Journal of Hydrology, 31 (1976) 293—306 293
© Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netherlands

ON THE PRECISION OF SALT DILUTION GAUGING

TERRY J. DAY
Geological Survey of Canada, Ottawa, Ont. (Canada)
(Received July 3, 1975; revised and accepted February 23, 1976)

ABSTRACT
Day, T.d., 1976. On the precision of salt dilution gauging. J. Hydrol., 31: 293—306.

The results of an extensive series of dilution experiments in four steep, gravel streams
(409 individual slug injections representing 39 separate flow events) are presented. Pre-
cision, expressed as per cent probable error about the mean, of four pertinent parameters
— tracer integral, mean velocity, discharge and flow area — is investigated. Individual errors
range from 1 to 21%, with median values ranging from 4.7 to 7.3% and modal errors
ranging from 3.6 to 6.8% depending upon the derived parameter.

INTRODUCTION

Tracer methods are being used extensively for studies of water discharge,
time-of-travel of solutes, diffusion and dispersion. The results presented herein
are abstracted from a field study of longitudinal dispersion in steep, gravel
boundary streams (Day, 1974, 1975). The tracer method employed in this
study was the “relative salt dilution”” method whose modern form was devel-
oped by Barbagelata (1926, 1928) and by Aastad and Sognen (1928, 1954).
This method was selected for three reasons: (1) the tracer material does not
constitute a health hazard; (2) the complete experiment, including analysis,
can be carried out in the field; and (3) the equipment and tracer material is
both readily available and inexpensive,

THEORY

The theory of the relative salt dilution is reasonably well understood and
documented (Church and Kellerhals, 1970; Day, 1974; Church, 1975). It
basically involves the instantaneous injection of a measured volume of tracer,
V, into a flowing stream of unknown discharge, @. The tracer is dispersed
throughout the flow cross-section by the combined action of velocity gra-
dients and turbulent velocity fluctuations until the cross-sectional distribu-
tion of concentration, C, is nearly uniform and independent of injection con-
ditions. This period between the time of injection and the achievement of
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complete cross-sectional mixing is the mixing time, and the length of channel
required for its attainment is the mixing length, L. Once the mixing length
has been reached then the mean motion of the tracer particles has adopted
the dynamic and geometric properties of the streamflow.

This paper presents an error analysis on four measurements which can be
abstracted from a slug tracer injection. Error propagation is not followed
through the complete analytical procedure as there are insufficient data to
interpret errors occurring at several stages. However, data are presented
which are probably indicative of the magnitude of errors which result from
slug injections into turbulent streams.

Error sources

The precision or repeatability of the method depends upon the accuracy
of the calibration procedure and the precision of the field conductivity
readings. Four principal sources of error are: (1) volumetric errors associated
with pipette usage and the preparation of the primary, secondary and cali-
bration volumes; (2) statistical error of the calibration curve fitted to the cali-
bration points; (3) errors of the conductivity values as read during the expe-
riment; and (4) errors associated with the existence of natural electrolytes in
the stream.

Church (1975) states that for most applications the outside proportional
error (i.e., the worst possible case), Er, is:

2A7 . m.o, . (C—cb)+ ﬁf_b

< =
T me [ C_Cb Ch

(1)

where AZ is the pipette volumetric error; Z ;. is the volume of the smallest
pipette used; m .0, is the standard error of the calibration curve normalized
by a representative mid-range value ¢; and ¢y, is the background conductivity.
The first term is an outside proportional pipette error, which is repeated
twice: once in the preparation of the secondary solution, and once in the
preparation of the calibration solution. Church states that the volumetric
errors associated with the preparation of the primary, secondary and calibra-
tion volumes should be negligible (< 0.1%). Calibration errors are shown in
the second term. The overbar in the third term indicates pooling over all
observations during the wave passage.

