


























































































































CHAPTER IV

THE EVALUATION OF DISCHARGE ESTIMATES

4.1 General Approach

At the outset, it was noted that there is a need
for objective methodology for evaluating the accuracy
of daily, monthly, and annual discharge estimates.
Whereas, a hypothetical error model for a single
discharge measurement has been developed in the
previous chapter, a method is presented here for
estimating the accuracy of a single discharge esti-
mate from use of the appropriate stage-discharge
relationship, A mathematical representation is made
of the rating curve; sample curves are fitted; and
both confidence and tolerance limits are prepared and
interpreted. On the basis of this representation and
of a consideration of the correlation between daily
errors, daily, monthly and annual discharge esti-
mates are evaluated.

4.2 Mathematical Representation of the Rating Curve

4,2,1 Basic hypotheses

Before proceeding, it is necessary to establish
a number of hypotheses. Firstly, it is hypothesized
that, for a given stream-gaging station and a particu-
lar period of time during which the river control may
be considered to be stable, there exists a true stage-

discharge relationship, or at least a mean relation-
ship about which the true one varies somewhat ran-
domly. Secondly, it is hypothesized that for many
mountain-gaging stations, the period of stability
mentioned above is sufficiently long so that a number
of discharge measurements may be obtained, and the
true stage-discharge relationship may be estimated
by a simple mathematical expression. Finally, it

is hypothesized that the majority of scatter of plotted
measurement points about a mountain stream rating
curve estimated for a stable period, arises from
measurement error, and not to any great extent to
minor incidents of instability or hysteresis effects.

4.2.2 Selection of sample data

A sample of nine stream-gaging stations was
selected for analysis from those situated in the re-
gions of the mountains of Colorado which have been
deemed to be suitable for weather modification re-
search and practice, Descriptive material regarding
these stations is given in Table 12, and they are
located on the map in fig. 8. This information has
been obtained from U. S. Geological Survey Water
Supply Papers, and the Station Analyses maintained
in the Denver Office of the Surface Water Branch,
Water Resources Division, U.S. Geological Survey.

TABLE 12, DESCRIPTIVE INFORMATION REGARDING SAMPLE GAGING STATIONS

Basin Drainage Average Specific Nature
and Station Area Discharge Yield of
Station Name Number (Square Miles) (cfs) (cfs/Sq. Mi.) Control
Arkansas River
Arkansas River at 07- 860 427 353 0.83 Rock and small boulder
Granite riffle.
Gunnison River
Taylor River below| 09-1090 245 187 0.76 Boulder and gravel bar,
Taylor Park Res.

East River at 09-1125 295 347 1.17 Coarse aggregates,
Almont cobble, and rock.
Quartz Creek near 09-1180 106 54.8 0.52 Rock and cobble bar.

Ohio City
Curecanti Creek 09-1250 31.8 33.7 1. 06 Rock and gravel bar.
near Sapinero
Dolores River
San Miguel River 09-1725 308 232 0.75 Rock and gravel riffle.
near Placerville
San Juan River
Animas River at 09-3575 55.9 106 1.90 Rock and gravel riffle,
Howardsville
Hermosa Creek 09-3610 172 143 0.83 Gravel and cobble bar.
near Hermosa
Animas River at 09-3615 692 862 1,24 Low boulder dam.
Durango
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Fig. 8 Stream-gaging stations in the Colorado mountains selected for error

evaluation

In order to ascertain the relative stability of
the control sections of the above-mentioned stations,
and hence the stability of the rating curves, copies of
the data of all discharge measurements performed at
each site were obtained. From this information, the
values of gage height, or stage, and discharge were
plotted sequentially in time for each station, This
procedure proved to be a simple manner in which to
note major shifts in the rating curves.

It was observedthat inthe majority of cases, a'
significant shift of a curve would occur only after the val~
ues at high discharges hadbeenplotted. Thatis to say,
a period of high flow appeared to be required before
the rating curve would shift noticeably. Therefore,
the shifts could be attributed to either a change in
the cross-sectional shape of the channel, or a change
in the relative roughness of the bed.
scour action could have altered the gaging site by
degradation and/or aggradation. Secondly, the high
velocities could have caused the removal of fine
material from the bed, leaving a coarser armour
plate and an increased relative roughness.

In the first case,

A minimum of a dozen points, and more usually
at least thirty to fifty points, were available between
shifts. The dates where the shifts were observed
were noted, and the total period of station record was
thus divided into periods of stability. These dates
tended to correspond to notations made on the data
sheets or the station analyses regarding shifts in the
channel or a complete relocation of the station.

Although some subjectivity was involved in the
above procedure, it proved to be an effective way to
subdivide the period of record at a station into
lengths when there appeared to be a relatively stable
stage-discharge relationship. Further, the original
hypothesis regarding the existence of a stable rela-
tionship for a relatively long period of time was
proven valid for the mountain stations considered.

4.2.3 A rating-curve equation

In order to represent the stage-discharge rela-
ionship mathematically, it is desirable to choose a
regression equation that adequately describes the
relationship with a minimum number of parameters.
The following equation was selected.
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Q = bi (H - ?{o) i
where
Q is the estimated discharge,
H is the observed stage,
gl' gz, Ho are the estimated parameters of the

equation.

This equation has been used by a number of
persons for the extension of station rating curves.

Usually, Ho has been assumed to be zero, However,
the equatmn has seldom been employed to fit available
data, an "eye fit" being deemed to be more suitable,
Carter and Davidian (1965) have recently suggested
the use of this equation, with a graphical procedure
for estimating Ho,

Before a method of fitting the above equation
is presented, it is worthwhile to note the significance
of the estimated parameters, The first parameter,
b,, reflects the scales being used for stage and dis-

charge; b2 denotes the degree of curvature or slope

of the estimated relationship; and Ho may be defined
as the virtual stage at zero discharge. In the physi-
cal situation, Ho represents the lowest bed elevation
at the stream station, or the pond elevation at zero
flow, translated to the stage scale. This parameter
could be estimated from a careful study of the station.
However, it is more readily obtained by considering
it as the third estimated parameter in the equation.

