and prediction efficiencies calculated with (1), For fore-
casting. the mors ngorous of the two tests. the Q, and Q. in
t1) are defined for summary varnables from sequential
events. which are used to compute forecasting eficiencies
E,. For prediction. the @, and @, in (1) are defined for
sUMmMary variabies from ranked events. which are used 1o
compuie prediciion efficiencies £_ Also caiculated for thes
study are null case efficiencies £, where the (2, and O, in 1 1)
are definec such that the observed and predicled summary
variables are ranked m reverse order. Fur any set of ob-
served and predicted values, £, z £, 2 £, If all Q, = Q..
then £, £/ and E, all equai 1. For any realislic case. £, L.
and £, will ail be <1. 1t 1 possible for the Nash and Sutcliffe
<riterion to become negative, which simply infers that the
model’s predicted vabues are worse than using the observed
mean. Large summary variables are weighted more beavilh
in {1); therefore a calculated efficiency can be biased when u
model 15 evaluated for = large range of events.

The coefficient of efficiency given in (1) is certainiy not the
only procedure for evi'uating model performance. For ex-
ample. Loague gad Green [1990! discuss various statistical
and griphical cniteria which can be used for evaluation of
solute transport models. In addition. the papers by James
and Burges [1982). Wilmon et al. [1985), and Green and
Stephenson [1986] all offer excellent reviews of model as-
sessment procedures.

QuUASH-PHYSICALLY BASED RAINFALL-RUNOFF
MobpEL

The quasi-physically based rainfall-runoff model (QP-
BRRM) employed by Loague and Freeze [1985] was devel-
oped by Engman [1974]. The structure and atiributes of this
model are reviewed by several authors [Engman and

Rogowski. 1974: Gburek. 1978: Dunne. 1982: Betson und

* Ardis. 1978]. The model 15 somewhat similar to the U.S.

Geological Survey distributed routing rainfall-runcff model
{Dawdv et al.. 1978: Afley and Smith. 1982] and many
vthers. The data requirements and limitations of QPBRRM,
relative 1o the application described herein. are discussed bv
Louague and Freeze |1985). The remainder of this section 1s a
brief overview of QPBRRM. The reader interested in more
Jetail s refeired o the references piven here.

The operating algorithms for QPBRRM are baswed on
=0lutions and or simpitfications to the full set of coupled
pariial differential equations ahich deserbe hvdrologic ro-
sponse. The modei has three major components: (1) an
infiltration algonthm that allows calculation ot the ramiall
excess by diference. (21 a rovting algonthm that translutes
rinfall eveess, gencrated on the mverland fow planes. into
tateral inflow hydrographs at the stream channel. and {3 a
routing algonthm for tracking the streamflow hvdrograph
through the channe! system.

The three major components of QPBRRM cach re< upon
one-cimensional equations that. when linked together. result
1 a quasi-three-dimensional representation of raintall-runoff
via the Horton mechanism. The infiltration equation is
similar 1o Phihp's two-parameter equation. which is a par-
ucular solution to Richards™ equation for vertical fiow in an
unsaturated-saturated sosl profile. Estimutes of antecedent
soil-water contents are required for the event-based infiltra-
tion calculations. The equations for overland and channel
flow routing are cach based upon numerical solution 10
kinematic forms of the shallow water equations. The model
allows partial source areas to expand and contract during a
storm. Implementation of QPBRRM for a given catchment is
accomplished using a set of overland flow planes that divide
the areas of interest into segments. Figure 1 schematically
iNustrates the operational sequence for a QPBRRM simula-
tion. The characteristucs of QPBRRM are summarized in
Table 1.
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A

LEGEND

O Flaw plane

ad

at

L Lat: flow plane segment
R Right low plane segment

Sections

M Main channet

Fap. 30 Segments used 10 transform the

R-5 CATCHMENT

Duta Base

The vanous streamflow gencration mechanisms and their
environmental controls have been generalized by Dunne
[1978}. Based upon that classification it is quite reasonable to
charactenize Horlon overland flow as the dominant stream-
flow generation mechanism for R-5. It seems likely, there-
fore. that R-5 and QPBRRM are candidates for a good
mamage. The R-5 catchment has been described at length
clsewhere [Sharma et al.. 1980, Loague and Freeze, 1985,
Loague and Gander, this issue]. Loague [1986] summarizes
research studics that have utilized data from R-5.

The distnbution of soil 1types across the catchment are

-4 zatchment o overland flow pianes [-gvue and Freen

jaxst

shown in Figure 2. The water teble a1 R-S. usually visible in
a well near the weir a1 the head of the chunnel. hus a very
slight slope and is therefore several meters below the surface
in the upper parts of the catchment (J. Naneyv. personal
communicaaon. 1984,

Except for the saturated hydraulic conductivity values. all
the characteristic parameters for R-5 used to reexcite QP-
BRRM are the same as given by Loague and Freeze [1985,
pp. 235-236). Undoubtediv. there is substanual uncertainty
for many of the parameter values used here te.g.. Manning’s
roughness coefficient for overland flow) even though they
were cach selected carefully.

The near-surface saturated hydraulic conductivity values
used by Loague und Freeze and those employed here are
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WVBLE 40 Forevasung Efticiencies £ for the Three Summary TABLE 6. Null Case EfMciencies £, for the Three Summar
Outputl Variabies for QPBRRM for R-5 Output Variables for QPBRRM for R-S
E, £,
Duta Set Events Un Opy IpK Data Ser Events On Orx I
Lougue und Freeze | 1985]° 1-36 -0.31 -0.7%9  -0.19Y  Lodgue und Freeoe |19853° 1-36 -244 =360 -l
This study 1-36 nos 003 -0.2  This study 1-36 -065 -0%7 -12K
Loague und Freeze [1985) 3= 0.26 044  -0.20 Lougue und Freeze [1985]° 33-72 -1.83 =307 -is82
This study -1 0.28 080 -0.2%  This study 17-72 -099 -16) —158
! egue and Freeze |1985)° 1-72 0.15 026 -0.20 Loague and Freeze |1985]° 1-72 -1.8 =310 =29
~ study -1 0.26 068 =025  This study 1-72 ~-0.8% -147 =301
Nut previously reported. *Nol previously reported.
Discussion

-

given in Table 2. The revised conductivity ¢stimates are
tased upon the infiltration experiments reported wn paper |
iLoague and Gander, this 1ssuc).
The individual rainfall-runcff events from R-5 used by
cene and Freeze [1985] are again used here Rainfall-
o summary variables, as well as initial soil-water con-
«. for each of the 72 events are given in Table 3. The
. .riand flow planes used here for R-5 (Figure 3) are the
same as in the onginal study. The configuration in Figure 3
could have been improved for this study, but i was main-
sained 1o fucilitaie direct comparisons with the onginal
stisdy.

ResLLts

CwSivs G osuimmanae the 1orecusing. prediction. and nuil
cihcienaes 1or QPBRRM for the three summary output
SPIEN L, Uiy o Ty ) FOT 10E R-F data sel 101 this studhs
~d Tor the results of Loague and Freeze (1983). Table 7
ormatizes the means and stundard desiations for the
i 2y ouinutyvanables for tha ghsanved and the predicte
Hedoavenis Frgure 4 presents obwensaed versus predicezd
drerarany for each oF the theee outpul summary vanables
and for Toague and
crorze. The zexulis in Tables -7 are divided into three
e g 2vents =380 (2) events 37272 and (3) events
Loager and Freeze carmarhed the first 36 events for
ceraton and e last 36 events (ot senbeastion. The sph
oo hocbaon curned over o this study 2vern though there

~ o atiempi o cabibrate QPBRRM.

A T2 RS ovenis for this auds

TABLE 2 Predwtion EfiGiencies £, Tor the Three Summary
Outnut Vanables for QPBRRM for R.5
E,

Data Set Evenis On Qpr Tpg
s and Freeze [1985)° 1-36 0.81 043 0 50
I~ sludy 1-36 0.37 071 040
League and Freeze {1985) K 043 047 0.66
This study 31.32 0.35 0.80 0.62
fLougue and Freeze | 1988]° 1-72 0.72 0.51 0.63
This study 1-72 G.47 0.80 0.57

*Not previously reported.