Gross errors can also occur if: (1) measurements are taken before the
mixing length is reached; (2) the electrode is placed in a “‘dead zone”
(defined as having no longitudinal velocity component) on the stream bed;
and (3) significant temperature changes occur during the test period. Tem-
perature changes are most important at temperatures near zero, as the de-
pendence conductivity on temperature is greatest near zero. In the experi-
ments discussed here, no temperature changes greater than 0.5 °C occurred
during the recording of any single wave. The variations were judged insignif-
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icant vis-a-vis temperature calibration graphs and no corrections were con-
sidered necessary.

FIELD EXPERIMENTS

The test channels were located on the eastern slopes on the Southern Alps
in the Waimakariri catchment, approximately the centre of the South Island
of New Zealand. The four streams are characterized by steep slopes, low
sinuosities and heavily armoured beds with large relative roughness values.
Channel data are summarized in Table 1.

TABLE 1

Summary of channel parameters for the four test channels

Test reach Maximum channel length Slope *1  Mean sediment size *2
(m) {cm)

Bruce 775 0.0203 15.3

Craigieburn 780 0.0234 6.9

Porter 825 0.0176 10.6

Thomas 2,250 0.0273 5.6

*1 Determined as vertical drop/channel length.
*2 Determined from a line sample (100 measurements) oriented along the channel.

Experimental design

For the original project, the field data were collected to cover a range of
channel widths (the transverse velocity variations are the principal producer
of differential advection, and also the sizes of the largest eddies are related
to channel width) and a range of flow scales as well.

The objective of the field programme was to obtain adequate descriptions
of the dispersing tracer ensemble both for a given downstream location and
for a progression of downstream locations. Within the mixing length, where
the tracer velocity is greater than the mean flow velocity, u, because of its
concentration near the centre of flow, and where lateral concentration varia-
tions exist, more frequent sampling stations were required, gradually de-
creasing in frequency downstream. A typical design was 50, 75, 125, 200, 300,
400, 500, 700, 1,000, 1,500 and 2,250 m for the Thomas reach. Each disper-
sion test consists of a series of waves one for each sampling location, and is
identified by the date on which it was recorded (day, month, year), i.e.,
Bruce 7.11.72. Depending upon the recording facilities of the field equip-
ment, waves could be recorded for one or two downstream locations. A new
slug was required each time the recording equipment was moved.

The volume and concentration of the injection slugs and the injection loca-
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tion were kept constant for any test. Volumes varied from 3 to 48 1, with the
initial concentration varying according to the flow rate, background conduc-
tivity and the electrodes used. Salt quantities of 0.3 kg per m?/s proved quite
adequate. The maximum concentration of salt used was 5.5 kg in 45 1 (initial
concentration of 121 g/l) and the minimum, 1.1 kg in 48 1 (initial concentra-
tion of 23.6 g/1). For smaller slugs (i.e., 3 1) a stock solution was mixed in a
large tank from which the appropriate volumes were taken. All injections
were made as instantaneous as possible, and through inertial effects, resem-
bled a vertical line source. Day (1974) has shown that the tracer exhibits a
significant time dimension at injection, which is approximately equal to the
amount of longitudinal dispersion occurring within a length equal to one
mean channel width.

During low flows injection was made into the main body of the flow,
which does not necessarily occur in the centre of the channel. During higher
flows, when access to the main flow was restricted, injection was made as far
into the flow as safely possible. Similarly, during the low flows the electrodes
were placed on the channel bed in the main flow, and at higher flows the
electrodes were placed as far out as possible. An effort was made to place the
electrodes away from dead zones. For sampling sites within the mixing length,
dye was used to locate the tracer path; the probe was then placed into what
was considered to be the centre of the dye cloud.

Fig.1. Field equipment for the relative salt dilution method.
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Field equipment

The main disadvantage of the relative salt dilution method is the compara-
tively bulky field equipment (cf. Fig.1). A detailed listing of the required
equipment is available in Church and Kellerhals (1970), Day (1974) and
Church (1975).

