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Abstract

Established laboratory and field calibration procedures for the neutron moisture meter are
demonstrated on a uniform soil and alternative, low cost procedures on a duplex, less uniform soil. The
effect of field variability on the calibration methodology is discussed with the aim of optimising
calibration reliability at minimal cost. The difference between calibration for a soil material, or for a field
(a range of soil materials) is considered. In particular, calibration for the estimation of water content
change is shown to be a different problem from calibration for the estimation of water content in a
variable field. Techniques aimed at detecting field variability problems during calibration are suggested,
and methods for optimising the results for the intended use of the instrument are outlined. Pairing of
calibration tubes, alternative methods of analysis of calibration data, and use of other information from
the field to measure its variability, can improve the precision of calibration procedures to the point where
minimal calibration effort, with careful analysis, can provide reliable results.

1. INTRODUCTION

The neutron method provides a rapid, non-destructive means of measuring water content and
water-content change in soils. Current models have proven popular with commercial water monitoring
consultants for estimating soil water content on farms and for irrigation scheduling. But, the cost of the
calibration of the neutron moisture meter (NMM) has induced many users to avoid site specific
calibration and place reliance on either the factory calibration supplied with the instrument or a general
calibration derived for a soil type or an area. Factory calibrations are usually carried out with water/sand
mixes that bear little resemblance to most soils. The calibration slope is dependent on soil composition
and density and its intercept is dependent on clay content [1—3].

General calibrations for a particular region or soil type can provide acceptable results, but can be
seriously in error if used indiscriminately. For example, published calibration data [4], while purporting
to be valid for a region, fail to provide the most vital information, that of the profile of clay content of the
soils calibrated. This is particularly important in the duplex soil type in which the soil content varies with
depth at a location, and can occur at variable depth in the profile from site to site. Both factors can
substantially affect the calibration.

Calibration for a specific site or soil will increase both the accuracy and precision of the NMM
method, but field calibration traditionally requires that a sufficiently large number of access tubes be
randomly installed for destructive sampling of volumetric water content. Unless the field variability is
known, the term "sufficiently large" is an unknown quantity and a large number of destructively sampled
sites are often undesirable for economic, logistic, or aesthetic reasons.

+ Deceased March 1996.
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This paper provides a guide to answer the questions most frequently asked by users:
- What is the best calibration method for the NMM where time and money are limited?
- Given that, in most cases, little will be known about site variability, how many calibration tubes

should be used and how: should they be laid out?

If variability exists in a field, then the calibration must either exclude it (have a separate calibration for
each soil variant), or include it within the uncertainty' associated with a calibration for the field as a
whole. The difference between these cases might be described as "calibration for each soil" or
"calibration for the field." Which is more desirable depends entirely on the purpose for which the
instrument is to be used, and the precision required.

For example, for the NMM. the laboratory drum calibration is a common procedure. Field
material is brought into the laboratory, homogenised, and a calibration obtained between the instrument
and the soil at a range of water contents. This calibration has an associated experimental error that is
usually very small and unrelated to field variability'. When this calibration is used in a perfectly uniform
field with soil identical to that in the drum, all the variability seen in the field measures of water content
will be due to variation in field soil water content. However, if the field varies in density or composition,
then it is impossible to separate real variation in soil water content from apparent variation in water
content due to these other factors. Unless the field is known to be the same in both composition and
density as the laboratory material, this procedure cannot be used to give information about field water
content because the relevance of the calibration is not established.

This lack of relevance can be assumed for a factory calibration based on sand/water mixtures.

The alternative calibration procedure involves installing a number of randomly placed access
tubes in the field and, when the soil is wet, NMM readings are made at a range of depths and half the
tubes are destructively sampled to measure volumetric water at each reading depth. This process is
repeated after the field has dried with the remainder of the tubes, thus producing a calibration. In a
carefully executed calibration, using a sample volume for the soil water measure approaching the volume
of influence of the NMM (about 150 mm radius), the experimental error associated with each single
point on this curve is quite small (usually <1%), as both NMM count and water content at a point can be
established with high precision. A field perfectly uniform in composition and density' will produce points
along a common calibration line. Scatter of points off the line is caused by the effects on the NMM due
to variability' in composition and density'.

If an adequate number of calibration tubes has been used, then adding more may increase
confidence in the mean of field water content, but should not reduce the scatter of points around this
mean because the field "population" has been adequately sampled. The scatter is caused by field
variability'.