Event Selection

The saturated hydraulic conductivaty value. K. used by
L.oague and Freeze [1985). for the entire R-5 catchment. 15
7.6 x 107% It wurns out that 11 of the 72 R-S cvents (154
have maximum 2.min rainfall intensines. Pyy. less than this
vatue (27.4 mm/h) and therefore could not lead 10 Horton
tvpe runoff on the hillslopes. In this study. Ky is different for
each of the three R-5 soil 1vpes (see Table 2). Each of the
conductivity values used here is greater than the value used
by Loague and Freeze. 1t turns out therefore that 24, 32, and
42% of the R-§ events would not lead 10 Horton tvpe runoff
on ithe Kingfisher. Renfrow, and Grant souls. respectivels.
because the Pyy values are less than the A vakes. The
distribution of R-5 events with Py 1ess than the sarives AL
values 1s shown in Table ¥

The summary in Table X helps to concepitahze tow 1R
partiai area aspect of QPBRRM can lead 1o Jdistnbulzy areas
of runoff generation. Based on the numbe! ol evenis tnal oo
he eapected not to gencrafe infillration excess. i apne.ars
that QPBRRM 1~ 11l suited 107 many of the R-F esents uses
nv Lacoue and Freeze [19%3] Many of the <malier unos
events al R-4 probably resulted {rom ranfall direciiy (0 ihe
channel area which is simuiated by QPBRRM. The reudor s
also reminded that the efficicnay criierion uscg Dot s tios.
sensitive 10 the largere events

Tuhie 9 summanizes the means znd standard deviations ior
the observed ramnfall summary variables wnd the anteceeen.
wil-waier centents. &,. for the R-S catchment. The runta™
depth, Pp. averapes are very similar tor the nrst and kst na
of the R-5 events. The maximum 2-min rainfall inten~y,
Pux. and the time 10 the end of Pyy from the beginning of
the event, fyy. are slightly larger and fonger. respecinneh .
for the second half of the R-% events. The averape anteced-
et soil-water content. 8,. i~ significantly higher for ihe
second half of the R-5 events.,

The summary in Table 7 shows that both the obsertec
storm flow depth. @;,. and observed peak storm flow rate.
Qpx - are higher in the second half of the R-5 events, Thesce
higher runoff values. with essentially the same ramnfall. arc
clear)y due to the higher 8, values. Of course. the higher the
§, value is. the more likely 11 is that excess infiliration wil!
occur with high ramnfall imiensities. The 8, values vsed in
this study [Loague and Freeze. 1985] are bused upon thou-
sands of soil-water measurememts made across R-3 (G.
Gander. personal communication, 1981) within the same
time frame that the 72 R-$ rainfali-runoff events took place.
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Statnnties for Observed and Predicted Summary Output Varnables tor the R-% Events

Summary Varnables

pn. mm Upn. Lo tpp - hoors
Standurd Standard Standard
Mean Deviation Mean Deviation Mean Devianion
Evenis 1-36
Observed® 3 6 72 136 37 26
Simulated, Loague and Freeze [1985]¢ 3 g 94 9 2 2.0
Simuliated. this study | 3 32 99 1.8 2.1
Events 37-72
Observed* 6 10 128 N7 36 1.0
Simulated. Louague and Freeze |1985)t 3 12 132 523 3 4.2
Simulated. this study 2 8 78 374 29 42
Events 1-72
Obscrved” < 8 100 24 36 28
Simulated, Loague and Freeze [1985]* 3 10 113 402 by 3}
Simulaled. this study | 6 55 m 24 34

~Noie: The coefficient of vanation (CV) referred 10 in the texi 15 equal to the standard deviation divided by the mean.

*See Table } for individual event values,
*Not previously reported.

There arc. of course. problems associated with extrapolating
information such as 8, values. For example, in this study.
cvents which occur on the same day (see Table 3) are
assigned the same estimated 6, value due to the daily
disaggregation scheme used to glean daily values from
sparse information.

An assessment of performance for a physically or quasi-
physically based rainfall-runoff model should 1ake place firs:
on an event hasis. When acceptable tor identifiable) levels of
prerformance are established. then the assessment can pro-
<zad e conitrnuous simulation. Thic rationale 1s based upen
the fact that <oil-water accounting between crvents i laced
with tremendous uncertainty. In eeneral. the event seleciion
o this study s [eil 10 be auiie saiisfacior .

Starrererums und Startistics

The scatlergrems an Figure d silustrate that there are fewer
iarge events in the R-5 data sct than smatler cvents, Wiin
ose mspection of Figure 4 ene cun see that (JPBRRM
srdercstimates the throe summary outipu! vanubles for the
majority of the R-f cvents. This observation s true for both
vur ongenal result~ tFigure 4a¢) and the reseli< presented here
iFigure 451 T'he previously described saturated hvdrauiic
sonducuivily estimaltes used to excite QPBRRM are the only
differsnces :n model nput for the two sets of R-5 event
stmutations summanzed in Figure 4. 45 one would eapect.
and 1s shown in Table 10, the larger conductivity values used
i this study resulted m anansreased number of events which
are undempredicted by QPBRRM. For the lurgest event the
predicions of Qg and Qpy are improved with the new
simulations.

A perusal of the statistics displayed in Table 7 ieads 1o the
following generalized comments:

1. The predicted means and standard deviations for the
three summary outpul vartables from our previous simula-
tions [Loagre und Freeze, 1985]) are closer 1o the observed
statistics than the predicted means and standard deviations
for the revised simulations reported here. Tt would appear.
therefore, that based solely on these statistics, the ariginal
simulations are superior,

2. The predicted means for the summary outpui varia-

bles are all reduced for the simulations in this study as
compared to those of Loagne und Freeze [1985).

3. The coefficient of vanation (CV) for the observed and
predicted summary output varnables is smallest for ipy.
lareer for O0p. and largest for Qpy, - the CV values tor each of
the predicted summary output variables is larger than for the
same observed summany output vanables: the CV values are
larger for the revised simuiations than tor those of L-wivne
wnd Freeze [1983].

Forceasting. Prediciion. and Nuki Cose Efion s

A perusal of the Torecasting eciencies F.n 1 able 3 cads
1o the following genzraiized comments:

i, The £, vatues are Jow . Madel peniormange o better
for @, und Q. thua fur 1, .

2. Model performance v hetter in thas waady tnen e the
previpus effort The ea pa. whach g
predicled poariy in beth 2fons The impresod mode! por-
formance here 1s due fe the supplemental saturaled hvdratlic
conductivity estimates [Logyue and Gunder. his 1ssuel yeed
to excite QPBRRM. The results here are sne opposie o
those reported m the previous section. which belps to
lustrate how different mode! evaluation criteria can resulin
different model performance intempretations.

3. The £ values are hugher {or the second half of the R-5
events. These events are more likely 10 be of the Horton
tvpe because of the higher antecedent soil-water contents.

4. Model performance is best for (g, . which is in many
inslances the most importani of the three summary ouiput
vanables. The 0.80&, value for the second half of the events
approaches a level that might be considered acceptable
depending upon the intended mosiel application. The reader
is reminded that all QPBRRM results presented here are for
an uncalibrated model using best parameter estimates.

5. The £; values for 1p, are all quite poor. This will be
addressed in a later section.

A perusal of the prediction efficiencies £, in Table 5 and
the null case efficiencies £, in Table 6 ieads to the following
generalized comments:

-

cention hoere os for o
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Fig. 4. Scanergrams of observed and predicted summary outpui vanables for the 72 R-5 events. (a) Loapre and
Freeze [1985]. (b) This study.

1. Anitem-by-item companison of the prediction and null
case cfficiencies (Tables 5 and 6) with the forecasting eff-
ciencies (Table 4) shows that E, = £, = E,, as it must be by
definition,

2. The minimum E, value for the 72 evems is 0.47, for
@p. for the simulations in this study. The maximum E, value
for the 72 events is —0.85. also for the Qp, for the simulations
in this study. The E, values are closer to the E, values than
the £, values for both the simulations in this study and those
reported carlier [Loague and Freeze. 1985).

3. The £, and £, values arc superior for Qp and 1p, for
the original simulations [Loague and Freeze, 1985} and
better for Qpyk in this study.

R-51s Not e Sund Box

Many of the hydrologic nuances of R-5 do not lend
themselves easily 1o physically based modeling. A somewhat
ideal or naive picture of the catchment has been painted here
and clscewhere. Several of the snags associated with simu-
lating rainfall-runoff cvents at R-5 are descrnibed below.
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A alue

Sutueated Hvdriuhie faoogme and Frecte Thes
Comductivity, ms Faents [ 1955 Studs
R 1= 7 NA
tenhire cutchment) =12 4 NA
95K 6 1-36 NA X
tRangfisher): RS NA 9
134k -6 1-36 NA 9
tRenfrow 3-n NA 14
19.9E -6 . 1-36 NA [#]
1Grann) 3=~ NA 24

Sce Table 3 for 2-man ranfafl intensits values. NA s not applica-
bic.
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See Figure 3 for distributzon of seals across R-E

1 is generally well esiablished that biological faciors have
sigmiticont impacts on the dynamics of microscale hvdrol-
ey Vegetation states and burrowing activities at R-§ are
importeaal. vel pourly understond. vanables which have not
been conadered in this or other rainfall-runofl’ modeling
eveodings tor the catchment, R-3 s normally used as a
low -iniensity cuttle nursery by the landowner. Jt is important
to revognize. however, that even for a well-managed pasture
the impact of grazing ungquestionably influences <reamflow
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simple model like QPBRRM may not perform uniform!y well
in an uncalibrated mode for s suite of quite different ranfall-
runofl events.