The conductivity meter was designed specifically for this study and has
operational (linearity of response) and portability (weight and dimensions)
characteristics superior to most commercial instruments. Both dual and
single-channel recorders were used. The meter has five sensitivity positions,
all or most of which, were used during a test. An alternating current, by elim-
inating polarization, permitted electrode construction of stainless steel.
Several plate sizes were used and fixed inside a perspex tube to form a con-
stant flow geometry. A 5-kg weight stabilized the probe in the channel.

ANALYTICAL PROCEDURES AND DATA SUMMARY

The various integrals were computed using a method based upon over-
lapping parabolas which combined both an integrating and a smoothing fea-
ture. The algorithm, based upon a Lagrange interpolation scheme specialized
for second-order parabolas, was developed by Hennion (1962). The applica-
tion of Hennion’s method to discrete data of tracer waves is outlined by
Kellerhals and Arora (1970).

One of the difficulties arising from slug injections is obtaining an adequate
description of the final decline of the tracer wave. Inadequate definition may
result from changes in the background conductivity or insufficient sampling
time. Changes in background conductivity, although noticeable between flow
rates, did not change noticeably during any single test, and was therefore con-
sidered to be constant for each individual wave. Even with the continuous
sampling, exact definition of the time at which the tracer concentration re-
turned to zero, was difficult.

Florkowski et al. (1969) noted that the final decline could be extrapolated
with negative exponentials. Kellerhals and Arora (1970) developed a simple
linear least-squares model to fit the last few data points along the trailing
limb. Their model used a negative exponential decline of the form:

C(t) = ae ~b(t-t) (2)

where a and b are regression constants and ¢ is time. The tail of the wave is
important in the calculation of the various parameters, particularly for the
mean travel time, and hence the mean velocity, u. To standardize the limits
of integration, the observed waves were truncated at 1 and 3% of the peak
concentration (Yotsukura et al., 1970). The integrals were computed for
each truncation point and an average taken.

A summary of the hydraulic data is presented in Table II. The only geo-
metric parameter listed is the mean surface width along the channel.
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TABLE II

Summary of hydraulic and geometric parameters for the four test channels

Test reach No. of tests Range of Range of Range of
discharges mean velocities mean flow widths*
(m?/s) (m/s) (m)

Bruce 10 0.57—6.11 0.46—1.65 5.6— 9.1

Craigieburn 11 0.20—4.35 0.35—1.49 4.9—-10.2

Porter 13 0.35—8.45 0.62—1.45 4.3—11.4

Thomas 9 0.13—1.32 0.51—1.02 2.7— 5.0

* Determined as 'the mean of several water surface width measurements (from eight to
thirteen) evenly spaced along the channel.

MIXING LENGTHS

Mixing lengths were determined as the length of channel required for the
tracer integrals to reach a constant value. A typical example of the develop-
ment of a “‘constant integral” is offered in Fig.2. The accuracy of these esti-

Bruce 8.1l.72

50 7

Tracer Integral, I «x 10° (ppm x secs)

T T
0 100 200

Distance Downstream of Injection {metres)

T
300

T T
400 500

T L)
600 700

Fig.2. Example (Bruce test 8.11.72) of the plot of trace integral, I, versus distance down-
stream of injection for determining of mixing length.
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mates is influenced by the spacing of the sampling locations in the vicinity of
the mixing length. Day (1974) has shown that these estimates can be signif-
icantly shorter than those based upon published mixing length formulae.
Table III lists values of L., and the length of channel over which each test
sequence extended.

PRECISION ANALYSIS
Probabable errors

Precision error is present whenever successive measurements of an un-
changed quantity yield numerically different values. The statistical nature of
precision error precludes an absolutely correct datum from arising in a single
measurement. Consequently, precision estimates must be in terms of statisti-
cal and probabilistic parameters of the error distributions. In the experiments
described here, the true flow conditions in the channel remain unknown, and
can only be estimated from mean values while errors are evaluated from the
deviations about these means.