Further improvement in precision becomes a matter of identifying and accounting for as much
of the variation as possible. If necessary, by having variants of the calibration for different horizons or
different parts of the field. This may be a simple process if the variability' is associated with another
easily measured factor - such as soil texture. Many soils vary in composition with depth (e.g. texture
contrast soils) in a reasonably uniform manner and a measure of the depth at which these changes occur
can be obtained cheaply and quickly. So, a separate calibration for each depth with considerably reduced
error can be obtained just by associating each calibration point with a simple measure of its soil texture.
The texrural measure may be as simple as a visual estimate or as elaborate as a particle-size analysis.

A simple variation to the usual field calibration procedure, as described above, is to distribute
the calibration tubes in pairs making use of the assumption, which is usually valid, that variation in a
field will be less between two points that are in close juxtaposition than two points that are much further
apart. Here one tube of each pair is sampled in the wet condition and the other, placed about 2 m from it.
in the dry. The resulting calibration then comprises, not a scatter of unrelated points, but a series of pairs
of points each defining a calibration line for a depth in a part of the field. These lines might be termed
"'mini calibrations" specific to a particular location and depth in the field.
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If the field is uniform, then these mini-calibrations will form a readily identified common line,
the same line that would be obtained by the unpaired method. In a non-uniform field, however, a
common calibration line is not likely. But, additional information is now available that may be used to
map the mini-calibrations to the field and improve the precision of the NMM method as applied to that
field. This requires little additional calibration effort, just a different experiment design and different
analysis of calibration information.

An extension of this approach is described below. By matching the calibration method to the
desired application, the maximum information and calibration precision may be obtained from a reduced
number of calibration tubes or simpler lower-cost sampling methods. Depending on the ultimate
application of the instrument, savings in time and effort can be made in the calibration process without
much loss of precision.

2. MATERIALS AND METHODS

Four calibration techniques are provided as examples of procedures. The first two represent
cases where time, site damage, and expense are not limiting. The other two are modified techniques that,
while less rigorous, are less expensive and more appropriate to commercial applications such as
irrigation scheduling, or for monitoring water in research cropping trials.

Method 1; laboratory drum calibration is used primarily for research, and is intended to provide
maximum information regarding the relation between an homogenised soil sample, its water
content, and the NMM count rate [6],
Method 2; this "ideal" field calibration is where a large number of calibration sites are selected
at random across a field and NMM access tubes installed at each site are destructively sampled
by taking large volumetric samples as closely to the tubes as possible [6],
Method 3; this is a limited field calibration like Method 2, but involves fewer access tubes where
random location is not always possible, because of cost or site considerations; soil water
sampling may be by the less onerous gravimetric method, supplemented by a few measurements
to establish the profile of bulk density in the field; soil sampling is done as close to the access
tube as possible, but with smaller samples than for Method 2; a variation of this method allows
soil sampling from inside the access tube during installation,
Method 4; this follows a procedure that may be used to calibrate an existing installation where
the access tubes are used for long term monitoring and may not be destructively sampled. Soil
sampling in wet and dry conditions must take place at random across the field (at a distance from
the access tubes) to be compared with NMM counts also obtained from across the field. Soil
sampling may again be by the gravimetric method supplemented by a bulk density profile.

Calibrations by Methods 1 and 2 were carried out in Pakistan and 3 and 4 in Australia. The
Pakistan instrument was a Campbell Pacific Hydroprobe model 502' and the Australian work was done
with a locally manufactured instrument based on an annular americium source and a BF3 counter tube.

In both cases, an attempt has been made to minimise differences between source, counter tube, and
electronics by expressing NMM counts in the field as a fraction of the count in a standard medium. And
in both cases the medium was a 200-L container of water fitted with an access tube of the type used in
the field. This "count ratio" will be referred to as NMM "count."

Because the NMM reading is based on a Poisson-distributed radioactive decay process, the
standard error of the NMM is equal to the square root of the total count taken. Thus, to reduce error in
the NMM reading to 0.3% requires 100,000 counts at each point. This precision was obtained by
summing counts from three 16-second periods.

A large, uniform area of saline sodic soil at the field station of the Biosaline Research Station
(Pakistan) has been, and will continue to be, used for agronomic experiments for a number of years.
Thus, considerable effort can profitably be invested in precisely calibrating of the NMM for this

Use of a brand name does not imply recommendation.
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environment. Methods 1 and 2 were used on this soil, which was uniform in composition and density to
a depth of 1 m but with high salt content (EC 16 dS/m). The experiment was. however, carried out as for
a texture-differentiated profile to verify its uniformity. Methods 3 and 4 were used on a duplex red-
brown earth at the Waite Agricultural Research Institute, South Australia.