Appropriateness of QPBRRM for R.3

Both the Horion and Dunnc¢ overland flow mechanisms
are operative at R-3 The small calchmeni is. howerei. not
easily understood or modeled. Smull differences in near-
surface charactenstics sccount for large ditferences in the
catchment's response for a gnen rawnfall eveni. Further field
study 1s needed to determine the quasntitalive imporiance of
each runofl process under vanious rnfall scenanos. e that
QPBRRM docs not account for the Dunne mechanism. it s
onlv partially suited to R-3.

infiltration rates across R-% are stronghy influenced by
vegelation and chimatz as shown an paper | jLoazne and
Gander. this is~ue]. Several viher factors, howesci.
influence sireemflow generation:

I, The transien? poture of (e by
srreamflow genzraiior of ReS For different aniocedeni Cop-
Jinons. Gitfrrent sir meIRaniame wil

tomyanie Early oan dunng the Al =a0on evperinienis, re-

alaw

woalel CONTT

Catinn

ported by Loague e wandel, wnen Lhe Caicioneni was

relanvels govoappoumatoy X
. [

e ntar was hoved nio

asiaple opner hole jocaivd nea the ey
wirs nol dischareed o die Jengt ke th

Vs oo deep and bocame GF reziona. smporiunce. Taere was
ne ovidence 10 stpgest Posed on thes ample capenineni,
inal SUDSUMACT SIOTM e s Lo Gominuant streamiliow goney -
wl MeyBatisil wi 3-8 s Bas Dol Diososed D Mk
e fomn e 19T

canefl oy rosehis Crem Lo e apie syt Al el Cue i

Whon thy wier fahie ont depth,
the Horien medhenism Wher the weemichic o noar the
wrface. ~muiler Jess mtanse nanfed! evenis can produce
rupofl by the Dunne meshunm~m.

FABLE v Siaishids for Rainfull ane Sod-Waier Content Charactenisties Tor the R-% Catchiment
Ramindl Summarny Vanables”
Poomm Foy. mm-h s hoors 1,7 tdimensionlesy)

Standard Stundard Standard Standurd

baonts Menrn Deviation Mean Deviutiog Mean Devisuion Mean Deviation
R LB o2 b7 4] It 2 'n i
iT-T2 Y| M T3 i 212 =1 b8} 18
)-"2 K 2] w0 4% MY i3 74 1"

“See Tabic * fos indiadual event vaolues,

TAntecedent saal-water content, expressed as peicent saturation. eslimated for the surface laser only .

vabues,

see Table 3 for individual cvent
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2 During proionged ruinfuil vents ot R-3 s by pical tor
W remnan: bulluio wallow s across thc catchment (Figere
o B ep ithe smal! ponds. Thee syme of deprassion $10163¢ 18
< omuch dwrger scale than s usuailv conwidered. These
cadtows are essentially sinks 1 the overland flow plane
.oncept.

3. The= roads and trals ihat cut across R-5 have tremen-
Jdous 1mpact on the routing and short-circuiting of runoff,
Figure 6 ilustrates the occurrence of Horton overland flow
on an R-% road.

4. Fertihzers. and other agricultural chemicals. have
been used on R-5 at varnious times in the past. resulling in
grasses several feet high (G, A, Gander. personal communi-
cation. 1985). The impact of such drastic changes in vegeta-
don cover has nol been considered but obviously i1s impor-
iant to infiltration, surfuce roughness. detention storage. and
averland flow paths.

It is widely held that the vse of average soil hvdraulic
properties. determined from soil texture. can be used to
cflectively excite conceptual rainfall-runoff models like QP-
BRRM. It is the opinion of this wniter, however, that the
performance of physics-based models excited with average
values based upon soil texture data gleaned from soil survey
maps will be quite tenuous if the uncentainty in these data is

<
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nai considered. The fcid
Geneer.

papar | iLoniue ornd
coniusan,
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this assurl. sunpori this

Learoe Evense

Adminediy. manmy of the runoff events from the R-3§
catchmeni used 1n our original analysis {Leugne und Freele.
1985] are quite small. perhaps ¢ven smaller than the accu-
racy of the rainfall data. These events were considered in the
earlier study to 2i¢ in the development of the regression and
unil hvdrograph models which were included in our compar-
ative evaluation of underiying event-based rainfall-runoff
modehng techniques. All 72 of the original R-5 runoff events
arc again inciuded in the results discussed here. The reason
for this 1s that the pnmary objective of this effort was to
reevaluate QPBRRM based solely upon new information
gleaned from the nfiltration experiments reported i the
companion paper [Loague and Gander, this assue]. In this
secuion, however, the performance of the uncahbrated QP-
BRRM is also described for a subset of the largest R-5 events
where runoff is not a2 small fraction of rainfall.

Table 11 summanzes the forecasting, prediction, and null
case efficiencies for QPBRRM for the three summary output
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TARLE 120 Statestics tor Observed and Predicied Sumnaty Quipul Variables for Ning Selected R-S Events
Summary Vianables
Op. mm Upx - Lis Tpsc» hours

Standard Standurd Standard
Mean Deviahion Mean Deviation Mcun Deviation

Observed” 2 11 20 499 14 28

Simulated, Loague 18 2 658 963 50 6.5

and Freeze {19851t
Simulated. this study 9 15 mn 7210 5.0 6.4

T

Note: The coefficient of varistion (CV) referred 1o in the text i equal 10 the standard deviation divided by the mean.

*See Table 13 for individual event values.
tNot previously reported.

example helps to dlustrate the sensitivity of the evaluation
criteria (E, changes from -2.64 to (.99} One should also
note that £, for Qpy goes down (0.48 10 0.43) when event 40
is removed {rom the evaluation using the large events and
that the £, for Qy, is still very poor.

The criteria used 10 select mdividual rainfall-runoff events
from the R-S dafy base are presenied with our onginal
evaluations [League and Freeze, 1985, p. 23351 The duration
of on-again. off-again rainfall for event 40 is more than 21
hours with muitiple periods of high intensity. The antecedent
soil-water content for this event is given in Table 3. The
observed hydrograph shows more than one response. Sim-
ulations with QPBRRM do show a response at the time of
the observed peak flow but predict the tp much later.
Events with less than simple form. over ionger periods of
time where soif-wat2r conients can vury sahetannially | o
ol wail predicied winh QPBRRAL

The QPBRRM precictions for the subset of farge K-S
Thvents presented nere nrobabiv couid e mmosed wpon
with cahbration through parameter adjusiments. In our
anginad evaluation Hloceee aud Freezo 19335 we meparted
amited valibration of QPBRRM for a hroad range of R-3
2venis. As the vvenls Decomz more zithe, (he Cuiibraion
hrgomes 2astzr. In our earlier evaluahion we demonsirzied
et wasrelaiivels casy w it QPRRRM 1o singic event by
sdivsting the <aturated Pyvdrauhe conductiveiv, The chals
2ngz 1y 1o simelate a broad range of evenis cqualiy well

CoNcLusIioNs

Analyses of rainfall-runoff processes with physics-based
mathematical models requires considerable information. The
heterogeneity of near-surface hydrogeologic regimes and the
irregularities of precipitation in both time and space. even at
the catchment scale. weave a complex web of information
that can never be fully obtained or transmilied 10 a deter-
ministic-conceptual rainfali-runoff mode]. The best that can
be hoped for is that a realistic sample of information will be
sufficient to produce acceptable mode! results, However. the
number of samples and the configuration of the sampling
networks required to determine this representative level of
information are never known u priori. 1t is. therefore.
necessary 1o characienze the spatial distributions of soil
hvdraubc properties und precipitation ¢ define sumphing
~chenres that wall pive the best estimate of distnbuted
hydrologic parameters,

In the Brsi part of this study 11 was possible 1o address the
spitial vartabiity ol infiliraiion across o small ranzetand
carshmeni 2t an admuttedly impractical intensity Even this
effort tded o provide enovugh information o cvaile o
vialues. The obvious question is whether it is worthwhile, or
in fact ever posable. 10 collect sufticient mtormation 10
warran: the kind ol gnu-based data coilection cactuise
conerthze ™y Loenzue ard Goander ithis issue].

TABLE 1+ Runot Chirecterntizs or Nne Large R3 Ramful-Runof Events
p. mm (pp . Lrs fpx . hours
Simulated. Simuiated. Simulated.

Louue Loty Simulated. Leovagrne Simulated.
Event O and Freeze Simulated. Ob. wid Freese This Ob- and Freeze This
Nurmnber served® [1985]- Thi~ Studs erved” jtonsi- Studs served® {1985)- Study
4 2039 11.88 128 SRa TS 4220 i2.80 1.60 1.62 150
» 14.24 6.8 1% R 6%, 33 LR 823 120
4 1.4 36 48 19.52 26219 33147 9.26 9.0 .13
1 2530 15 38 196 2RI I 100 .61 184,87 2.3% 0.93 230
10 27.36 1.29 0.3 13187 4] RS 11.51 S.88 2063 20a0
h 45.60 69 12 d6.15 1785 9% RILVRNS 223G el 0.3 0.67 063
R 22.43 180 0.3 REAIr B H5 10 99 220 2 1.80
b3 [ NNN| 14.72 L4 RS 606 9% 256 77 1.27 P43 1.37
68 10,15 S 44 038 22016 149.00 9.6 297 2,87 2.23%

*Abstracted from Table 3.
!NOt previously reported
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The guestion of appropriste simubation scale s alse obvi-
ousiv fundimental 1o physicatly based inadeling. The estub-
Hshed concept of a representative clementary volume [Bear.
1979 and the more recent idea of a representative elemen-
tiry arca [Weood er al., 1988 are important considerations in
rainfall-runotl modehing and data collection strategics. 1t s of
course not possihle 10 dig up the surface of the Earth just 10
identify the spatial vanability of near-surface soil hvdraulic
properties 0 that we can efTfeclively characterize, and then
simutate. rainfall-runoff relationships.