4.2.4 Fitting the rating curve

The method of least squares is chosen for esti-
mating the parameters of the selected regression
equation. Further, the method is employed on the
logarithms of discharge, treating the equation in a
linear form. Justification for this logarithmic trans-
formation is given in a subsequent section. The equa-
tion considered for the least squares analysis becomes,

* * # v
InQ =1lnb, + bzln(H-Ho]

1

&
For ease of representation, the term (H - Ho) is de~-
noted as Hr, or relative stage. That is,

% % *
an=1nb1 + bZ InHr ,

Considering the least squares technique as
applied to the logarithms, the objective is to mini-
mize the squared deviations between the logarithms
of the estimated and observed discharge values, or
to minimize

P
Z““ai .
1

where p represents the number of observed stage=
discharge values, The three estimated parameters
required to meet the above objective may be deter-
mined by setting the partial derivative of the summa-
tion with respect to each of the parameters equal to
zero. The resulting equations are:

% 2
n t:v2 In Hri)
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Solving the above equations sirmultaneously for }::1 i EZ'

and I-Io the following equatmns are obtained. The
equation for estimating Ho is,

p

N

r = pL,InQ lrlHr

-p X ln’Q‘i{Hri

P
U'Hri-pz InHr, /Hr,

Once Ho has been estimated, bt and b may be
determined explicitly from,

p p
Y 10Q; - b) lnHr,
1 1

P
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The equation for estimating Ho must be solved
by an iterative procedure. Manually, this procedure
would be monumental; by computer, it is readiﬁl‘y

accomplished. The equation is of the form, f(Ho) =
and the object of the iteration is to solve for the real
root of the function. The Bolzano or bisection method
is a simple procedure for this determination and can
be easily programmed for the computer. Starting at

E
a point Ho that is virtually certain to be larger than
#*
Ho is decreased by an increment ho until
bl
an interval of width ho is found, such that f(Ho) and

the root,



s
f(Ho+ho) have opposite signs. A root.is then known

to fall between Ho and (Ho + ho). The increment ho
is then halved at every step, with the new interval

* % a *

(Ho, Ho + ho/4) used when f(Ho) and f(Ho+ho/2) are
of opposite signs, and the*new interval (Ho +ho/2,

Ho + 3ho/4) used when f(Ho + ho/2) has the same sign

*
as f(Ho). The root is thus always approached from
the left.

In applying the Bolzano method to the estimation

of Ho, the initial Ho selected was the lowest stage
value of the data minus 0.01, For data from perennial
streams, the minimum stage is inevitably more than
0.01 above the root; but it is important to select a
point below the minimum value to insure that all rela-
tive stage values are positive. The iterative proced-
ure was performed until the interval ho had been -
reduced to less than 0,0005,

4.2,5 Justification of the logarithmic transformation

A basic premise of the method of least squares
is that the variance of the estimated variable be a
constant over the range of applicability of the esti-
mated relationship. From the previously=-estimated
model for error in a single discharge measurement,
it was learned that the variance of the error, and of
the measured discharge, is not a constant. Rather,
the variance may be expected to be proportional to the
square of the discharge. The logarithmic transfor-
mation tends to stabilize the variance when it is pro-
portional to the square of the discharge, and the least
squares approach is applicable on the logarithms.

In order to further verify the proportionality of
the variance and the square of the discharge, the
most recent rating-curve data for the mountain
stream-gaging stations was studied. Rating curves
were fitted by the above-described procedure, and

%
the squared deviations, {Q_i -Qi)z, were determined

and plotted with the respective estimated discharge
values, as shown in fig. 9. On this plot, there is a
tendency for the most dense grouping of points to
follow a straight line of slope two. No single line on
this plot would have much significance, since data
from the nine sample stations were pooled together,
However, the tendency suggested above reflects the
fact that the variance of a discharge value is approxi-
mately proportional to the square of that value. Hence,
the model presented in the previous chapter is
strengthened, and the logarithmic transformation is
further justified.

4.2,6 The divisive discharge value

In order to develop the hypothetical error
model for a single discharge measurement, it was
necessary to restrict consideration to discharges
which did not involve low velocities and/or shallow
depths. At velocities less than one foot per second,
it was noted that most current meters failed to
register accurately, Also, at depths less than one
foot, the vertical distributuion of velocity, and hence
the mean velocity in a vertical, became very difficult
to estimate properly. Therefore, the error in a
single relatively small discharge measurement
occurring under the above conditions may be expected
to be relatively high, and not abide by the conditions
of the model.
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Fig. 9 Squared deviations from estimated rating
curves versus estimated discharges

As a result, a ''divisive discharge value'' was
established for each stream-gaging site. By defini-
tion, this value is that discharge which can be ex-
pected to exceed all discharges arising from velocities
less than one foot per second and/or depths less than
one foot. In other words, the divisive discharge
value, determined on the basis of the above physical
criteria, divides the discharge measurement and the
rating curve for a gaging station into two portions.
The upper, and longer portion of the curve, may be
expected to have errors of estimate whose distri-
butions are represented by the error model. That
is, along this portion, the standard deviation of a
single discharge is proportional to that discharge.
On the short, lower portion of the curve, relative
errors may become quite large, although in absolute
value they will be small, The divisive discharge
values for the nine sample stations are given in
Table 13,

It was further observed that the divisive dis-
charge values selected essentially divided the mean
daily discharge estimates for the mountain stations
considered into winter and summer flows. For more
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TABLE 13, DIVISIVE DISCHARGE VALUES FOR THE
SAMPLE STATIONS

Station Name Divisive Discharge Value, QD
(efs)
Arkansas River at Granite 120
Taylor River below Taylor Park
Reservoir 50
East River at Almont 150
Quartz Creek near Ohio City 30
Curecanti Creek near Sapinero 20
San Miguel River near Placerville 95
Animas River at Howardsville 40
Hermosa Creek near Hermosa 35
Animas River at Durango 300

explicit information on this point, a duration curve
was prepared for each sample station, and percent
volume plots were developed from graphical integra-
tion of the duration curves. Both duration and volume
curves are presented in fig. 10,

The selected divisive discharge values were
equalled or exceeded, on the average, 47.3 percent of

8
3

the time, and the range was from 26.5 to 56.0 percent.
However, the same discharge values and flows below
them accounted for only an average of 11.2 percent

of the annual volume, the range being from 3.4 to

16.0 percent. In other words, although the flows in
the lower portion of the rating curve occur over fifty
percent of the time, they account for only about ten
percent of the volume.
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Therefore, the use of a divisive discharge value
assumes several connotations. Not only are there
physical justifications for considering the discharge
measurements and the rating curve in two portions,
but also statistically the values are consistent for the
mountain streams with regard to both the duration and
volume aspects. Since the low flows occur in the
winter months during adverse weather and flow con-
ditions, there is further physical justification for the
errors in low-flow measurements to become relatively
large.