A brief description of the conventional calibration methods (1 and 2 below) is given for
comparison. Details of. and references to, these methods are published elsewhere [5].

2.1. Laboratory drum calibration (Method 1)

Approximately 2 nr' of soil were excavated from three locations in the field to a depth of 1 m,
and transported to the laboratory where it was dried and ground to pass a 5-mm sieve. After thorough
mixing, the soil was packed into a steel drum (0.8 m diameter x 1.0 m) which was open at both ends
and divided so that it could be split into two halves to simplify removal of the soil after each packing.
During packing, the two halves were bolted together.

The soil was added to the drum in quantities of 40 kg. spread evenly, and lightly packed in
layers, to a measured depth. Samples were taken for gravimetric water content throughout the packing
and mean density and volumetric water content for the whole drum were calculated. An aluminium
access tube was installed in the centre of the drum by augering ahead of, and down through, it to
produce a tightly fitting access tube without compacting the surrounding soil. For the first few drum
packs, a range of depths was measured with the NMM because the packing is unlikely to be perfect
and the air and floor material will influence counts near the surface and the base of the drum.
respectively. Three depths, the centre point and at 0.1 m above and below it. were chosen for NMM
measurements and the average count rate for each packing calculated.

The drum was then split into its halves, the soil removed, any cohering lumps crushed, and
repacked using a greater packing pressure (a smaller rammer) to achieve a higher density. Count rates
were again taken and the soil removed and crushed as before. A calculated amount of distilled water
was added from a fine watering can, the soil was thoroughly mixed and left to stand overnight under a
cover. After mixing again, the drum was repacked at the low and then the high density. This process
was repeated until the soil became too wet to work. The average density and the gravimetric water
content of the drum was established and the count rate of the NMM recorded for each pack.

2.2. Randomised paired-tube field calibration (Method 2)

Six plots (2 x 3 m) were selected randomly on an experimental field that had been under
Kallar grass (Leptochloa fusca) for five years. The soil, a sandy loam (clay 22%, silt 23%, sand 55%)
was uniform chemically and texturally to 1.5 m. Two aluminium access tubes were installed on each
plot 1 m apart using the slurry method [4]; the ground and sieved field soil was used as the solid
component of the slurry. Irrigation water was ponded on the plots until saturated at depth. Standing
water was then removed, and the profile allowed to drain to near field capacity. NMM count rates
were measured at depths of 0.1, 0.25, 0.5, 0.75 and 1.00 m.

Volumetric water content and bulk density samples were then taken from the soil volume
adjacent to one of the tubes in each pair. This involved excavating a trench near the tube so that three
thin-walled sampling tubes (72 mm diameter x 75 mm long x 1.5 mm wall thickness) could be
inserted vertically next to the access tube at each depth (i.e. within the volume sampled by the NMM).

The soil had extremely low permeability, and drying the plots required 1.5 years even though
they were covered with polythene sheets during periods of rain. NMM monitoring continued at one
sampling per month during the drying period, and when there was no further change in count rate, the
second tube in each plot was sampled as above.
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2.3. Limited field calibration with "near" sampling (Method 3)

This work was carried out on a duplex red-brown earth, with properties previously described
[7]. Because of the different texture of the sub-soil, two horizons were calibrated separately.

The soil comprised a surface loam (not included in the calibration) grading to a light clay at
0.45 m (28% sand 23% silt 48% clay) over a heavy clay to 0.8 m (19% sand 19% silt 60% clay).
Calibrations were centred on 0.3 m and 0.6 m depths. A plot, 20 x 30 m, was selected within a larger
area and three pairs of aluminium access tubes were installed, 2 m apart, to a depth of 1 m.

The soil was dry at the end of the dry season and NMM count rate was measured at depths of
0.3 and 0.6 m. One tube of each pair of access tubes was sampled destructively by taking three
gravimetric samples (56 mm diameter x 0.2 m long) as close as possible to each of the three tubes
centred on depths of 0.3 and 0.6m. In the discussion following, these samples will be described as the
"near" samples. In-situ bulk densities of the 0.3- and 0.6-m soil layers were established by the sand
replacement method at one site adjacent to an access tube.

NMM count rate and soil water sampling were repeated after wet-season rains had wetted the
profile to the full depth. The bulk density of the soil layers of interest was again established to detect if
serious swelling had occurred.

2.4. Limited field calibration with "far" sampling (Method 4)

At the time of taking the "near" samples for Method 3, the same number and size of
gravimetric samples were taken from points randomly distributed across the field. These samples are
referred to as the "far" samples and a calibration was obtained from the mean of these samples and the
mean of the NMM readings taken in Method 3.