Since our earlier paper [Loague and Freeze. 1985) several
researchers fe.g.. Abborr et al.. 1986: DeConrsev, 1988; D.
Dawdy, personzl communication. 1983]) have felt that we
had unilaterally endorsed simpler methods of rainfall-runoff
modehing. This is not true. There is. however, considerable
emotional baggage associated with parameter estimation for
physically based rainfall-runoff modeis when the simulation
scaie and the parameter mcasurcment scales are different.
When parameter values are adjusted 10 calibrate a model.
one must gucstion if there is still a phvsical significance
attached 10 the parameter estimates or if the physically
bused mode! hus reverted io little more than @n elegant black
box. In this paper there was no calibration of the model.

The resulis preXented here illustrate that the performance
of QPBRRM is improved. in some instances. with supple-
mental informatton. However, the reported efficiencics aiso
clearly show that the performance of physically based ram-
Yall-runoff models can indeed be quile poor under “seeming-
Woappropriate conditions, Obviously. more informaiion
does not necessandy alwayvs lead 10 1mproved model perfor-
qunce when inere i~ error inherent to the makeup of the
eprlic <2 In this udy .

Giaddi Teiabne o the airon,
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Shenge of stage in the werr pond as
rinoll data 1o UL Depariment of
AEOCURLT Y 1L DA AgTicuidtru Researor: 3efviee 1 ARS)
-\; nn:‘_.‘- cicvaton ind K- wor pond siores
ster pverthe catchment Forthis
rraton was nrovid=d on ihe stage o the pond
segab duimg e Laafadlorenaft events before
crossed the wenr For these reasons the storm flow
Jenihs reported in Tabte 3 are piosed low Because the weir
pond was not simulated with QPBRRM. the model would
tend to overpredict the peak ~storm flow and underpredict the
ume o peab storm flow for the R-3 events. The storm flow
depihs were underestimated with JPBRRM lor the smaller
R-% ¢vents <o the pond probabh hid 2 comparatvely smail
mpact on the model efficicacies Jetermined for (0. The
mipact may have been more signaficant for the model effi-
ciencies determined Yor Qpy und fp . An effort is currently
under tD. A, Woolhiser. personal commumcation,
19891 to evamine ihe eflects of 1the pond on the R-3 runoff
data. i wenficant effects are found. then the modc! evalua-
tons reported hoth here und in the work by Lowvwe und
Freeze [1985] will of course be revised.
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Designs for Disc Permeameters'
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ABSTRACT

Disc permeamctsrsare designed to measure hydraulic properties
of field soils containing macropores and preferential flow paths and
are particularly useful in soif management studies. We present here
designs for disc permeameters for both positive and negative water
~uppiy heads. The effects of the waler supply membrane and soil
[untact material on permeamcter performance are examined using
2opravimate quzsi-analyvic solutions to the low equation. This anal-
vars provides approximate criteriz for the selection of membrane and
seis coniact materials. Limiations w porformance caused by 1e-
aiwied i eRtry are Cunsidesed @nd dusian criteria are given alsc.
M oprearal it situ tests of the dise permeameter for the varly stapes
A uin-gimensional infiltration and an example of the determinisiic
rareztian of sorptivity of a held soil with supply potential. Finally,
«. use punded 4nd witsatuzaled sorEinifics measured it sifu a il
disy pericameters (o hind the saturated hadraulic condoctivity and
Mowewizhied mean charactristic pare dimansion of & hald soit.

R:x VRNTTAIN O e HNPOILEnLe 08 DEvigIcL
venerated macrepores and preferental fow pathy
o n=id infiltration and plant water upiake re.e. Bou-
oo tyhads Divon. 19720 Clathier and White, 1980
Bvo= 2pd Germann, 1982 Watser andé Luxmonrs
(534 Pagsigura, 1985 has 12d o a renewed inerest
D measurement lechimyues 1t which preferential water
llow 1hrough macropores and soil cracks is selectivels
controlled. Since soii management practices and;or
¢avironmental faclors can dramatically change ma-
croporosity. such techniques are vzluable in quanu-
fving alterations in so1l propertics, particulariy those
trading to changes in infiltration. ttme-to-ponding.
runofl. and crosion.

. A convenient means of controthing macropore flow
it 19 apply water 1o soil at water potentials. ¥, less
han zero. The maximum diameter of vertical pores.
tonnected to the soil surface. through which water can

CSIRO Drvision of Environmental Mechanies. GPO Bos 821, Can-
berra ACT 2501, Australia. Contribunion from CSIRO. Australia,
Received 30 Nov. 1987, *Corresponding author

Published 1n Soil $c1 Soc. Am. J. $2:1205-1218 (1988).

enter 1s given by simple capillarits theory and 1s pro-
poruonal 10 (=¥} . The more negative ¥, the
smaller the maximum diameter of pores that can par-
ticipate in flow from the soil surface. We note, though,
that such simpie arguments do not hold for nonven-
ical pores or those buned below the surface (Philip et
al.. 1987, personal communication).

In this work we descnibe cur desiens for disc per-
meameters 1n which waler can be supplied 10 in situ
sotls at readily selectable. posiiive and negative pres-
sures. These permcameters have evoived from our
previous sorpt:vity wbe design iClothier and Whete,
1981). In addiuon. w2 estimai2 the effects of the per-
mcameter's supply membrans. soll coniact matenai
=nd air deiivery svstem on fHow measurement. and
develop critenia for thewr selection. Finally, we give
romparative tests anc 2xamples of the performance
of the permeameters :n the field. showing the contn-
hution of supply poteatial 1o perceived vanabilitv: and
Jemonsirale their use 1n measunng sorpuviiv. hyv.
Sraulic conductivity. and in estimating in situ chat-
acleristic mean porc $1z¢

PREVIOUS TECHNIQUES

Talsma’s {1969} techrique for the :n sitp datermanaucn
of sorpuviiy s restncted 10 walcr supply pressures greater
than zero. It suffers from he disadvantage that ¥, decreases
duning measurement. a disadvaniage that we rectifv here.
Dixon (1973) d=signed a closed-1op. single-ring infiltrometer
to studv flow in macropores. With this device, ¥, in the
range —0.03 < ¥- << ~ 0.01 m H.Q were achicvable. This
closed-top svsiem appears somewhat cumbersome. how-
ever, for routine field use.

- Comment from the Editor-in-Chief—The first disc pcrmeameter
was built in 1982 by Mr. K. M. Psrroux by modification of the
sorplivily tube design reported by Clothier and White (1981). Since
then, the mnstrum#nt has been generously made available 10 other
sciennsts and somce publicatons have preceded the present paper
reporung the design and performance of disc permeameters by the
instrumen: developers The authors of two papers published in the
5854 Journal reporung the use of the disc permeamcier {(Watson
and Luxmoore, 1986. Wilson and Luxmoore. 1988), request that
Perroux and White receive full credit 1n any research with their
instrument design by citaiion of thewr paper published here.
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tipg. 1. Disc permeameter for supplving water at pressurcs less than
ur equal W zeru. Reservoirs of varying diameters ma: bu inter
changed. Arrows show direction of air flow.

Dirksen ¢1973), Tollowing Smiles and Harvey (1573 <

Sugo., membrans

pioved measurements of sorplivily at a range of negative
-¢ =stimailc soil-water diffusiviy using a specialh Jdaos:
permeameter. His permeameter was not intended spe
catly 10 study preferential fiow and appears not 1o hav¢ been
wsed much 1n the feld Ity simplicitn . with 2 membrars =~
sunnly water. makes 1t atirachive for such studies.

Clothier and White (19811 retained featurcs of Dirksen s
dzsign butl produced 2 simpler and more convenient par-
~rameter for ficld use Ther sorpiivty tube 15 essentialh &
Mancite bottle in which ¥ was determined by the buhbling
pressure of a capillary or hy podermic needle throtgh which
air entered 3 water reservoir. Water was supplied 10 1he ~ivi
via a sintered glass plate of appropriate bubbling pressure.
The practical range of supply potentials was —G.] = ¥ <
0 m H.O. A modified waier supply plate design was pub-
hshed by Chong and Green (1983). This modification seems
restricted to an even narrower range of ¥, because of s
smaller bubbling pressure.

Clothier and White's (1981) sorptivity tube has been used
in a vanety of hvdrological and soll management stucies
(Clothier et al.. 1981: Clothier and White. 1982; Whitc et
al.. 1982: Hamilion et al.. 1983: Packer et al.. 1984: Walker
and Chong. 1986).

In the course of our work several limitations of the ong-
inal design became apparent. Firstly, the size of sintered
glass plates available restncied the permeameter 10 diame-
ters < 0.1 m. Secondlv. direct measurement of ¥, at the
sotl surface duning the initial stages of infiltration showed.
for soils with high sorptivity, that air entry through the cap-
illary was insufficient 10 maintain ¥, constant. Larger di-
ameter devices exacerbate this problem. Also, in the ngors

Bubble tower

..
iy
-

g k-
3

* uee tn anm ane saline and stoney emi-
wroweaters “vew meail Weles, Ausmalia.