4.2,7 Confidence and tolerance limits

On the basis of the foregoing discussion, differ-
ent criteria are used for fitting confidence and toler-
ance limits to the two portions of a rating curve. For
the upper portion of the curve, the limits reflect the
fact that the variance is proportional to the square of
the discharge; whereas on the lower portion, the
limits are based on the assumption that the absolute
error remains constant, with the result that the rela-
tive error increases rapidly for small discharge
values. The limits for each portion are further dis-
cussed below.

For the upper portion of the fitted rating curve,
the regular statistical confidence and tolerance limits
are determined. Since the curve has been fitted by
use of a logarithmic transformation, the limits must
be evaluated on the same basis. In other words, the

o i
limits are determined by the variability of lnbl, b,

#*
and Ho, Further, since the correlation between the
estimated parameters is not known, the limits are

H
determined with regard to a fixed value of Ho. That
a*

is, once Ho has been estimated, it is assumed to be
exact, and the confidence and tolerance limits for the
regression curve are based on the variability of only

%* &
lnl:'i and bz , which are uncorrelated parameters.

Then the confidence limits for the upper portion
of the rating curve may be expressed as, '

e 0
-t s* < InQ < InQ +t_s*
nQ psQ- Q< InQ 585
"
where S‘E? is the sample standard deviation of InQ,
and t_ is the appropriate "student" t value for the
selected confidence level. In terms of the absolute
rather than the logarithmic values,

exp(-tp 55} 6 Q< exp(tpsala

Further, it is of interest to consider the distance be-
tween the limits and the estimated value as a per=-
centage of the estimated value, The upper limit may

be expressed as 100 [exp (tp S‘EQ); =] E}. and the lower
limit as 100 [exp( -tp 1* - 1] Q; or the two limits as
100 [exp {ttps"é) - 1] Q. Then Q lies between a posi-
tive and a negative percentage of the estimated dis-
charge.

Similarly, the tolerance limits for the upper
portion of the fitted rating curve may be expressed as,

e
InQ -t s

#
< t 8
l:,Qi].nQ_lr1Q+ p

Q

or
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exp (-t aQ)a <Q< exp(tpsQ)a

p
or
100 [ex £t 8.) =1 C :
[oxP(£t;59) 1<
where s_ is the sample standard deviationof In @,

Q

On the lower portion of the rating curve, the
absolute error has been assumed to remain constant,
The confidence and tolerance limits for this portion
are, therefore, obtained by using the absolute devia-
tions of the limits calculated for the upper portion at
the divisive discharge value, and extending lines
parallel to the rating curve from the divisive discharge
value downwards to the minimum discharge. That is,
the absolute error at the divisive discharge value is
considered to be representative of the absolute errors
to be expected at lower discharge values. As a re-
sult, the relative errors increase quite rapidly as the
discharge decreases from the divisive value.

Although the relative errors, reflected by the
limits, diverge slightly on the upper portion of the
curve as the point considered departs from the geo-=
metric mean of the discharge measurements, they
may be expected to remain fairly constant since the
measurement range is relatively small. Then the
relative errors begin to increase rapidly below the
divisive value. This type of error distribution ' along
the curve would appear to reflect the true situation
rather well.

As the limits on the upper portion of the curve
are fitted on the basis of logarithms, the errors are
essentially assumed to be log-normally distributed.
Hence, the relative upper bound is always larger
than the relative lower one. The error is bounded on
the lower side of a discharge value, whereas there is
no bound on the positive side. Therefore, the log-
normal error distributuion seems reasonable.

4.2.8 Sample stage-discharge rating curves

The data for each stable period of record con-
sidered for the sample stations were fitted by the
procedure previously outlined with a regression equa-

"ok * b
tion of the form, Q = b, (H - Ho) 2 The values ob-

tained for the three estimated parameters, along with
the sample coefficient of determination are given in
Table 14 for each period. The standard errors of
estimate were determined for each portion of each
curve, and are listed in Table 15 in the dimensionless
form of the estimated coefficient of variation from
regression. The total number of data points, p, and
the number of points on the lower portion, P, and

upper portion pu , of the curve are also given,

The question arises regarding how well the
estimated regression equations fit the sample data.
The best indicators of the nature of the fit are the
coefficients of determination and the standard errors.
Each is considered below, with regard to the results
in Table 14 and 15,

The coefficient of determination represents the
amount of variability in the discharge values ac-
counted for by the estimated rating curve., The
values obtained for the periods of record considered
are all greater than 0,95, with the majority of them
above 0.99, Such high values definitely infer that the
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TABLE 14. ESTIMATED PARAMETERS AND SAMPLE COEFFICIENTS OF DETERMINATION FOR FITTED
STAGE-DISCHARGE RELATIONSHIPS