3. RESULTS

All regressions have been calculated using 9 (volumetric water content) as the independent
variable for reasons, which are discussed below.

3.1. Drum calibration

Figure 1 shows the calibration obtained in the laboratory drum calibration. Exclusion of the
lowest water content points was considered in case they showed reduced count rate below the
expected linear relation that might indicate that the drum was too small to confine all the neutrons at
low water contents. Omitting these points made no significant difference to the calibration, therefore,
they have been retained in the analysis. Three points at the highest water content and highest density
were omitted because compaction caused free water to pond on the soil surface. There was almost no
effect of packing density, possibly because of the high salt content of this soil, which would counter
the neutron scattering effect of higher density. Data from all drum packs are treated together.

A linear regression fitted to the data points produced the following equation:

n = 0.033+ 1.285(+0.051)9 r2 = 0.98 (1)

where

n is the count rate ratio (relative to water)
and 6 is volumetric water content (cc/cc).
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FIG. 1. Relationship between NMM count rate ratio and volume water content of Biosaline station
soil using a drum calibration (Method I).

Applying a "'density correction" to each point to adjust it to the mean packing density of all
points was found to reduce the relative error in the calibration slope [3]. This implies that a further
correction is necessary to the curve slope before it may be used in the field if the field density is
different to the mean drum density7. The average density of drum packs was 1.42 t/nr\ It was not
possible to pack the drum to field density except under near-saturated conditions. Since the field
averaged 1.6 t/m' we chose to correct the calibration points directly to this value. Choosing the field
density also facilitates comparison with Method 2 below. Applying this correction gives:

where

n'

n' = 0.053 + 1.246 (±0.047)6

is n x (Ds/Di)0-5.
is the mean densitv for the field soil.

(2)

and Di is the density of the packed soil in the drum for each measurement point.

Inverting this equation to predict water content from measured count rate ratio gives the drum
calibration for this soil as:

9 = 0.802n' - 0.042

3.2. Random paired-tube field calibration

(3)

All layers were analysed separately to detect any differences that might exist. Results from the
0.25. 0.5 and 0.75 m layers were not significantly different, therefore, they have been treated here as a
single group. Accurate volume sampling was difficult at 1.0 m and while the calibration was similar,
poor sampling resulted in an error in the slope of the calibration for that depth of 25%. almost twice
that for other layers. On this account, the data for this layer have been omitted from the analysis.

The calibration for the 0.1 -m layer was quite different probably due to neutron loss from the
soil surface. The regression equation is:

n = 0.028 + 0.98(± 0.10)9 x1 = 0.90 (4)
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Below the surface horizon, the soil density was quite uniform, averaging 1.63 t/nv\ While, in
this case, it resulted in negligible change, counts were corrected from the density of the sampling point

to a density of 1.6 t/mJ by the method described above (Eq. 2) because this procedure often reduces
scatter in the calibration and error in the regression coefficient by accounting for some field variation.

The combined data from the 0.25, 0.5 and 0.75m layers are shown in Fig. 2 with the

n'= 1.42(± 0.057)6-0.009 r2 = 0.95 (5)

Inverting gives the calibration:

G = 0.704n' + 0.006

Since all soil layers average the same density, n = n', and this curve can be used with no further
correction in any soil layer.
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FIG. 2. Field calibration of Biosaline station soil using volumetric sampling and 6 pairs of
volumetrically sampled access tubes (Method 2). (—) Combined calibration for 0.25m, 0.5m and
0.75m horizons.

3.3. Limited field calibration with "near" sampling

The data obtained for the calibration using the "near" sampling method at the Waite Institute
site are listed in Table I. The volumetric water content was calculated using the mean soil density of

1.5 and 1.22 t/m^ for the 0.3- and 0.6-m layers, respectively, and the calibration is plotted in Fig. 3.

The regression equation for the data from the 0.3m layer is:

n = 0.86(+0.03)6 + 0.033 r2 = 0.99 (6)

and for the 0.6-m layer:

n= 1.85 (±0.19)9-0.089 r2 = 0.96 (7)
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Regression slopes for the two layers are quite different and should not be combined into a single

equation, even though the r- for the combined data is 0.85 (see Discussion below).