10 mpie

S veDeie Diodhiagl. Fie

PO . .- a4

(ST owtmar reanarnd wader munasn U

A > faeses varn mame s AFRaRIE Ta TR oA, (ue 1That
s ol roommeror oMt prIng saTm A

e i - I e R Y 2

DIST PERMUANMETER DESIGNS
Supply Pressures t.esc Than or Equal to Zero
In our improved desier. shownn Fig, 1. the onginal hy-
sudernue aesdiv 1s repizced by 2 bubbhing tower The water
heighi 19115 wsad 1o seeectand control ¥ Here ¥ 13 simply
the diference beweer she disiance from the mr exit tube 10

the membrane - and the height of watcr in the bubble
tuwer ghove the bubble entn pors. = . tsec Fig 1. so that
L R (1)

W have independents measured ¥ by contacung a fast-
response tenstometer agamst the supply membrane dunng
rapid absorptise fows and find that Eq. [1] s an adequate
deseriplion. )
The ncw waier supply membrane 1§ 2 composite malcr}al
whose pancipal component is a nvlon screen matenal wilh
known and uniform mesh size (we have used Nytal 25 nylog
screen material). The other two Javers, a porous 1.5-mml
thick matenal C'Vylene” shirt coblar stffener) and a coarse
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Interchangeabie
cahbrated
water reservoir

Aur inlet

TTTrTTIT ¥
EELCE ]

Side tube:
volume
equal 10
volume
of water
. above sor

. Heigh!

‘;:a'r_“ess adjusung

seel screw

Zyhinder /

’ q”o Fine s/ mesh
Yig. 3. Disc permeameter for supplying water at positive pressures.
Volume of side-tube i< equa! to solume of water between the soil

surface and the permeameter and is supplied to surface at com-
mencement of infiltration

atainioss sioe! mash 15.80-mm aperture) suffener. suppor:
ihe pyvlon membrane and are shown in detatl in Fig. 1. This
composiie membrane car be cui to any diameter upto 1 m,

The nyvlon matarial s avadabdle in a variety of pore sizes
tha! enable ¥ 1o be selected inthe range — 1 = V. < Om
=.0. We have hmited our attention here 10 63-um mesh
< rewntk an airentn pressure of 0.2 m H.O. The membrane
- stretiched and attached 1o the cuter body of the permea-
areter head weth Silicone rubber sealani and held n place
wiih a resaiming O ring or band. Membranes may be read-
t+ changed n he field,

The permeameter is fabncated from either clear acrvlic or
polvcarbonate plastic. It s essential that the supply mem-
brane be visible during infiliration to permit examiration
for air leaks. Both the water reservoir lubes and bubbling
ower have metal distance scales attached. To increase ac-
<uracy. transportability and versatihiy, the reservoir and
bubbling tube may be unscrewed from the permeameter head,
This permits the use of reservoirs of various diameters (we
are grateful to Dr. M.D. Melville. University of New South
Wales. for this suggestion). A permeameler in operalion on
4 difhicult seil 1s shown in Fig. 2.

Supply Pressures Greater Than Zero

To assess all macropore contributions to flow, supply
pressures greater than zero must be used also. The disc per-
meameter design for ¥, > 01is shown in Fig. 3. Its superficial
resemblance to that in Fig. | is apparent. The permeameters

1207

were desipned deliberately so that reservoirs and air entry

* ubes arc interchangeabie,

The supply pressure here 15 the distance between the air
bubble exit point and the soil surface, and 15 selected by
adjusting the three level-adjustment screws. The egress of
watcr from the reservoir and air-eniry side-tube before the
imuanon of flow is prevented by fine stainless steel meshes
a1 the botiom of the reservoir and side ube.

The air-entry side-tube initially contains watler whose vol-
ume is adjusted approximately equa!l to the volume between
the permeameter head and the soil surface. This water is
rapidly deposited on the soil surface by opening the side-
tube stopcock to commence infiltration. The soil surface may
be protecied by a permeable membrane (such as paper tow-
eling) if desired.

OPERATION QF PERMEAMETERS
Negative or Zero Supply Pressures

The reservoir for the negative head permeameter (Fig. 1)
is filled by placing the hcad of the permeameter in water,
closing the air-inlet stopcock, opening the reservoir stop-
cock, and evacuating air from the reservoir. The level of
water 1n the bubbling tower i1s adjusied to give the desired
¥,
In the one-dimensional mode of operation a thin-walled
stainless steel cyclinder is driven carefully into the so0il to
ensure one-dimensional flow. Its top is flush with the soil
surface. Any disturbed s0il around the perimeter of the cyl-
mder 15 tamped down with a thin tamping rod. & 30-mm
wide annulus of seil is removed from the outside of the
cylinder to a depth of 20 mm 1o prevent anv interference
with the permeameter head.

Good contact between the disc and the soil 1s absolutely
essential. Any vegelation within the sample is inmmed to
ground level, For uneven soil surfacss a 3-mm high extzn.
sion nng 1s fitted over the cvlinder and packesd with contact
matenial. Afier smoothing and leveling the contact matenal.
the extension nng i1s removed leaving the soil sample capped
with contact maiecnal.

Infiltration 15 commenced by opening the air-inlet siop-
cock and placing the permeameter firmly on ihe sample,
Volumes of water inhlirated are then recorded from the fal!
of the waicer level 1n the reservoir at known umes.

Positive Supply Pressures

In the onc-dimensionai mode iFig 34 a whin-walled o
inder ts dnven part way into the soil and anv disturbed soi:
around the penimeier is tamped down The distance from
the 10p of the cvhinder 1o the soil 1s adyusted 1o contain the
selected head of water and the permeametsr. No contact
matenal ts necessary here. The empriy permeameter s placed
on the cvlinder and the adjustment screws are altered to give
the required ¥, The permeameter 1s then removed and hii-
ing is as above except here the ar-eniry side-tube 1s filled
as well and 115 stopcock closed. The permeameter 15 repo-
sitioned on the cylinder, and infiliraion commences after
the side-tube stopcock is opened allowing the side-tube water
volume to be rapidly deposited ¢onto the soil. Infiltrated vol-
umes arc recorded as a funcuion of ume.

Sorptivity
The sorpuvity. S, = S{¥,.¥.). 1s found at anv supply po-
tential from the time dependence of cumulauve infiliration,
i at early umes (Philip. 1957) using :
di
m ——— 5. 2
o d!”' 0 [ }

For one-dimensional infiltration Phiiip (1969) argued that
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capillanity should dominate onc-dimensional flow for infil-
tration timoes. + <t with,

tyan = SV(Ka ~K) . [3]
Here AL = Aty and K., = K(¥.) are hadraulic conductiv-
ities at the supply and antecedent potentials. respectively.
Talsma (1969} found that the influence of gravity on one-
dimensional infiltration was negligible for t < 0.02 7,,,..

In the ficld we have found {,,,. varying between 0.08 and
34 h (White and Sully. 1987) so we expect the lincanty of
(77} implied by Eq. [2) 10 hold for as little as 6 5 to as long
as at least 2450 s. Commonly we find lineanty for at least
60 5. We note that sorptivily and hence 4,,,, are dependent
on antecedent soil-water potential.

Hydraulic Conductivity

If the sample-containing cyhnder 1s suficiently long. hy-
draulic conductivity at the supply potential ¥, K, = A(¥,),
may be found from the long-time infiliration rate for ¢ »
[

oodi
:hm- 7 K. [4]
Wi:ith some soils This may involve impractically long mea-
surement umes. We also note that A (V) may be determined
over a range of ¥, by measunng S, over the same range of
¥. (White and Perroux. 1987). .

When information is required on thinner soil samples. the
soil core contained in the cvlinder may be carefully removed
from the profile and its conductivity determined as in Cloth-
1cr and White (1981,

ANALYSIS OF DISC PERMEAMETER
PREFORMANCE

In the negative head version of the pormoamcercr.
waler is suppiied 1o the soii through @ membrane and.
waualy, through o thin laver of contact mawenal. in
this section we give the results of an approximate anal-
sais of the effect of these and air entny into the per-
meameirr on the permeeameter’s performancye. The in.
fiyence of these factors will be mos epparent dunng
thn agely s

~aTDLVIL

F.flect of Supply Membrane on Water Absorption

Th= conduciance. a. of the permeameter membrane
4 tanen 0 be time-independent and the sorptiviny of
ihe soil ai the suppiv potential is S.. We take the soil
mitiatly to be dnv. wath antecedent potential ¥, —
—x, For simpiicity we assume the eaponential or
quast-linear model for soil hvdraulic conductivity.
{Philip. 1966):

Al¥ = Kexp(¥/d). (3]
Here X is the macroscopic capillary tength (Philip.
1983; White and Sullv. 1987y and K. = K& -~ 0).

Note that Eq [3] mayv be fitted to anv K(¥) by taking
{Philip. 1985)

A=K —AL) fi"l((m M (6]

\We shall take A, as zero here. The length scale in Eq.
[6] may be used as a scaling length in this problem.
The carly siages of flow into soil through a mem-

brane have been treated in convenient quasi-analytic

- fashion by Smiles et al. (1982). In the Appendix we

develop an approximate solution based on their in-
tegral expressions.