L
Station and Period of Record b ' Ez ;Io r?
Arkansas River at Granite
Mar, '38 - May '41 137.82 1.8040 0.8057 0.9932
May '41 - June '43 18, 410 2.9102 0,6129 0.9910
June '43 - June '46 94,791 2.1087 1.3736 0.8822
July '46 - Dec. '50 78.993 2.2748 1,2008 0, 8950
Feb, '51 - June '56 142,17 1.9687 1.6230 0.9958
June '58 - Oct. '60 186,87 2,0582 2.5022 0.9848
April '61 - Oct, '64 16, 240 3.2786 0.1905 0,8850
Taylor River below Taylor Park Reservoir
May '39 - July '43 78, 499 2.0988 0.4601 0.9972
Aug. '43 - Jan, '47 90, 242 2.0087 0.5848 0.9974
May '47 - Sept,'50 92.202 1.9437 0,5993 0,8970
Sept, '50 - Nov, '52 73,661 2.0344 0,5183 0, 99864
Nov. '53 - Sept, '54 9.6502 2.8879 0.7161 0,9948
Sept. '54 - Sept. '57 40, 359 2, 3480 1.7873 0,9968
Sept, '57 - May '62 11,248 3.0828 1,2821 0,9972
May '62 - Oct, '65 10,745 3,1252 1.27127 0, 8968
East River at Almont
Sept. '35 - June '30 31,012 2,8087 =0, 1067 0.98954
July '30 - Jan, '44 36.328 2,7806 -0.1362 0.9726
Feb. '44 - Mar, '48 47,2886 2.5356 -0, 2488 0, 9942
Mar. '48 - Sept. '50 35,941 2.6269 -0, 5087 0,0960
Apr. 'G5 - May 68 14, 387 2,9401 0, 0238 0,98761
May '58 - Aug. 61 86.845 2.1568 1. 1260 0.9714
Sept, '61 - Oct, '65 186,07 1,7468 1, 4600 0, 9942
Quartz Creek near Ohio City
Apr. '38 - July '#1 65,908 2.1968 0, 0291 0,8775
Aug. '41 - July '46 0.6876 5.3424 =1, 3068 0,9563
July '46 - Oct, '50 14,164 3. 0805 0, 2315 0,9724
Oct. '60 - May '62 6.1207 4,3352 0, 4316 0,9785
June '62 - June '65 40,621 2,9720 0.9388 0,9918
Curecanti Creek near Sapinero
May '48 - Aug. '52 2.7988 4.0838 0.5110 0.9653
Apr, '53 - June '57 8, 2646 3.6201 1,2529 0.08852
May '58 - Jan, '61 3.1275 4,.6462 1, 0963 0, 9968
Mar. '61 - Nov, '65 0,7263 5,4003 0,7777 0,9860
San Miguel River near Placerville
Sept, '43 - Dec, '46 13,088 3,1663 -1,3839 0,9837
Jan, '47 - Apr, '48 5,2177 3,7253 -1, 5069 0, 0942
June '48 - May '52 39,224 2.6085 -0, 7028 0,9954
June '52 - Oct, '55 21,439 2.9125 -1,0454 0.9852
Nov. '85 - Apr. '57 0.56708 4,0768 -2, 0858 0,9964
Nov. 'S8 - Mar, '62 0.0188 6.0613 =1, 1756 0, 9761
Apr, '62 Nov. '64 13,513 3.1566 1.0183 0.9809
Animas River at Howardsville
Apr, '40 - Apr, '42 1,6349 4,5126 -0, 9386 0.9960
June '42 - May '48 §.9388 3.6290 -0, 3216 0, 9954
June '48 - Sept.'52 7.4808 3,6835 =0, 3821 0,9004
Oct. '52 - Mar, '56 4,6810 3.8106 =0. 6330 0,9834
Mar. '56 - June '59 14,648 3,2704 -0, 1863 0.9874
June '59 - May '61 8,6052 3.6338 -0, 3121 0.9972
June '61 - Nov. '64 14, 549 3.3004 -0.1014 0.9832
Hermosa Creek near Hermosa
May '40 - July '43 15,852 3.3636 -0, 1344 0,9797
Aug, '43 - Jan, '48 0. 0008 B.5814 -2, 3477 0, 9246
Feb. '48 - May '52 23,230 3,5385 -0, 0023 0,9714
June '52 - Apr, '64 36.505 3.4431 0.0107 0, 9942
Apr. '54 - June '57 70,300 2.6701 0, 2547 00,9954
Dec. '60 - Nov. '64 41,443 2,6908 -0, 1005 0,98880
Animas River at Durango
Nov, '36 - Sept, '46 70, 420 2.4842 -0, 3450 0.9932
Sept, '46 - Oct, '3 67,517 2,5608 0,1239 0,8637
Oct, '653 - Apr. '57 37,280 2,.9156 0.4672 0,9758
Apr, '57 - Oct, '64 232,73 1.9222 1.1732 0.9972