TABLE I. DETAILED RESULTS OF "NEAR" SAMPLING OF WAITE INSTITUTE SOIL. THE
TEXT DESCRIBES SEVERAL METHODS OF ANALYSING THESE DATA

Site

Tube

Tube

Tube

Tube

Tube

Tube

1

3

1

3

Dry

0.08
0.076
0.077

0.1
0.104
0.096
0.078
0.081
0.076

Mean

Gravimetric water
content (g/g)

Wet

0.151
0.151
0.155
0.163
0.162
0.162
0.157
0.155
0.159

all tubes
SD all tubes

0.206
0.211
0.209
0.222
0.228
0.22
0.17
0.159
0.17

Mean

0.265
0.26

0.266
0.242
0.239
0.238
0.252
0.262
0.242

all tubes
SD all tubes

Mean
drv

0.077

0.1

0.078

0.085
0.01

0.209

0.223

0.166

0.199
0.024

Mean
wet

Depth 0.3

0.152

0.162

0.157

0.157
0.004

Depth 0.6

0.264

0.24

0.252

0.252
0.01

Volumetric water
content

Dry

m

0.116

0.15

0.118

0.128
0.057

m

0.255

0.272

0.203

0.243
0.029

(cc/cc)

Wet

0.228

0.243

0.235

0.235
0.006

0.322

0.292

0.307

0.307
0.012

Count

Dry

0.131

0.169

0.132

0.144
0.018

0.376

0.386

0.295

0.352
0.041

ratio

Wet

0.232

0.243

0.232

0.235
0.005

0.507

0.473

0.484

0.488
0.014
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FIG. 3. Field calibration of Waite Institute soil using three pairs of access tubes and gravimetric
sampling adjacent to the tube (Near sampling method). This duplex soil shows clear differences in
slope for each layer. Calibration lines are ( ) individual tube pairs, (—) combined data for each
horizon, (....) all data combined. Note the substantial slope difference between loam (0.3m horizon)
and combined, regression line.

3.4 Limited field calibration with "far" sampling

Table II gives the gravimetric water content from samples collected at the same depths as
above, but at nine randomly selected sites within the field. The mean of these data was converted to
volume water content by multiplying the gravimetric water content by the appropriate horizon soil
density. Figure 4 shows the resulting calibration and, as before, the two layers have different
calibrations. The line through the mean values of water content and count ratio for the 0.3-m layer is:

n = 0.9780-0.005

and for the 0.6-m layer:

n = 3.499 -0.632

(8)

(9)

The calibration in Fig. 4 is based on only two points, the mean of the field NMM value and
mean water content in the wet and the dry states. The calibration is the line through these points.
Figure 4 also shows the individual soil water content values plotted against the mean NMM value and
individual NMM counts against the mean soil water value. The scatter of these individual points
becomes critical to the analysis below.
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TABLE II. RESULTS OF -'FAR" SAMPLING IN WAITE INSTITUTE SOIL

0.3

Dry

Gravimetric
(g

m depth

Wet

water content
'''g)

0.6 m

Dry

depth

Wet

0.081
0.086
0.084
0.102
0.075
0.099
0.120
0.098
0.112

0.154
0.149
0.152
0.155
0.160
0.161
0.152
0.158
0.150

0.206
0.213
0.221
0.231
0.226
0.264
0.256
0.222
0.241

0.253
0.284
0.268
0.280
0.258
0.259
0.259
0.269
0.238

Mean gravimetric water content
0.095

0.143

0.155

Volumetric water
0.232

Mean count ratio

0.231

content
0.282

0.263

(cc/cc)
0.321

(from Table I)
0.144 0.235 0.352 0.488
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FIG. 4. Field calibration of Waite Institute soil using the mean [~] of three access tubes and nine
gravimetric samples samples taken randomly about the field (Far sampling method). Individual soil
water sample values are plotted against the mean NMM count and vice versa []. The ringed point is
the outlier count ratio discussed in the text. Calibration lines are ( ) soil horizons, (—)0.6m
horizon omitting the outlier.
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4. DISCUSSION

4.1. The regression 6 vs. n or n vs. 8

Calibration of the NMM is aimed at establishing an equation for predicting volume water
content, 9, at a point in the soil from the count rate ratio, n. measured at the same point. The
relationship is linear and regression analysis is normally used to fit the calibration line to paired
observations of G and n. The usual regression analysis assumes that the independent variable is known
precisely and usually both 8 and n have some error.

Morris et al. [8] provided a general discussion of this important problem; calculating the
regression with the wrong independent variable can lead to serious error in the calibration slope. Drum
and detailed field calibrations have been discussed by Greacen et al. [6], with the conclusion that for
both methods, the regression should be n on 8 because 6 is known (with very small error), but it is
very difficult to estimate the sampling variance of n because it includes not only the usually negligible
counting error, but also variance due to field heterogeneity in density and composition.