The approximate analytic solution for cumulative
absorption into dry soil through a membrane in terms
of the dimensionless vanables defined in the Appen-
dix 15 ([A13] 10 [A15])

(S/So) 2asite = V2(S/So eeid[| +a-f(di-/d1.))

— E\|(di./dl.)/a.]) (7}
with
di.jdl. = a.A¥. (8]
and
. —Av.
(/5o = ZHZET 15

with a¥. = V., — V. (1), ¥.,(1) is the dimensionless

soil-water matrix potential just below the membrane,
and E.(x) is the exponential integral (Gautschi and
Cahill, 1972).

We pote here that use of the dimensionless simi-
larity variables a.i., a.” 'di./dl., ait. (Ahuja and
Swartzendruber, 1973) 10gether with A¥. gives a so-
lution which, for dry soils, is independent of mem-
brane conductance, soil hydraulic properties, and sup-
ply potential.

For small times where ¥., — ¥., and E, (3¥.) —
[exp{—A¥)]A1 + AV¥.). we find from Eq. [7] through
[9] that

Hm i — ae(We, — W) {10)

-

while for iaree absorption times where A¥. — G

Iim % idn — (55 {11]
That is. in the small time limit. the membrane con-
ductance and initiai polenuial difference across the
membrane dominate flow, as they must. while in the
“long time™ limit. in the absence of gravity, only soil
sorplivity is imporiant. For infltration flows this “long

o)

r
g
<
19

Fig. 4. Effect of supply membrane on flow. Dimensionless surface
potentis| at soil/membrane interface as & function of dimension-
less time for two supply potentizsls. The a. is the dimeasionless
membrane condoctance.
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time™ himit has to be clearly less than 1,,,, of Philip
(1969).

To illustrate these solutions. we select two values of
V., 0 and — 1. For many field secils A = 0.1 m {White
and Sully, 1987) so these dimensionless potentials cor-
respond approximately to ¥, = 0 and —0.1 m.

The dimensionless ume-dependence of potential at
the membranc/sml surface, ¥.,, for these two poten-
tials is given in Fig. 4. Thc asymptotic approach to
¥., is obvious.

]n Fig. 5 we show the dimensionless cumulative in-
filtration as a function of dimensionless square root
of time. For both supply potentials the departure of
a.d. from linearity in a..'? is most noticeable for
ad? < 1, At the smaller supply potential, ¥., = — 1,
the approach to linearity is faster than at 'P. = {),

This approach to linearity in o' is bcst seen in
Fig. 6, where we plot !di.’/dl. as a function of
a«f-', We recall that in the absence of 2 membrane
adilidr. = (5,/S,Y. which, for Y., = 0.1s 1 and for
V.. = —1150.3679. The asymplouc approach to these
va?ues is apparent. We mav use the results in Fig. 6
as a method of establishing critena for the membrane
conductance and determining the time at which the
influence of the membrane becomes negligible.

Criterion for Membrane Conductance
Absorption

We fix the cnterion for absorption by requiring a
membrane conduciance such that 4., /di. attains $3%
of 11s long-term absorptior imit in 2 time, f:.. To be
of practical use, i must be a sufficiently short ume.
The dimensionless u:mes ar which this occurs are
shownan Fig. 3 and 6 for both suppis potentials Thic

<
cye—
l

95%

S

[} 5 10 15
a. t..,?

Fig. 5. Effect of supply membrane on flow. Dimensionless cumelative
infiltration as a function of dimensionless time for two supply
potentials. The arrows mark the times when 1/2 d7/dr. is 95% of
the jongtime absorption limit.

ol -
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95% criterion can be seen from Fig. 3 10 be adequate
for field use.
It follows from Eq. [7] to [9) that we require the
membrane conductance to be
[12]

a.iy = 14 (5¢/8)

This inequality becomes, in dimensional terms, for
any supply potential, ¥

a2 10 Sy[ME) . [13]

The inequality Eq. [13] 15 one of the critena we seek.
If we now specify 15, = 10 s, as seems reasonable, and
accept A = 0.1 m, then « = 30 S.. Under negative
supply heads, which are close 10 zero, S, seldom ex-
ceeds 10-*m s~ ', If follows that we require, approx-
imately, = 0.03 7' for ¥, close t0 zero.

Infiliration

When gravity starts 1o dominate flow, il is essent:al
that the membrane conductance not impede flow. If
11 does. flow instabilities mayv develop (Raats. 1973;
Philip. 1975). The ¢cntenon for this i1s merelv that the
membrane conductance be equal 1o or greater than
the soil conductance. It follows from idenufving A as
the appropniate macroscopic soil-based length scale and
the definition of the dimensionless membrane con-
ductance, [Ad]. that this 15 so when

a » K/, fr4]

To esumaie tne magnitude of . we take A = 0.1 m
again. Except for rock heaps. values of A’ scldom en-
ceed 107 *m »  so that the condition Eqg. [14] come-

sponds 10 a » 1T s . The graviny criienon Eqg. {14
1s thus less stngent than that for ansorplion. Eq. 1134
ds n eapected.

(riteria for Capping Materia!

It obvious inat the depth. /. of capping maieriu
itusl De 35 smali as possibic 10 minimize s cffcei on
riow. This dcm'r wii. depend on surlaer roughness.
vsually L s2n Yand > mm Because of
e smail d..pt}: :m Ui ::.. we gn approsimats the be-
havior of the capping matena! 25 2 Green-Ampt ma-
tenal and treat the thin cap 2s 2 membrance or suriace
crust. We desigrate mraperies of the cap wath subh.

3%

Fig. 6. Effect of supply membrane on flow. Slope of cumulative in-
filtration as a function of dimensionless time for two supply po-
tentials. The arrows mark the times when 1/2 d5/dr. is 95% of
the longtime absorption timit.
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script ¢. Some ume obviously is required for water 1o
move through the thickness, L. of the cap.

For Green-Ampt malerials of small L, the iniual
water flow will be governed entirely by capillanty. We
may, therefore. write the cumulative infiltration into
the capping as:

= M6 L.

= S41".

Here S. is the sorptivity of the capping at the supply
potential ¥, The time for water 1o move through the
cap. i 15 then

i, = [a6L/S]). [15]

Taking 38, = 03, L = 5mm, S, = 5 X 107*m ™'
we have typically 1, = 10s. Clearly in the initial stages
of flow capping materials will need 10 have apprecia-
ble sorptivities over a range of supply potentials. Ma-
lerials with uniform pore sizes will be inappropnate
uniess their ““tension saturated™ zone covers the re-
qutred supply potential range.

-

Absorprion

The cap conductance. a. will be strictly time-depen-

dent with

aft) = (¥ = V(0] L_E"J’LI K(¥)d¥ . 116]

where ¥ 15 the supph potennal at the cap surface.
and ¥ (1) the potential at the cap 'soil interface (White
o at o unpublished daiat Invoking the Greon-Amp:
assumption. we approximate this with 2 1ime inde-

o~ A .
oDl w

o = At L ST

wetng front has moved through the cap. then we may
us2 the preceding anzhvsis for flow through 2 mam.
weane, It jollows from Eg f17jand [ 3] that we reguiry

Kiw =08 LNy LI

. Il

Wik ihe above estmiates of S A r. Soand L = 3
mm. we Ind from Eg. [18) thai AW = 1.6 % 10 m
s . which s a largs cenducnvity. We emphasize that
this 1s expected 10 be a maximum value appiicablz 2
¥.. close 10 zero. With high subsoil sorptivities, the
effect of the cap matenal mav persist for times as long
as 60 s. The rapid decrease of S- with ¥, 1n the field
{White and Perroux. 1987) means that we can expect
Eq. [18] 10 be less resinctive at more negative ¥,

Infliration

During the later stages of infiltration the assumpuon
of constant cap conductance is appropniate and the
arguments leading to Eq. {14] apply. With this and
Eqg. {17] we have

Ky = KL [19]
To a first-order approximation the maximum required
KforL =5mmis K = 35X 10 *ms™' again lcss

stnngent than the absorption cnitenon.
The above estimates of the effect of the contact ma-

tenal on flow are admuttedly crude but suffice for or-
der-of-magnitude estimates of the maximum required
cap properties. Cleariv. the best capping matenal would
be one whose hyvdraulic propertics were identical to
those of the underlving soil. This is, of course. not
always practical. When one contact matenal is used
for a wide range of soils, the above estimates indicate
that the matenal should have both high sorptivity and
conductivity for ¥, clos¢ 1o zero but have a weakly
V-dependent K. (). The material should have a broad
particle size distribution or have a “tension saturated
zone' that covers the desired ¥, range. We have found
that the aeolian deposit. Bungendore fine sand. is very
suitable with Sy = 2 X 107 ms ' and K, = 3 X
10 ms™ ",

Air Entry into the Permeameter

We now examine how air entry into the disc per-
meameter may affect measurements, and seek 1o find
acceptable air-entry tube radit. We ignore air compres-
sion. as seems appropnalte for the small pressure
changes involved.