41




TABLE 15. COEFFICIENTS OF VARIATION FROM REGRESSION FOR SAMPLE RATING CURVES

Station and

Coefficients of Variation From

P P P Regression, as a Percentage
Period of Record TP ) u Entire Curve Low Portion High Portion
Arkansas River at Granite
Mar. '38 - May '41 39 10 29 + 0.8 - 8.8 +15.8 -13.3 + B.0 -~ 7.5
May '41 - June '43 22 [ 16 +10.5 - 9.7 +13.80 -12,2 +10.8 - 9.8
June '43 - June '46 28 10 18 +10,5 - 9.5 +15.8 =-15.7 + 57 - 5.4
July '46 - Dec. '50 45 9 36 + 7.8 =7.% +15.4 -13.3 + 6.0 - 5.7
Feb. '51 - June '56 65 22 43 + 6.6 - 8,2 +08.2 -8.4 + 5.3 - 5,0
June '58 - Oct. '60 34 4 30 +11,7 =-10,8 +12,8 =-11,2 +12,1 -10,8
April '61 - Oct, '64 66 7 58 + 8.8 - @.1 +11,3 -10,2 + 7.2 -5.8
Taylor River
below Taylor Park Res.
May '39 - July '43 42 4 38 + 6,3 - 5.9 +12,8 ~-11.3 + 6.2 - 5.8
Aug, '43 - Jan., '47 50 9 41 + 6.0 - 5,7 + 6.8 ~ 6.4 + 6.0 -5.7
May '47 - Sept. '50 43 [} 37 + 6,1 - 5.8 +13,1 -11.6 + 5.4 - 5.1
Sept. '50 - Nov. '52 28 5 23 + 7.5 - 1.0 +14.8 -12.9 + 6.9 - 6.5
Nov. '53 - Sept. '54 33 5 28 + 8.7 - 8.0 +14,7 -12.8 + 8.4 - 1.8
Sept, '54 - Sept, '57 50 9 41 + 8.2 - 8.4 +19.4 -16.2 + 7.0 - 8,5
Sept. '57 - May '62 50 24 26 + 850 -8.3 +12.4 -11.1 + 5.4 - 5.1
May '62 - Oct. '65 40 14 26 +10.5 - 8.5 +17.4 -14.8 + 6.5 - 6.1
East River at Almont
Sept. '35 - June '39 43 21 22 + 8.8 -8.1 +11,0 =10.0 + 6,8 -~ 6.5
July '38 - Jan., '44 40 23 17 +21.9 -18,0 +29,3 -22.7 +11.0 -10.0
Feb. '44 - Mar. '48 38 20 18 + 9.4 - 8.8 +13.1 -11.6 + 46 - 4.4
Mar, '48 - Sept. '50 29 15 14 + 8.8 - 1.8 + 8.2 - 8.5 + 8.6 -17,9
April '55 - May '58 44 18 26 +28.0 -21.8 +38.4 -27.8 +22.0 -18.1
May '88 - Aug. '61 42 16 26 +22,0 -18.8 +38.4 -27.8 +12,2 =-10,9
Sept. '61 - Oct, '65 47 20 27 +10.3 - 9,3 +14,0 -12.3 + 7.5 - 1.0
Quartz Creek near Ohio City
April '38 - July '41 41 12 29 +16.8 -14.4 +27.2 -21.4 +12,9 ~11.4
Aug. '41 - July '46 34 i1 23 +19,5 ~-16,2 +23.8 ~-18.3 +18.8 -15.8
July '46 - Oct. '50 44 23 21 +16.5 -14.2 +21,.4 -17.7 +11.4 -10,2
Oct. '60 - May '62 k} | 13 18 +13.8 -12.2 +17.9 =15.2 +11,0 - 9.9
June '62 - June '65 37 11 26 + 8.6 -8.0 + 7.0 - 7.3 + 9.2 -8.5
Curecanti Creek near Sapinero
May '48 - Aug. '52 39 17 22 +34.2 -25.5 +47.8 -32.4 +25.2 =-20,2
April '53 - June 'S7 46 24 22 +11.5 -10.3 + 9.1 - 8.4 +14,0 -12.3
May '58 - Jan, '61 33 16 17 + 0.4 - 8.8 + 9,7 -8,9 + 9,7 -8.9
Mar, '61 - Nov. '65 52 28 28 +18.5 -15.7 +26.2 -20.8 + 9.8 -8.8
San Miguel River
near Placerville
Sept. '43 - Dec. '46 36 14 22 +12,9 -11.4 +19.6 -16.4 + 8.6 - 8.0
Jan. '47 - April '48 18 8 10 e i SR B +11,7 -10.5 + 5.6 - 5.4
June '49 - May '52 41 22 18 + 8.6 - B.1 + 81 - 17.8 + 4,7 - 4,5
June '52 - Oct. '55 52 23 29 + 7.1 - 6.8 + 7.5 - 7.0 4+ 7.0 - 6.6
Nov. '55 - April '57 20 13 7 + 6.4 - 6.1 + 6.7 - 6.3 + 7.0 - 6,5
Nov. '58 - Mar, '62 46 1 35 +15.8 -13.7 +10.4 - 9.5 +17.4 -14.8
April '62 - Nov, '64 41 10 3 +13,9 -12.2 +33.6 -25.2 + 5.1 - 4.8
Animas River at Howardsville
April '40 - April '42 21 4 12 + 7.7 - 1.2 + 6.9 - 6.5 + 8.8 - 8.1
June '42 - May '48 62 32 30 + 8.7 - 8.0 +11.6 -10.4 + 4.9 - 4.6
June '48 - Sept, '52 56 27 29 +14,2 -12.5 +18,8 -15. + 8.9 -8.0
Oect, '52 - Mar. '56 39 i8 21 + 8.4 -17.8 +11,7 -10.5 + 5.5 - 8,2
Mar, '56 - June '59 46 20 26 +17.9 -15.2 +28.4 -22.1 + 7.6 - 7.1
June '59 - May '61 28 12 16 + 7.2 - 6.7 + T.0 = Ta + 7.2 - 6.8
June '61 - Nov. '64 42 15 27 +11,2 -10.1 +18.4 ~-15.6 + 6.7 - 68,3
Hermosa Creek near Hermosa
May '40 - July '43 39 16 23 +23,1 -18.2 +30,8 -23.6 +18.9 -15.9
Aug. '43 - Jan. '48 40 16 24 + 8.8 - 8.1 +10.6 - 9.6 + B.1 - 7.5
Feb, '48 - May '52 59 28 31 +29,7 -22.9 +40,6 -28.9 +19.6 -16.4
June '52 - April '54 32 18 13 + 0.8 -8.9 +12,0 -10,7 + 7.2 - 5.7
April '54 - June '57 56 24 iz +9.9 -9,0 +12,1 -10,8 + 8.3 =77
Dec. '60 - Nov. '64 71 32 39 +15,5 -13.4 +23,6 -19.1 + 59 -5.6
Animas River at Durango
Nov. '36 - Sept, '46 137 56 81 + 9.9 -9.0 +13,7 -12.0 + 6,6 - 86,2
Sept, '46 - Oct, 'B3 134 55 79 +24.6 ~-19.8 +34,0 -25.4 +16.9 -14.5
Oct, '63 - April '57 68 10 38 +13.5 -11.9 +16.5 -14.2 +11.3 -10.2
April '57 - Oct. '64 150 51 89 + 59 -5.8 + 7.3 -6.8 + 5.2 = 4,9
Average Values +12.4 -10.8 +17.3 -14.3 + 8,37 - 8.40
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selected mathematical expressions very adequately
represents the stage-discharge relationships of the
sample mountain-gaging stations. Further, it can be
said that the logarithms of stage and discharge appear
to be functionally linearly related.

An appraisal of the table of coefficients of
variation reveals that in virtually every case, the
values for the lower portion are considerably larger
than those for the upper portion. It was this result
which was anticipated and led to the establishment of
the divisive discharge value. Further, under the
original hypothesis that the majority of scatter about
the curve is due to measurement error, these values
reflect the relative measurement error. Although
there are no values with which to compare, the aver-
agesof +9,37 and -8.40 percent appear reasonable for
mountain discharge measurements. Closer consid-
eration of the individual values reveals that for some
gaging sections, the errors of estimate can be as low
as +5.0 percent. However, they are seldom less than
this. Such values might represent about the best
accuracy that can be expected for current-meter
methodology on mountain streams. On the other hand,
the values can be quite large, as in the case of
Curecanti Creek. These latter cases inevitably in-
clude considerable minor random instability of the
basic stage-discharge relationship, which could not
be detected by the stability check. The mean maxi-
mum values for the lower portion of the curve,+17.3
and -14.3 percent, are almost double those for the
upper portion, The particularly large individual
values are found in cases where the discharge meas-
urements become very small, As a result, the rela-
tive errors are large on the lower portion, although
the absolute errors are very small.

In summary, the regression equations of the
form selected can be used very well as estimators of
the true stage~discharge relationships on mountain
streams., The relationships estimated appear to be
very stable, and the errors of estimate reflect the
measurement error to be expected in mountain flow
measurements. This final statement can only be
verified by global comparisons of field measurements
or by evaluation of the components in the error model,

4.2.9 Fitted error bounds

Considering the rating curves to be divided by
the divisive discharge values, both confidence and
tolerance limits were established. The limits exist-
ing at the lowest discharge point, the geometric mean
point, and the lower or upper end of the upper portion,
whichever yielded the maximum limits, are given for
the B0 and 95 percent confidence levels in Tables 16
and 17, respectively. An illustration is given in fig.
11 as an aid to visualizing the appearance of the
limits, This example was selected as being repre-
sentative of the average values for the stations
analyzed,

The error bounds on a single discharge esti-
mate are given by the confidence limits for selected
levels of confidence. The computed mean maximum
confidence limits are +2.40 and -2.33 percent for the
upper portion of the curve at the 80 percent confidence
level, and +3.82 and -3.65 percent at the 95 percent
level, Although the actual bounds for a particular
curve should be used, these general values serve to
indicate the general order of magnitude for the sta-
tions and periods of record sampled. Therefore, a
single discharge estimate can be expected to be very
good for these stations, particularly for the summer
range of flows,

The tolerance limits yield information regard-
ing the region in which a future discharge measure-
ment may be expected to fall, assuming the river
regime to have remained in the same stable condition,
For the 55 periods of record studied, the mean per-
centage tolerance limits at the mean discharge are
+12.9 and -11.2 percent at the 80 percent confidence
level, and +21.3 and -16.9 percent at the 95 percent
level. In general terms, a future measurement may
be expected to be within about 12 or +19 percent of
the corresponding estimated discharge on the upper
portion of the curve. These limits may appear some-
what large to the field worker who expects a new
measurement to fall within five percent of the existing
curve. However, for the small number of data points
usually available, such an optimistic viewpoint is not
justified, particularly at the higher confidence levels.