In the case of Method 3, the situation is less clear as not all the soil sampled by the NMM is
used for water content estimation, therefore, the estimation of water content at a point will have
greater error. But, we have used the same analysis for uniformity. In Method 4, only two points
defined the calibration and a regression was irrelevant.

In both cases, the regression equation is inverted to give the calibration equation, i.e. the
volumetric water content in terms of measured count rate ratio.

4.2. Calibration for near-surface soil layers

Calibration for soil layers closer to the surface than 0.25 m is affected by both the depth and
the near surface water content profile. Techniques for surface layer calibration have been described by
Grant [9] and Harris [10]. Nevertheless, Method 2 provided a useful calibration of the 0.1-m layer in
this work.

4.3. Better precision from calibration data

The objective of this paper is to gain maximum precision from the minimum of expense and
effort in calibrating the NMM. The first step in the process is to define the purpose of the meter. In
particular, the NMM is most frequently used to estimate, not water content, but difference in water
content between one reading and the next or between the current water content and some base value
such as the minimum water storage of the field. If the field is uniform, the analysis used is the same in
all cases, but if the field is non-uniform, we will demonstrate that these are quite different problems.

Much of the error in the calibration for water content does not affect a calibration for water-
content change, because soil composition at a point in the field, does not change. Thus a calibration
compiled from data expressed as change in water content vs. change in NMM count at that point will
have less error than the equivalent calibration for water content. Such a calibration cannot be used to
estimate water content; however, the actual water content is often not a requirement. Using a
calibration designed to estimate water content to calculate water-content changes (over time) by
calculating the difference in water content at two times, doubles the already high error associated with
this type of calibration. It can also lead to serious bias, i.e. the wrong value, in estimates of water-
content change due to certain common types of field variability.

The NMM responds not to water, but to the presence of the hydrogen atoms. While it also
responds to a range of neutron-absorbing atoms, the dominant effect is caused by hydrogen within the
structure of clay lattices, which has the same order of effect as water. Variation in volumetric clay
hydrogen across the field is, therefore, usually the major source of error in a calibration that is not
accounted for in the measurement of soil water content during the calibration process. There are two
ways to use this information, depending on the intended use of the instrument.
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Firstly, if the NMM is to be used for the estimation of water content, then it may be possible
to map field characteristics and produce a special calibration for each soil variant. This may be a
simple matter of correlating mini-calibration slope with position on a map or with texture, and noting
which calibration variant applies to each tube. In many cases, it might be expected that clay hydrogen
will correlate highly with soil density; density correction [3] is one way in which such a method may
be implemented. The effect is one of creating a three-dimensional calibration relating water content.
NMM count, and density. Greacen and Schrale [3] showed that much of the error in a simple
calibration was accounted for by this density correction.

A second simpler, and more accurate, solution may be used if the NMM is aimed at measuring
change in water content. Because soil composition at any point in the field does not change with time.
the calibration error associated with field composition has a much reduced effect when the calibration
is expressed as change in water content vs. change in count. This type of calibration relies on the
pairing of access tubes in the calibration process so that the assumption can be made that the
composition is the same for the wet and dry readings. Such a calibration cannot, of course, be used to
estimate water content.

If water-content change and water content at a point in time are both required, then the two
functions of the NMM must be separated and different calibration curves should be used for each
function. Since the same data are being used in both cases, the separate calibrations can be found with
no additional field work. In some cases, they will have the same slope, but in soils with clay content
variation this is unusual.

The worst case of field variability' occurs when duplex soil clay horizons van,- in depth such as
to dramatically change the soil texture and NMM count across the field at a depth. This appears in the
calibration as substantial variability' and can cause serious bias if an ordinary calibration procedure is

used. Such a calibration may have a good r- value and may estimate water content well, but will give
seriously biased estimates of change in water content. To illustrate these problems and the benefits of
paired-tube calibration designs, consider the data for the two soil layers in Table I as coming from the
same depth but different parts of a field with different clay content at the calibration depth.

Without tube pairing, all the data must be considered as a single undifferentiated set. the
correlation is:

n= 1.81 (±0.23)6-0.11 r2 = 0.86 (10)

That is. a calibration of:

9 = 0.55n + 0.06

This indicates 0.55 change in 8 for unit change in count. Yet the calibration slopes derived from the
separated soil textures (Eqs. 6 and 7). indicate the water-content change for this count change in the
loam was 0.11, i.e. a 500% error. In Fig. 3, the combined regression is superimposed on the calibration
lines for each tube pair. Although the regression is a reasonable fit to the data points, the regression
slope is quite wrong for some tube pairs.