It is convenient to express precision, or the lack of it, by a single precision
index. Types of indices include variance, standard deviation, coefficient of
variability and probable error. The probable error, adopted here, is defined
as that deviation which encloses exactly one-half of the total sample, with
25% on either side of the mean. This deviation envelope is the region for
“one-to-one” odds; that is, the chance that any readings will have a deviation
greater than ¢ is the same as that it will have one less than ¢.

The probable error is, however, restricted to normally distributed errors.
The normality of the deviations about their respective mean was investigated
using the “‘unit normal deviate” form of residuals (Draper and Smith, 1966,
p- 88). The essence of this test is a comparison of the individual deviations
about the mean, to the sample standard deviation. If approximately 95% of
the deviations fall within two standard deviations, then they are considered
to follow a normal distribution. This criterion was met by the data, except
where unsteady flow (as defined by a consistent change in mean velocity
estimates over the test period, these data were excluded from the analysis)
and tracer losses (concluded to occur when the tracer integral decreased
downstream) were sustained. If the deviations are normally distributed then
the probable error is related to the standard deviation by a simple propor-
tion, ¢ = 0.675 o (Schenck, 1968).

Precision estimates

Each test sequence was plotted as in Fig.2 and the mixing length deter-
mined from the downstream pattern of the tracer integral. For the subsequent
analysis, only these measurements taken at this distance, and downstream
from it, will be considered. The number of these measurements involved in
each test are listed in column 6 of Table III.
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TABLE 111

Precision data for the 39 test sequences with associated data

Reach Date Maximum Estimated Volume of Temperature Number of

channel mixing length injection  range tracer
length (m) ) over measurements
(m) measurement downstream of
series mixing length
(°C)
Bruce 6. 6.72 500 100 45 3.3 35 14
9. 6.72T 664 (400)" 100 45 3.3- 3.8 14(11)
15. 6.72 650 175 45 24- 29 10
8. 7.72 675 100 16 1.8- 2.1 13
5. 8.72 500 100 16 2.8 33 12
2. 9.72T 775 (200) 100 32 4.8- 6.3 15(3)
7.11.72T 600 (210) 120 45 9.3-10.0 6(3)
8.11.72 600 150 45 9.0- 9.9 6
9.11.72 600 150 45 8.3- 99 7
Craigieburn  10. 3.72T 540 (210) 30 48 11.0-12.2 13(7)
13. 4.72T 540 (270) 30 16 8.1-10.0 15(10)
16. 6.72 780 120 16 3.0- 3.9 13
4. 7.72T 780 (240) 90 16 3.3- 42 14(6)
10. 8.72 480 240 16 4.2 48 5
10. 9.72 660 150 45 51- 6.0 8
11. 9.72T 780 (420) 240 45 56 6.9 5(4)
9.10.72 476 180 45 6.0 6.2 5
11.10.72 693 150 48 6.0- 8.7 9
12.10.72 693 210 45 6.1- 6.9 7
17.10.72 T 693 (360) 180 45 8.3- 8.9 7(3)
Porter 15. 3.72 700 50 48 13.8-15.5 14
4. 4.72 825 100 48 129 -15.3 16
5. 6.72 825 150 45 58- 6.6 13
14. 6.72 825 125 45 59- 6.9 13
5. 7.72 825 75 45 45 6.2 17
21. 8.72 525 150 45 5.2- 8.0 3
30. 8.72 600 100 45 7.3-10.0 8
7. 9.72 825 100 45 6.6- 8.0 12
20. 9.72 825 150 45 8.1- 9.6 7
11.10.72 550 100 45 8.1-11.2 7
Thomas 6. 8.72 350 25 3 4.4- 5.0 14
22. 8.72 500 37.5 3 3.5- 6.5 16
30. 8.72 500 50 4 3.9- 6.6 16
31. 8.72 350 50 3 4.8- 8.2 12
12.10.72 525 62.5 16 8.7- 9.0 9
16.10.72 500 62.5 16 9.6-11.8 10
19.10.72 525 75 6 9.6-11.8 8
29. 8.73T 2,250 (200) 75 10 T 10(3)
17. 5.74 2,000 (250) 62.5 4 7.0- 95 6(3)
T = tracer losses indicated by decreasing tracer integral.
** = jnsuffidient data.
*** = no data.