4.3 Accuracy of Discharge Estimates

4.3.1 Types of estimates

In practice, single discharge estimates are
made for mean daily discharge values. A study of
the error in monthly and annual discharge estimates
requires further knowledge regarding the correlation
between the errors in daily estimates. All three
types of estimates, daily, monthly, and annual, are
considered below with a discussion of the possible
correlation between errors.

4.3.2 A mean daily discharge estimate

The methodology for obtaining a mean daily dis-
charge estimate involves the estimation of mean daily
stage from stage-time records, and the application of
this mean stage value to the rating curve to obtain the
estimate of mean daily discharge. As has beenpointed
out in a previous chapter, the errors inherent in the
determination of mean daily stage may be largely con-
trolled and rendered minimal, Therefore, for the
sake of this analysis, the error in a single mean daily
discharge estimate is assumed to be equivalent to the
error in any single discharge estimate for which the
stage is given.

On the basis of the above-mentioned assumption,
bounds on the error in an estimate of mean daily dis-
charge may be determined from the confidence limits
fitted to the rating curve. For the stations analyzed,
the upper limit of discharges to be considered was
taken to be the maximum discharge measurementused
for the curve. Then the maximum confidence limits
are those in Tables 16 and 17, Although it is not
advisable to extend the curve upwards without more
measurements, it may be done with the result of in-
creased confidence limits and the risk of reaching a
range of very high flows where more representative
limits would be even larger than those reflected by the
model.

4,3.3 Correlation of daily errors

The correlation between errors in mean daily
flow estimates determines the nature of the error in
an estimate which is obtained by the summation of
daily discharge estimates, such as a monthly or yearly
value, The situations involving perfectly correlated
and uncorrelated errors are considered, and the con-
ditions for each to exist are discussed. Cases in dis-
charge estimation where partial correlation may occur
are also noted.

If the errors in two mean daily discharge esti-
mates, qy and q,, are perfectly correlated, then the



TABLE 16.

80 PERCENT CONFIDENCE AND TOLERANCE LIMITS FOR SAMPLE DATA |

onfidence Limits

(As A Percentage Of Estimated Discharge)