This error does not affect the estimation of water content to the same degTee. At the worst
point, for a count ratio of 0.2, Eqs. 6 and 7 indicate a water content of 0.19 and 0.15 m/m respectively,
compared to Eq. 10 at 0.17 m/m.

In some cases, using the soil bulk density' correction technique described above to change all
count ratios to a common density can have some reduction of the error. However, to use this
calibration, an estimator of the density at each reading point would be required to calculate n' before
using the corrected curve. The texture range is too wide for this technique to work here, but has been
used successfully on other soils. For demonstration purposes, the combined regression on n' at 1.4

t/m3 is:

n' = 2.017(±.28)8-0.144 r2 = 0.82 (11)
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This technique makes use of a probable correlation between density and soil texture. Higher count
rates probably correspond with high clay content and low bulk density - this approximates the
"universal" calibration discussed below.

4.4. Calibration specifically to estimate water-content change

In the above example, the mini-calibration lines from the two textures of soil form clearly
defined classes, each of which can be used for a section of the field provided some mapping to other
tubes can be devised, e.g. by noting texture during tube installation. In some situations, such clearly
defined classes do not eventuate. In these cases, a calibration for change in water content will provide
the best available solution. While not accounting for all changes in calibration due to composition, this
method avoids the worst effect, that of clay hydrogen variation.

A calibration for change in water content is a correlation between count change and water-
content change at points in the field. For example, again using the data in Table I as from a single
layer, the average change in water content (d6) for the field between wet and dry condition is 0.085
m/m for an average count ratio change (dn) of 0.113. Hence a difference calibration would be:

d6 = 0.75dn (12)

For an horizon with areas of 50% clay soils and 50% loam soils, this gives a better estimate of field
water-content change than does Eq. 10 because, while the error is still high, now it is distributed about
the mean. If Eq. 10 is used to calculate the field water-content change between the wet and the dry
states, it gives a result that is so badly biased in the loam areas that the overall mean is compromised.

4.5. Towards a "universal" calibration

If clay hydrogen is measured then much of the variation between soils can be accounted for.
An empirical approximation for clay hydrogen from a range of Australian soils may be expressed as
the equivalent amount of water (We kg/kg) [6], as:

We = 0.124 (+0.012)C + 0.015

where

C is clay content of the soil (kg/kg).

If clay is measured, or estimated, for the calibration data and expressed in terms of "total" water, i.e.
normal water plus equivalent water, then quite large differences in soils may be resolved into a single
calibration. However, for this calibration to be used, the clay content must also be available for each
access tube and depth in the field.

Using the data in Table I again: the clay content of the 0.3-m layer is approximately 18% and
in the 0.6-m layer, 60%. The water equivalent of this clay hydrogen, using the equation above, is
0.057 and 0.108 m/m, respectively. Figure 5 shows the calibration in relation to total water content.
For a wide variation in texture, this is usually a curved calibration, best fitted by quadratic expression
- in this case:

6 = 0.011 -G e+ 1.42n- 1.22n2 (13)

where

Ge is the "equivalent" water on a volumetric basis.

This is similar in effect to the "density correction" method, but more rigorous.
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This calibration can be used to estimate water content at any point in the field given the count
ratio and clay content. In this case, the difference between two count ratios should also give a good
estimate of water-content change, but this is not always so and should be confirmed for each case.
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FIG. 5. Combined loam/clay- data from Near sample method expressed in terms of total water
equivalent. A single expression (usually quadratic) can be used to predict water content from both
loam and clay areas (or horizons) provided that the equivalent water in the clay can be estimated for
each reading point.

4.6. Use of "far" samples to increase confidence in the calibration

In deriving an economical calibration method, the statistical ideal of a large number of field
samples must usually be compromised. In a uniform field the problem will be minor, but in many-
fields there may be error or bias introduced because one or more of the calibration access tubes does
not behave like the field mean. It is important to be able to detect this condition if it occurs. A frequent
problem is that the soil at one site does not wet up or dry out in the same way as the major part of the
field during the calibration. Localised heterogeneity in field texture can cause this, as can poor root
development in the vicinity of a calibration site if a crop is drying the soil.