! Length of channel over which tracer losses do not appear significant.
2 Number of measurements used to estimate mean hydraulics when tracer losses are present.
3 Number of measurements for calculation of mean velocity is always one less than in column 7.
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Tracer integrals Mean velocity Discharge Flow area

(m?*)
mean probable mean probable mean probable with probable
(ppm -s) error (m/s) error (m?/s) error errors in parentheses
(%) (%) (%) (%)
46,326 2.7 0.66 2.7 0.97 2.8 1.47+0.06 ( 3.9)
53,227 3.4 0.55 5.0 0.85 3.3 1.54:0.09 ( 6.0)
54,821 3.7 0.57 4.5 0.82 3.6 1.44:0.08 ( 5.8)
20,107 4.4 0.56 3.6 0.80 4.3 1.43:0.05 ( 3.2)
28,222 8.3 0.46 4.1 0.57 7.6 1.24:0.11 ( 8.6)
7,309 4.2 1.13 14.2 4.39 4.4 3.90:0.58 (14.9)
9,783 2.6 1.65 *r 4.60 2.6 2.79: wx
10,774 3.3 1.51 14.2 4.19 3.3 2.77+0.40 (14.6)
7,481 9.0 1.563 4.5 6.11 9.7 3.99:0.43 (10.7)
240,858 1.7 0.35 5.0 0.20 1.7 0.57+0.03 ( 5.3)
48,219 6.5 0.42 3.5 0.34 6.4 0.80:0.06 ( 7.3)
38,058 12.9 0.43 6.0 0.44 12.3 1.02:0.14 (13.7)
22,780 2.7 0.55 4.8 0.70 2.7 1.28+0.07 ( 5.5)
37,405 1.0 0.38 3.2 0.43 0.9 1.13+0.04 ( 3.3)
20,337 3.8 1.01 4.6 2.27 5.4 2.25+0.16 ( 7.1)
34,235 3.2 0.80 3.7 1.32 3.3 1.65+0.08 ( 5.0)
11,176 11.6 1.49 4.8 4.12 11.5 2.77+0.35 (12.5)
14,423 4.5 1.18 2.1 3.29 4.6 2.79:0.14 ( 5.1)
10,568 10.8 1.16 2.3 4.35 10.7 3.75:0.79 (20.9)
30,205 2.5 0.83 o 1.49 2.5 1.80: #»
131,419 5.9 0.66 5.0 0.37 6.4 0.56:0.05 ( 8.1)
137,752 5.6 0.62 3.0 0.35 5.8 0.56:0 04 ( 6.5)
24,111 6.4 0.85 3.9 1.88 6.2 2.21:0.16 ( 7.3)
27,915 5.7 0.85 3.7 1.62 5.5 1.91:0.13 ( 6.6)
20,470 121 1.03 6.4 2,28 13.7 2.21:0.33 (15.1)
27,060 2.2 0.81 5.2 1.66 2.4 2.05:0.12 ( 5.7)
23,594 4.2 0.99 6.3 1.94 4.0 1.95+0.15 ( 7.5)
19,504 4.6 0.97 4.4 2.33 4.6 2.40:0.15 ( 6.4)
12,859 10.3 1.21 7.5 3.59 13.3 2.97:0.45 (15.3)
5,544 13.8 1.36 5.8 8.45 15.4 6.21+0.02 (16.5)
22,675 3.4 0.51 2.3 0.13 3.6 0.26:0.01 ( 4.3)
21,067 9.5 0.51 4.4 0.14 10.6 0.27+0.04 (11.5)
12,977 13.1 0.66 4.0 0.32 12.4 0.48:0.06 (13.0)
14,872 114 0.53 5.0 0.21 11.6 0.40:0.05 (12.6)
12,263 8.0 1.02 4.7 1.32 8.1 1.29:0.12 ( 9.4)
18,342 8.2 0.93 6.0 1.32 8.1 1.42:0.14 (10.1)
5,566 5.1 0.92 4.3 1.08 2.4 1.18:0.06 ( 4.9)
10,744 5.5 0.89 *n 0.94 5.6 1.05« »»