80 Percent Limits

Tolerance Limits

Station And Maximum At Maximum Maximum At Maximum
Feriod of Record For Low Mean For High For Low Mean For High
Range Itange Range Range
Arkansas River at Granite
Mar, '38 - May '41 + 4.21 - 4,14 +1.87 ~1.84 +2.04 ~-2,00 + 21,2 - 20,9 +10.8 - 8,80 +10.8 - 9.83
May '41 - June '43 + 5,86 - 5.65 +3.41 -3,30 +3,45 -3.3 + 26,0 - 22,8 +15,3 -13,3 +15.3 =13.3
June '43 - June '46 + 375 -3.60 +1.72 -1,68 +1.79 -1.78 + 16,68 - 15.4 + 7.88 - 7.1 + 7.891 - 7.33
July '46 - Dec. '50 + 2,3 -2 +1,26 -1,25 +1.30 -1,28 + 14,5 - 13.4 + 8,04 - 7,44 +« .04 - 7.45
Feb. '51 - June 'S6 + 1,90 - 1,88 +1.01 -1,00 +1.08 -1.07 + 12,7 - 11.9 + 6.85 - 6,50 + 6.96 - 6.51
June '58 - Oet. '60 + 3,52 -3 42 +2.73 -2.68 +2.84 -2.76 + 20.4 - 17,5 +16.5 -14.1 +16.5 14,2
April '61 - Oct. 'G4 + 1,22 - 1,19 +1,00 -0,89 41,01 -1,00 + 9,80 - 8,07 + 811 - 7,50 + 811 = 7.50
Taylor River below Taylor Park Res, '
May '38 - July '43 + 8.12 - 5.05 +1.26 -1,25 +1,38 -1.36 + 30,8 - 28.4 + 8.27 - 17.64 + 8,20 - 7.68
Aug. '43 - Jan, '47 + 4,75 - 4.60 +1,19 ~1,17 +1.27 -1,26 + 30,1 - 27.8 + 8,05 - T.45 + B.06 - 7.46
May '47 - Sept. '50 + 2,34 - 2,32 +1,12 -1.11 +1.21 -1,20 + 13,8 - 13,0 + 7.20 - 6,72 + 1,22 - 6.73
Sept. '50 - Nov. '52 + 500 - 500 +1.82 -1.789 +2,00 -1.96 + 4.2 -1 + 0.44 - 8.63 + 0.48 - 8.68
Nov. '53 - Sept. '54 + 9.01 - 8,80 +2.00 -1,96 +2,03 -1,99 + 51.1 - 45.8 +11.4 -10.3 +11.5 -10.3
Sept, '54 - Sept, '567 +10,4 .-10,2 +1,368 -1,38% +1,52 -1,50 + 65,2 - 58.4 + 9.29 - 8,560 + 8.31 - 8.52
Sept. '57 - May '62 +10.0 - 9,02 +1.33 ~1.31 +1.38 -1,13 + 54,2 - 5,06 « 7,26 =~ 8,78 + 7.28 - 8.76
May '62 - Oct. '65 +23,0 -22.8 +1.62 -1.50 +1,66 -1,63 +123, =113, + B.85 - 8.13 « 8.86 - B.14
East River at Almont
Sept, '35 - June '30 + 6.85 - 8,73 +1,86 ~-1,02 +1,88 -1,85 + 4,5 - 31,3 + 5,45 - B.64 + 8.468 - 8,64
July '38 - Jan. ‘44 +20.2 -19.§ +3,36 -3.25 +3. 3 -3.28 + 82,5 - 80,0 +15.5 =13, 4 +15,8 -13.4
Feb. '44 - Mar. '48 + 5.45 - 5.37 +1.40 -1.38 +1.43 -1.41 + 24,6 - 23,0 + 6.43 - 6,04 + 6.43 - 6.04
Mar, '48 - Sept, '50 + 8,87 =~ 8,40 +2,03 -2.84 +2,98 -2.90 + 35,8 - 31,7 +12.2 -10.8 +12,2 ~-10.9
April '66 - May 'bB +23. 6 -22.3 +5.18 -4.03 +5,30 -5.04 +1386, ~114, +30.6 -23.8 +30.7 -23.5
May 'S8 - Aug, '61 +i4,2 ~-13.8 +2,86 -2,87 +3.11 -3.02 #7M.2 - 68,2 +16.7 -14.3 +16.7 “14.3
Sept. '61 - Oct. '65 +8.75 - 8.57 +1,83 -1.79 +1.99 -1.85 + 45,1 - 41,0 +10.2 - 8.28 +#10.3 - 8.31
Quartz Creek near Ohio City
April '38 - July ‘41 + 8,68 - 8,44 +2,085 -2,87 +3.07 -2.98 + 8,07 - 43,1 +17.6 -14.9 +17.6 =15.0
Aug. '4l - July '46 + 8,77 - 8,40 +4,75 -4,53 +4,.75 -4.54 + 48,3 - 38.3 +26.1 -20,7 +26.1 -20.7
July '46 - Oct, '50 + 7.82 - 1.57 +3.11 -3, 02 +3.13 -3 03 + 39,7 - M2 +15.8 -13.7 +15.8 =13.7
Oct. '60 - May '62 +10,8  -10,4 +3,56 -3. 44 +3.87 -3 44 + 51.1 - 43,8 +16.8 -14.5 +16.9 -14.5
June '62 - June ‘85 + 8. 00 - 537 +2.28 -2.21 +2,28 -2,23 + 30,4 - 27.0 +12.8 ~-11,2 +12.6 =112
Curecantli Creek near Sapinero
May '48 - Aug. '52 +52.6 -40.2 +6,42 -6.03 +6.45 -6.06 +200, =214, +35.86 -26.3 +35.6 -26.3
April '53 - June '57 +20,5 -19.8 +3,70 -3,56 +3,73 -3,60 +107. - B9.8 +19.5 -18.3 +10.5 -16.3
May '58 - Jan, ‘61 +17.1  -16.7 +2,88 -2.80 +2,99 -2,90 + 70,8 - 68,1 +13.7 -12.0 +13.7 -12.0
Mar. '61 - Nov. '65 +13,17 -13. 4 +2,35 -2.20 +2,35 -2,20 + 76,1 - 67.4 +13.1 =11.6 +13.1 -11.6
San Miguel River near Placerville
Sept. '43 - Dec. '46 + 4.53 - 4. 42 +2.31 -2,26 +2,33 -2.21 + 23.3 - 21.8 +11,.8 ~-10.8 +11.8  -10.6
Jan. '47 - April '48 + 4,76 - 4,05 «2,37 -2\ +2.38 -2, + 17,0 - 15,0 +8.44 -T7.70 + B.45 - 7,79
June ‘40 - May ‘52 + 2,80 - 2,58 41,38 -1.36 +1,40 -1.38 + 12,1 - 11,4 + 6.46 - 6,07 + 6.47 6.07
June '52 - Oct. '55 + 7,86 - T7.38 +1.64 -1.62 +1,66 -1.63 + 20.3 - 1B.5 + 9.50 - 8.68 + 9.51 - B.68
Nov. '85 - April '67 + 8.46 - 8.17 +3,50 -3,46 +3,50 -3.47 + 28,3 - 23.7 +11,2  -10,0 +11.2  -10.0
Nov. '58 - Mar, '82 + 9,02 -8,73 +3.5T -1.48 +3,.57 -3, 4% + 60,1 =~ 48,4 +23.8 =19, 2 +23,8 -10.2
April '62 - Nov. '64 + 2.18 - 2.15 «1.16 -1,15 +1.16 -1,15 + 12,8 - 12,0 + B.84 - 6.40 + 6.84 - 6.41
Animas Hiver ot Howardaville
April '40 - April '42 + 8.4 - 0,07 +3.27 -3 16 3,27 =317 38,5 - 32,3 +12.8 ~-11,3 12,8 =113
June '42 - May '48 + 3,46 - 3. 42 +1.13 -1.11 +1,13 -1,12 + 18,8 - 18.7 + 8.55 - 0.4 +« 6.55 =~ 6.15
June '48 - Sept, '52 + 7.80 - 7.62 +2.29 -2.24 +2,30 -2,25 + 45,5 - 40,0 +13.4 -11.8 +13.4 ~-11.8
Oct, 'S52 - Mar, '56 + 4.7 - 4,84 +1,52 -1.%0 +1,52 -1.50 + 23,2 - 21,8 + 7.50 - 6,98 + 7.50 - 6.98
Mar, 'S86 - June '58 + 6.03 - 6,80 +1.89 -1, 858 +1,01 -1.07 + 3.1 - M0 +10,4 - 0. 41 +10,.4 - §.41
June '59 - May '61 + 8,87 - B.72 +2,30 -2.25 +2,32 -2.27 + 30,1 -~ 27.% +10,1 - b2 +10,1 - 8.2
June '61 - Nov. '64 + 6.12 - 6.03 +1.62 -1.60 +1.64 -1.61 + 3.8 - M1 + 9,07 -8.31 + 80T - 8.3
Hermosa Creek near Hermosa
May '40 - July '43 +11,0  -10, 4 +4.78 -4.08 +4.00 -4,67 + 59,3 - 47,1 +26.3 -20,8 +26.3 -20.8
Aug. '43 - Jan, '48 + 4,29 - 4,20 +2.07 -2,03 +2,07 -2,03 + 22,8 - 20.5 +11,0 - 9,91 +11.0 - 9.91
Feb, '48 - May ‘52 +12.8 ~-11..8 +4.23 -4,06 +4.32 -4, 14 + 77.2 - 60.8 +26.9 -21.1 +26.9 -21.2
June '52 - April '54 + 68,711 - 6.55 +2,56 -2.50 +2.61 -2.55 + 26,7 - 2,2 +10.3 - 0.3 +10,3 = 0.35
April 'G4 - June '57 + 9.81 - 08.82 +1.84 -1,81 +1,94 -1,90 + 38,6 - 52.6 +11.2 =101 +11.3  -10.1
Dec. '60 - Nov, 'G4 + 4.65 - 4.58 +1.19 -1.17 +1.22 ~-1,20 +30.1 -~ 27.9 + 7.85 -7.28 + 7.86 = 7.28
Animas River at Durango
Nov., '36 - Sept, "46 + 2,68 - 2,66 + .03 - .82 + .966 - 957 + 24,8 - 22.8 + 8,72 - 8,02 + 8,73 -8.03
Sept. '46 - Oct, '53 + .42 - 5,31 +2,28 ~-2,23 +2,37 -2, M + 52.3 - 42.7 +22.5 -1B.3 +22.5 ~-18.4
Oct. '53 - April 'S7 + 4,70 - 4,58 +2.26 -2.21 +2.20 -2,24 + 3.3 -2T11 +15.2 -132 +15,2 ~-13.2
April '57 - Oct. "G4 + 1,40 - 1,48 + .65 - .65 + .7T40 - T34 + 14,6 - 13,6 + 6.77 - 06.34 + 6.78 - B6.35
Average Values + 8.60 ~ 8,34 +2.35 -2,28 +2.40 -2,33 + 46,6 - 30,6 +12.9 -11.2 +12,8 =-11.2
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TABLE 17. 95 PERCENT CONFIDENCE AND TOLERANCE LIMITS FOR SAMPLE DATA