The volumetnc air flow rate, ¢. through the air-en-
try tube in Fig. 1 of radius r and length / 1s assumed
to be described by Poiseuille’s law:

4. = (wr A/SUJ)A-PIII [20}

with 5. the viscosity of air and AP the pressure dif-
ference across the air-entny tube,

Ir order 10 keep ¥ constant. we require AP = (=
— .1 p.gwith p the density of water, =- given i Fig.
i, and ¢ accaieration due 10 gravity. The voremeing
Now rate of 2ir must 2ls0 egual the volumeziny tow
rat> nf watsr o from the device In the rmnaf slages
of infitration

- e . T
. t..!\,_}b.m - taiy

WhHE o e 3T sidges of iltfilirelion
a . -K'A - I
with R the rachuc af the dice
Equating Eq. {2G] with Eq. {21} and j2I] 1" short
JATHTETON UL BNy
R i DTN (- O P G S 3
and 107 (0N infifalol Umes,

r= Sn,R KNz — voeg)l . {24]

We see in Eq. [23] that for / — O there will be a small
pertod where air-entn tubes of any reasonable di-
mensions must impede flow. It is sensible. however,
10 ask whether thus s also the casc at Lmes of. sav, !
= | 5. Using this ume and 1ypical values of / = 0.2
m. 2. = 0.0l m. ¥, = 0. Eq. {23] becomes

r=2X 10 (RS)"™. {25]

ForR =01mandS. = !0 'ms 'we find from Eq.
[25] that the air-entry tube radius necessary 10 permit
constant ¥y at 7 » 1 sts 1.1 mm. The 3- to 4-mm
diam. tubes we have used for R = 0.1 m are thercfore
adequate.

As steady state is approached. for typical values
given above, Eq. [24] reduces o
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ras 2 X 10 SRR (26]
With the maximum K, = 10 'ms 'and R = 0.1 m.
Eq. [26] gives r = 0.6 mm, which is naturally less
stiringent than that for flow governed by capillarity,
Note that Eq. {23] may also be used to find the time
1, given r, at which air entry no longer influences ¥,
We now illustrate the performance of disc permea-
meters in the field in the one-dimensional mode.

FIELD PERFORMANCE OF THE DISC
PERMEAMETERS

Membrane Conductance

In order 10 measure the membrane conductance.
disc permeameters (Fig. 1) were set up as falling head
permeameters by opening the reservoir stopcock. The
conductance of several compositie membranes using
the 63-um nylon mesh was found to be 0.066 = 0.008
s~ This is nearly twice the conductance of the porous
glass plates. 0.034 = 0004 s-'. used by Clothier and
White (1981) in the sorptivity tube. We note that both
measured conductances satisfv our approaimate cn-
tenon Eq. [13) that a = 0.03 57",

Comparisen of Disc Permeameter and Sorptivity
Tube in the Field

Eight one-dimensional side-by-side comparison tests

between the disc permeameter with a diameter of 200
mm and an 85.3-mm diam. sorptivity tube of Clothier
and White (1981) were performed on 2 2-m- site. Tests
were conducted at the Bungendore fine sand field sitc
described by Clothier and White 11981), where sorp-
i ies arc known te be high. We expect here 10 1ot
o adeguacy of the conductance of the supphy mem-
hrane. The supply potential was - 35 mm H.O. No
contact matenal was necessan Tymaal resuits for the
initial stages of infiltiration tor both devices are shown
n Fig T

o - - ~-

0w Bungengore ! ¢

Coae Permesmraty /.
o= 200 e /

.
S=0fx T me - ./.

S

n;-- T / _

o ' /u/ Sorplwiiy Tube {
MR TRP NS ;

=010 ms

w u

0 2 4 6 8 10
1725 %)

Fig. 7. Cemparison of disc permeameter snd sorptivity tube. Cu-
mulative infiltration as & function of square root of time for early
stages of infiltration,

Table 1. Comparison of mean sorplivities [rom disc permeametcer
and torptivily tube. In situ Bungendore fine sand. #, = 0.020
L1 0002 %, = =005 m.

a 10 &, Vo cv n
m — msT =
Disc 0.200 9.56 }.32 138 i
Tube 0.0853 101 37 36 6 5

Nonlinear i(¢'/°) behavior in Fig. 7 similar to that
predicted in Fig. 5 is discernible in the early time por-
tion of the results of both devices. It is more pro-
nounced for the sorpuivity tube, Using Eq. [13], the
measured values of 5, A = 0.1 m and values of 144
of 1.5 5% and 2.24 s** for the disc and the tube, re-
spectively, we find estimates of conductance for the
two membranes to be 0.07! and 0.045 s~ ‘. reasonably
close to the directly measured values above. We note.
however, that for the hvpodermic needles used in the
tube, Eq. [23] predicts that air flow should be himiting
for the sorptivity tube for 1'* = 4 s’

The anithmeiic mean sorptivities found for both de-
vices at this site are given in Table | together with
their standard deviauons and coefhicients of variation.
There 1s no significant difference (99% level} between
the means irrespective of whether the distribution
function is normal or lognormal. The 2.7 umes re-
duction in coefficient of vanauon with the 2.3 times
increase in sample diameter for the disc permeameter
is nol unexpected.

Despite the difference in membran2 conductance of
the two devices coupled with air-entry hmitations m

¥

"~
N\

| N

r e -

Wy .

| °/f,"‘ '

| " i
0 .

4] 10 20 0

(57

Fig. 8. Effect of suppiy potential on early stages of infiltration into
an intact field soil sample, Murrumbateman silty clay loam. Mea-
surements performed on the same air-dried sample.




1212 . SOIL SCL SOCAM. 3. VOL. 32, 1985

Table 2. Effect of water supply potential an coefficient of varia-
tion of sorptivity.T

" 100 5,2 10* o2 cv
m —r—— ms't- — e
-0.01 2137 0.692 29.2
- 0.035 135 0.23% 115
-0.105 1.04 0.186 15.8
-0.150 1.01 0.179 17.7

1 Intact samples. Murrumbateman silty clay loam. 6, = 003, n = 20.
¢ Data from White and Perroux {1987

the sorptivity tube, which, in Fig. 7, influence the very
early stages of absorption, the mean sorptivities in Ta-
ble 1 are identical. The larger disc permeameter docs.
however, give a lower coefficient of vanation,

Supply Potential and Unsaturated Sorptivity

The effect of supply potential on the early stages of
ficld infiltration is 1llustrated in Fig. 8 for four ¥, in
the range —0.15 < ¥; = —0.01 m. Measurements
were taken on the samte undisturbed sample, which
was air-dried back to the oniginal 8, = 0.03 before
each measurement. The soil 15 a pasture site. Mur-
rumbatemen silty clay loam (Haplustalf). We discuss
the use of such measurements to determine field hy-
draulic properties elsewhere {White and Perroux,
1987). Bungendore fine sand was used as the contact
matenal.

The dramatic increase in sorptivity as ¥, ap-
oroaches zero 15 evident in Fig. 8. For the two lower
supply potentials, —0.105 and —0.15 m. the differ-
ence 1s much less dramaiic. This indicates the absence
of sign:ficant numbers of macropores capabic of fithng
2! these potentials.

Note here that time zero was taken as the time when
water passed through ihe contact matena: The d-mm

LT Ts Deim e ldir T

LY g
O
Ty

-~
-

1

S IV

_ irtal Murrgmpagtemarn 5. -

//
v \ — \. p— _// -"l
. | I\ / |
] /N 7/ 1
/ \_/ i
1c — / b —~'
< Re keg
! / \\ /-._. P:a‘:ﬁ;oes !
t/ ~ 7/ 1
o/ ¢ ]
0 ' ] |
0 -55 -100 -150
Y, (mm}

C

Fig. 9. Effect of supply potential on coefficient of variation (CV) of
sorptivity for intact samples of Murrumbateman silty clay loam,
Also shown for comparison are the CVs for vertical columas of
repacked Pialligo sand and nominal radii for soil pores that fill
with water at the supply potential. Data from White and Perroux
(1987).

coniact laver docs not seem to have influenced the
flows in Fig. 8 appreciably. Had 1t done so, these plots

would not be linear with ',

Supply Potential and Coefficient of Variation of
Sorptivity

White and Perroux {1987) have tabulated the influ-
ence of ¥, on mean sorptivities for 20 intact samples
of Murrumbateman silty clay loam. Measurements at
four supply potentials were carmed out on each sam-
ple. The mean values reflect the trends evident in Fig.
8. It is of interest 10 examine how their coefficients of
vanation (CVs) change with supply potential. We list
these in Table 2 and plot them 1n Fig. 9 as a function
of ¥,. Also shown in Fig. 9 is the nominal pore radius
that just fills with water at the ¥, in question.

1t must be recalled that the CVs in Fig. 9 and Table
2 for each ¥, come from a single set of soil samples,
not four replicates. The stabilization of CV evident
for ¥, < —40 mm suggests that below this pressure
variation in sorptivity 1s either due to the inherent
soil vanability or to measurement error. Above —40
mm a considerable portion of the vanation seemns due
10 macropores or preferential flow paths.