21,346 1.8 0.56 "k 0.19 1.8 0.33+ #»
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Tracer integral, I

The mean value of I, the area under the time-—concentration curve and its
precision index (expressed as a percentage of the mean) are listed for each
test in columns 8 and 9 of Table III, respectively. In the ten tests where
tracer losses seemed to have occurred, only those measurements immediately
downstream of L which were judged to be consistent with the value of I at
L, are considered. The probable errors range from 1.0% (over 480 m,
L, = 240 m, and n, the sample size, is 5; Craigieburn 10.8.72) to 13.8% (over
550 m, L, =100 m, n = 7; Porter 11.10.72). The median probable error is
just 5.1% and the mode at 3.6%. It should be noted that some of the variabili-
ty of tracer integral data is no doubt due to the subjectivity in the definition
of L.

Mean velocity, u

The individual mean velocity estimates were calculated by the salt velocity
method (Allen and Taylor, 1923), taking the difference between the mean
travel time, t,,, (Thackston et al., 1967) at L, , and the distance at Ly,
and each successive downstream measurement. In this manner, each velocity
estimate extends over an ever-increasing channel length, and the average of
these values was taken as the estimate of the mean flow velocity, u. As u is
defined as x/t,,,, where x is the distance, the proper determination of the

1

error is:
2 2 2

G () )] ®
u X tm

where ¢ is the individual probable error associated with each parameter. This

type of error analysis is, however, not possible as the error in x is unknown

and the value to ¢, are not measurements of the same quantity as they pro-

gressively increase downstream of L,,. Recourse to the average of the indivi-

dual estimates was necessary.

The range in ¢ is similar to those for the tracer integrals, from 2.1 to 14.2%
(column 11, Table III). Although the largest errors occur when velocities are
greater than 1 m/s, this is certainly not the general rule. As can be seen in
Fig.3, these two largest errors (14.2%) are outliers and possibly anomalous.
The median error is 4.7% and the modal error is 4.5%.

Tracer losses do not appear to affect estimates of ¢, and hence u; for the
Thomas 29.8.73 test which extended over 2,250 m and exhibited large tracer
losses, the ¢ of u was only 1.9% over the entire reach. The errors in measuring
time should be very small relative to the total time elapsed from initiation.

Discharge, @
The error in the determination of the flow discharge, defined as @ = V/I,
is:

B [T ()
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Fig.3. Distributional characteristics of errors for tracer integral, I; mean velocity, u; dis-
charge, @; and flow area, A.

again where V is the injection volume. No estimates of the errors in V are
available; however, if Church’s estimate of 0.1% is acceptable then the proba-
ble error in Q is virtually the same as in I (the term (¢/V)? is equal to 1 - 107¢
and quite negligible). The ¢ listed in column 13 (Table III) is based upon
individual measurements as was done with u. These two estimates of the
probable error in @ (columns 7 and 13) are very similar, as expected. The
range of ¢ in column 13 is 0.9 — 15.4%, with a median of 5.4% and a mode
of 3.8%.

Flow area, A
The error in the determination of the flow area per unit length, defined as
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A = Q/u, of channel is: .

2 2 2

(3)- e) (&) ] ®

A Q u
Knowing ¢ for both @ and u permit the probable error in A to be evaluated
from eq.5. These errors are listed in column 14, both as a percentage of the
mean and as the limits of the deviation envelope for one-to-one odds, the
latter for more rapid illustration of the precision in A. By the nature of the
error propagation, determination of A is less precise (with a median of 7.3%
and a mode at 6.8%) than either discharge or mean velocity, indeed the maxi-
mum ¢ is 20.9% for Craigieburn test 12.10.72. The precision in A is limited
by the largest error of either @ or u, and the errors are additive.