Irrespective of the cause of variability, it is useful to know how different from the mean for
the field is a particular calibration point. This is particularly important when Method 3 is used with a
small number of access tube pairs. Generally, gravimetric sampling for water content is rapid,
inexpensive and not destructive of the site, and well distributed sampling may be used to provide
information at low cost about water content distribution in the field. This information may then be
used to weight data from the more intensive "near'" sampling sites. If the water content data from a
NMM access tube fall a long way from the mean for the field then it can be given a lower weight, or
ignored, when calculating the calibration.

For example, it is useful to compare the calibration slopes obtained for the Waite Institute soil
in the 0.6-m horizon by Methods 3 and 4. The mean slope for Method 3 was 0.54 (with 10% error),
quite different from 0.29 as obtained by the "far" sample method. Analysis of the data shows that the
difference was largely due to the third access tube pair located in a section of the field that dried out
atypically. Since the '"near" samples taken for this tube also sampled the dry region, the Method 3
calibration was unaffected because both NMM and water content values are low. However, in using
these same count data for the '"far" sampling method, the outlier datum point biased the mean NMM



count ratio and hence the calibration slope. The "far" samplings detected only one such dry site, out of
nine samples, and the mean water content for Method 4 was almost unaffected.

If pairs 1 and 2 only of the NMM sampling, which are close to the field mean water content,
are used to estimate the field average dry NMM count rate at 0.6 m, the slope (0.36) for the 0.6-m
calibration was closer to that obtained by Method 3. Such an approach can be justified because a) the
"near'" sampling results indicate that the NMM values obtained for the tube pair on pair 3 were not
anomalous, i.e. they fit the same calibration obtained from the other two access tube pairs, and b)
because the "far" samples established that this water content was an outlier representing only a small
fraction of the field.

A similar approach can be taken with a Method 4 calibration to remove the effects of
abnormal samples from the calculation of the mean of both NMM and gravimetric water content data.
In the data presented here, there were insufficient samples of NMM count ratio to establish a
distribution for the field, but where there was a large number of NMM tubes, such as where they were
installed for irrigation scheduling (i.e. Method 4 is being used to avoid destructive sampling of access
tubes), a better calibration could well be established by using the distribution of NMM and sampling
values to ensure that abnormal sites are not included in the calibration.

5. CONCLUSIONS

We have investigated various calibration methods, with the aim of defining the best and most
accurate for application at minimal cost. Where detail of the interaction of the NMM and a soil is
required, e.g. in studies of the physics of the NMM, a drum calibration that removes the effect of field
variability, is essential. It is useable in some circumstances where a field calibration is not possible.
This may be because the time required to dry, or wet, the field is too long. The drum calibration may
also have an advantage if the field is extremely variable on a small scale.

For most field uses of the NMM, we recommend the field calibration technique set out in
Method 2, with volumetric and density sampling next to the access tubes with at least three, and
preferably six, pairs of access tubes randomly distributed on the field and the location of each pair
mapped. It is also recommended that each soil horizon be treated as a separate calibration until it can
be established that one calibration curve will suffice for all.

Pairing of access tubes is strongly recommended as results will be little different to the same
number of randomly distributed single tubes in a uniform field, but will provide much more
information in non-uniform fields by alternative analysis methods.

If Method 2 cannot be used for economic or other reasons, the less precise procedures set out
in Methods 3 and 4 can produce reliable calibrations. Again, pairing of access tubes is of more value
than the same number of randomly placed single tubes. If field variability is substantial, the calibration
may be imprecise, but it must be emphasised that an imprecise calibration is a considerable
improvement over a calibration that may result in wrong estimates of water-content change.

With Methods 3 or 4, it is useful to establish the relationship between the limited number of
(expensive) NMM sample sites and the rest of the field. A combination of both "near" and "far"
sampling techniques is recommended, especially if these data are available from other aspects of the
work on site.

If the NMM is to be used to measure water-content changes, and if the slope on individual
tube pairs is significantly different to the combined calibration slope, then a difference calibration
should be calculated and used for estimation of water-content changes with the conventional
calibration curve used only for estimation of water content.
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Method 4 can be recommended only where the numbers of access tubes and sampling sites are
quite large and well enough distributed, to establish the distribution of count rate ratio and water
content across the field. If field heterogeneity is small, then such a calibration can be quite precise.
However, knowledge of field heterogeneity- is usually not available until after the calibration is
complete, and precision cannot be assured with this method. Addition of even two pairs of (Method 3)
tubes on the periphery' of the field will increase confidence considerably.

Calibrations of a precision, adequate for most uses of the NMM can be obtained by
inexpensive methods. Such calibrations, if analysed with care, are much more reliable than the factory
provided, or general, soil-type-based calibration.
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