Clothier ct al. (1981) assumed a “Swiss’cheese’ type
model of the soil in which the soil was viewed as being
composed of a relauvely uniformn soil matnx inter-
spersed with macropores of radius = 0.75 mm (ant
holes). equivalent to ¥, = —40 mm. At the ime we
recognized the gross simplification of this model but
11 fitted our measurements of rainfall infiliration sur-
onsingly well. The data in Fig. 9 may support this
“Swiss-cheese” model. a: leas: for the Murrumbate-
man site,

In order 10 pui ihese resuils i 30MLC PUisPadiine,
we show a comparson. ir Fig. 9 with CV data for
sorpiiviiy of repacked verticai coiumns of Pialhgo sand
:Ustochrept). Whitc and Perroux. 1987 Measurement
procedures for these were identical to those for ntact
s0il. We note that for ¥ = — 50 mum the repacked
samples have CVis ¢f order 3%, Lypuwal ot izboratory
rosults. At lower supplv potennals. howsver, the CVs
bracket those of the held soil. Thus, the experimental
uncertainty in the repacked soii in the laboratory
matches that for the 1niact heid soil for measurements
made under idenucal conditions for ¥. -2 — 50 mm.
This seems to impis that topsoil matny of the Mur-
rumbateman site is indeed pedologicallh umform. as
s0i} survey suggests (J. Loveday. 1985, personzl com-
munication). and that observed vanations in flow at
V.. close to zero are due mostly 1o preferential flow
paths in the soil matnx.

Ponded vs. Unsaturated Measurements

In order to assess the complete influence of macro-
pores and preferential channels on flow as well as al-
terations brought about by management practices, i
15 necessary to compare ponded with unsaturated
measurements.

We list in Table 3 such a companson for 40 side-
bv-side pairs of in situ ponded and unsaturated sorp-
1ivity measurements made using devices shown in Fig
| and 3. These measurements were taken along a 72-
m transect at a pasture site on Raintree silty joam
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Table 3. Comparison of ponded and unsaturated sorptivities.?

Ponded Unsaturated
¥, I(m) + 0.008 -0.02
10 S, im s 447 1.45
10t o m 8°"'% 2.79 Q472
CV (%) 62.4 325
n 40 40

1 In situ Rantree silty loam. 8, = 0.110 = 0.008, 8, = 0.524 « 0.040.4d
s 0.200 m.

(Ustifluvent) near Cowra, New South Wales. Ponded
and unsaturated measurements were performed with
¥, of +0.008 and —0.02 m using 0.2-m diam. sam-
ples. The measurements were spatially uncorrelated.

The arithmetic mean sorptivity for the ponded con-
dition is three times that of the unsaturated vaiu¢ in
Table 3 and the difference is highly significant (99%
level). This significant difference also applies if we as-
sume that the data are lognormally distnibuted. This
threefoid change brought about by a 28-mm change
in supply head is obviously due 10 macropores whose
nominal diameters are > 1.5 mm (equivalent 10 ¥, =
—0.02 m).

Table 3 also shows a marked increase in coefficient
of variation in gding from negative to positive ¥,
which is commonly observed (Clothier and White.
1981).

Saturated Hydraulic Conductivity and Mean Pore
Size from Sorptivity Measurements

The mean sorpuvities in Table 3 can be used 10
estimate the saturated hydraulic conductivity. K. and
the macroscopic capillary length. A. Following White
and Perroux (1987} K 15 given. 10 a good approx:-
mation. by

K. =1(S. — 5 y¥/[2a0.4¥]. 127
where the subscripts — and — refer to positive and
negative supply heads, AV is the difference in heads
and A3, = 6. — 8. with 6, = ¥ = 0). Using Eq. [Z7]
and the values in Table 3, we find K, = 3.9 um s~ .
The capillary length follows from White and Suliv
(1987):

A= LHAVYUS./S )y — 1}, 28}

Philip (1987} has shown that A is related to a flow-
weighted characteristic pore size. .. of the soil with

A, = T.4/\. [29]

where A, and A are in millimeters. We have demon-
strated ihat A.. calculated from Eq. [28] and {29} give
physicallv realistic estimates of mean pore sized (White
and Sullyv, 1987).

The mean sorptivities in Table 2 together with Eq.
[28) and [29] give A = 3.6 mm and A, = 2.0 mm for
this site. This A, is large and reflects the dramatic
effect of macropores on flow under ponded condinions.

CONCLUDING COMMENTS

We have presented here designs for positive and
negative supply-head disc permeameters. The effects
of the water supply membrane, the soil capping ma-
terial, and the air-entry delivery system have been es-

timated for the negative head permeameter, and cn-
teria for their seleciion and control have been given.
In addition, they can be used to delineate situations
for which the device 1s limiting,

In demonstrating the ficld use of disc pcrmeame-
ters, we have concentrated on one-dimensional sorp-
uvity measurements., While regarded by some as a
largely unimportant hydraulic property, we have been
able to demonstrate the use of sorptivity in estimating
field hydraulic properties such as saturated hydraulic
conductivity, as shown in this work and elsewhere
{White and Perroux, 1987), and in estimating char-
acteristic mean pore sizes of field soils (White and
Sully, 1987). In addition, we have demonstrated a
*deterministic” contribution 1o perceived vanability
brought about by small changes in supply potential.

These permeameters are particularly useful in fol-
lowing management or natural changes in soil prop-
erties. We and our colleagues have used them exten-
sively since 1982 1o assess the alteration of soil by
management and ullage practices.

The use of disc permeamelers 1n three-dimensional
flow measurements that involve minimal soil distur-
bance will be reporied elsewhere,
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APPENDIN
Effect of Supply Membrane on Water Absorption

For a membrane of consiani conductance. 2. angd suppiv
notential. ¥ . the ums-dependen: sarface flun through the
membranc. v (7). foliows from Smiles ot at 11W¥D]

it = ot — w0 (A
with ¥ (1) the time depeadent watzr-potenngi at the mem-
brane/soil interface. For simphciiy we wriie o = v4r) and
¥ = ¥.(1). The solution of Smules et al. (1952} may be
rewriien in terms of potennal 1o give:

IV

J T8 = 0)K0Y) FV.¥, V) dw
+ [A2)
1,.
= Edl‘,-df .
with 8, volumetric water content. 4, = 8(W¥,). and
F(¥ ¥, ¥,) the dimensionless soil-water flux (Philip,

1973). The solution 1s completed by recalling (Knight,
1983)

LI AR dr ,
' L W j v a3

Equation [Al} gives v; as a function of ¥, which. together
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with [A2]. gives i{¥,). Both combined 1n Eq. [A3] give ¥, ().
and hence #1). vo{8). and di’/dl.

11 1s more cfficient to rewrite the solution in terms of the
dimensionless vanables

\]f. = ‘{’/’}\. 1. = [/T. ‘.'U = Vﬂ/’\.u- i‘ = ’/Aﬁxv

and a. = ar/K,. [Ad]

Here A is given by Eq. [6]. r = A8A/K,and 38 = 6, — 8,
In addition, we assume that F(¥.¥,.¥,) in Eq. [A2] 15
given by

F(‘{f,\lll,‘lf,,) = (8 - en)/(el -—en) [AS]

with 8, = 0(¥,). We know that Eq. [5] represents a lower-
bound estimate for £ (Philip, 1973; White, 1979). This as-
sumption gives directly (White and Sully, 1987}

A = SY/[2A0.K). and 7 = »[S/K)  [A6]

with S = S,at ¥, = 0.and 36 = 8 — 6. with . = H¥
= 0).

Using Eq. [AS]. the dimensionless variables Eq. [A4] and
the exponenuiat K. Eq. [3]. the solutions Eq. [A 1] and {AZ)
become in dimensionless form:

V:()/Oo = ‘I’-n - \P-I [A?]

and 10 a first approximation.

o

C e [ expt¥..) — exp(¥. }]O: = i - v. [AS]

Y

Pl
3%

with #.. = . - 6.1.A8. Substituung Eg. 1A7T) i [A3] pro-
GLCT

qee = APty 0 — iV b Wl Ay,

e e A LI oS 1
LRl Ly |.'\-, whoew ‘.\\gl pee '.:\.‘. N -‘\_1, -

. — b = leap(¥. o — eapiy iadvw .

:;.‘v' — \=:. \1

Now o1 the eaponential Kivian L. (3] icgaihor wnh 24

"AS! and taking W — 2 we can show that the ot of

sorptvets atam b 1o tkarat o= 0 e
(SASr = eaplw.) - N

Imegraning Eq. [AlQ] for ¥., — —= and using Eq. {Al})
vields

s ] {exp(—_wf-')

— Cai.e = - —— 1 - . Al2
.S “ 2 A ( A [A12)
- E;(-N’-)]

and we mav rewnte Eq. [A7] and A9} as
Voo = a-a¥. [A13]
= di/di.
and
(5/S¢rad. = exp{—AaAv¥.)/av.. [Al14]

Here A%, = ¥., — ¥., and E x) is the exponential integral
{Gautsche and Cahull, 1972). Substituung Eq. [A 13} and [Al4]
in Eq. [A12]. we amve al

J.VOL. 52 1088

(S/So)ait. = % HS/SoYasis[1 +a-fdiv/dL.))
. — Eldisdda)l  [A135]

and [A13] to [A 15} constitute the approximate, analylic so-
lution that we seek.
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