DISCUSSION

As the deviations about the mean of individual test sequences are normally
distributed, measurement errors are apparently random, with only the possi-
bility of consistent systematic errors. Systematic errors can result from in-
correct calibration, instrumental faults etc. Although such errors are possible
explanation for variations among test sequences, there is no evidence that
significant systematic errors existed during any individual test sequence.

The magnitude of errors resulting from chemical gaugings is expected,
under proper conditions, to be similar to those of current meter gauging.

Bell (1969, p. 29) states and supports with experimental evidence, that the
precision between these methods should, under reasonable field conditions,
be about +5%. The relative precision of the slug injection method discussed
here was field tested against a constant injection method (sodium dichromate)
on the Porter test reach. Discharge by the slug method was determined to be
about 9% larger, a result somewhat greater than suggested by Bell, but judging
from the ranges of the discharge errors (Table IV, column 2) of the test data,
a difference which must be expected.

TABLE IV

Range, modal and median values of probable errors (%)

Range Mode Medians Bruce Craigieburn Porter Thomas

total total total

sample sample sample
Tracer integral 1.0—13.8* 3.6 5.1 4.2 3.8 5.6 8.0
Mean velocity 2.1—14.2 4.5 4.7 4.5 3.7 5.0 4.4
Discharge 0.9—15.4 3.8 5.4 3.6 4.6 5.8 8.1
Flow area 3.2—20.9 6.8 7.3 6.0 5.5 7.5 10.1

* Both the + nature of the probable errors and the fact that they are percentages of the
mean is implied, i.e., +1.0—13.8%.
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It follows from Bell’s statement that if the discharge precision among
methods is in the order of +5%, then the precision of any single discharge
measurement (test sequences in this case) must also be within these limits. In
point of fact the model discharge error for all the test data is only £3.8%,
with a median of +5.4% (Table IV, columns 3 and 4). However, the precision
error can vary as much as 170%, from +0.9 to +15.4%. The distributional
characteristics of the discharge errors, Fig.3, show a positive skewness typical
of error distributions, with many small errors and few large ones. Similar
distributions are shown for the three remaining parameters.

The additive, but non-linear, effects of error propagation are illustrated in
the higher errors for the flow area determinations. The largest error, +20.9%
occurs in these calculations, although the median value is only 2% greater
than the discharge median.

Error variations among the test reaches are similar with the exception of
the Thomas data where the median error (+8%) for the tracer integral (amount
of tracer dilution) is as much as 4% greater. Individual errors range from +1.8
to +13.1% (Table III, column 9) but with half the errors equal to or greater
than 8.0%. The cause for these larger errors, propagated through the subse-
quent calculations, is unknown. With the median mean velocity error being
quite similar to the other reaches, a suggestion of calibration problems arises.
It proved impossible to ascertain the causes, however. There are too many
high error measurements to suggest blunders, and too wide a range to suggest
systematic errors.

Referring back to, and cross-referencing through, the various errors listed
in Table III, there appears to be no relationship between error magnitude and
such variables as flow scale, temperature, temperature range or channel length.
Suspended sediment concentrations also appear to have no, or little determin-
able effect, as any flow over 1 m/s contained some such material, and no
noticable relationship exists. Similarly, as all channels have similar bed and
banks, gravel and no vegetative matter, boundary properties are common and
no variations are evident. Errors encountered in these experiments, therefore
appear to be dominately (at least) random ones associated with field applica-
tions.

SUMMARY

Although the ‘“‘relative salt dilution method” is a reasonably well-known
chemical gauging technique, little information on its precision under field
conditions is available. The error analysis offered here, for data on a wide
range of flow events and streams, and collected under a variety of field con-
ditions, indicates that maximum probable errors in the order of +10 — +20%
can be expected, although such occurrence is infrequent. Most probable
errors are, however, considerably less, ranging from about +4 — 7%, depend-
ing upon the derived parameter considered. The largest errors are associated
with the flow area calculation, and result from cumulative propagation effects
through the various steps.
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