Confidence Limits

85 Percent Limits
_(As A Percentage Of Estimated Discharge)

Tolerance Limits

Station And Maximum At Maximum Maximum At Maximum
Period of Record For Low Mean For High For Low Mean For High
Range Range Range Range
Arkansas River at Granite
Mar. '38 - May ‘41 + 6,62 - 6.43 + 2.94 -2.85 + 3,20 -3.10 * 374 =347 +17.5 -14.9 +17.6 -14.9
May '41 - June ‘43 + 9,43 - 8.94 + 5.49 -B.21 + 5,86 -5.,27 + 43,3 - 34.5 +28.5 -20.3 +25.8 =20.3
June '43 - June '46 + 5600 - 5.83 + 2.713 -2.68 + 2.85 -2.77 + 27.0 - 24.0 +12.8 ~-11.3 +12.8 -11.4
July '46 - Dec, '50 4+ 3,67 - 1359 + 1,987 -1.93 + 2,04 -1,99 + 23,1 - 20.5 +12.8 -11.3 +12.8 -11.3
Feb. '51 - June 'S6 4+ 2,83 - 290 + 1,56 ~-1.54 + 1.67 -1.64 + 10,8 - 17.9 «10.8 - 9.85 410.9 - 9,85
June '58 - Oct. ‘60 + 55 ~-5.29 + 4,28 -4.12 + 4,47 -4.28 + 33,2 -28,2 +26.8 =-21.2 +26.9 -21.2
April '61 - Oct, '64 + .11 - 2,43 + 1.7 -1.78 + 1,80 -1.77 + 17.8 - 158 +14.8 -12.89 +14.8 -12.9
Taylor River below Taylor Park Res.
May '39 - July '43 + 8,00 - 7.85 + 1.7 -1.93 + 2,02 ~-1,98 + 46.9 - 43,0 +13.1 -11.6 +13,.2 -11.8
Aug. '43 - Jan, '47 + T.41 - 7,26 + 1,85 -1.82 + 1.08 -1.85 + 47.8 - 42. 4 +12.8 -11.3 +12.8 -11.3
May '47 - Sept. '50 + 3,66 - 3,58 + 1,74 1.1 + 1,89 -1.86 + 22,1 -19.8 +«11.4 -10.2 +11.4 -10.3
Sept. '50 - Nov, 's2 + 807 -7.81 4+ 2,88 -2,80 + 3,16 =3,06 + 38,0 - 338 +15.2 -13.2 +15.3 -13.3
Nov. '53 - Sept, '54 +14,2 -13.8 + 3,14 -3,08 + 3,18 -3.09 + B2.5 - 60.5 +18.5 -15.6 +18,.5 -15.6
Sept. '54 - Sept, 'S7 +16:1 -15.8 4+ 2,12 -2,08 + 2,37 -2am +102, - B8.5 +14.8 ~-12.8 +i4.8 -12.9
Sept, '57 - May '62 +15.8 -15.5 + 2,08 =-2,05 + 2,12 =-2,07 + BB, 4 - 77,5 +11.6 -10,4 +11,6 -10.4
May '62 - Oct, '65 +36.1 =356.3 + 2.54 -2.48 + 2.60 -2,54 #1087, =173, +14,2 -12.4 +14,2 -12.4
East River at Almont
Sept. '35 - June '39 +10.8 =105 + 2,85 -Z.86 + 2,98 -2.89 + 55.6 - 48.3 +18,3 ~-13.3 +15.3 -13.3
July 38 - Jan. '44 +32,5 -30.8 + 5,38 -5.12 + 5,43 -5.15 +154, =122, +25,7 -20.5 +25.7 -20.5
Feb. '44 - Mar, '48 + B, 65 - 8,48 + 2,23 -2.18 + 2,21 -2.22 + 43,5 =~ 35.9 +10.4 - 9,41 +10,.4 - 9,41
Mar, '48 - Sept, '50 +14,0 -13. 4 + 4,75 -4,53 + 4.8} -4.61 + 58.5 - 48,2 +20.4 -16.9 +20.4 -16.9
April '55 - May '58 +37.3 -34.6 + B8.23 -7.60 + B.43 -7.78 +231, -152. +52.0 -34.2 +52.0 -34.2
May '58 - Aug, '61 +22,5 =21, 4 + 4,67 -4,47 + 4,01 -4.68 +126, - B§8.1 +27.3 21,5 +27.4 -21.5
Bept. '61 - Oct, 'G5 +13,8 =13, 3 + 2,87 =2,79 4+ 3,13 -3,04 +131 - 62,0 +16,5 ~14,1 +16,8 -14,2
Quartz Creek near Ohio City
April '38 - July ‘'41 +13.7 -13.1 + 4,85 -4.44 + 4,84 -4,61 + B30 - 64.4 +28.8 -22.3 +26.8 -22.4
Aug. '41 - July '46 +14.0 -13.0 + .57 -1.03 + 7.57 -7.04 4 B1.5 - 56.5 +44.0 -30.6 +44.0 -30.6
July '46 - Oct. '50 +12.1 -11.8 + 4,85 -4.72 + 4,97 -4.74 + 65.2 -51.9 +26.1 -20.7 +26.1 -20.7
Oct. '60 - May '62 +17.2 -16.3 + 571 =-5.40 + 57 -5.4 + B85.0 - G6.2 +28.2 -22.0 +28.2 -22.0
June '62 - June '65 + 8.63 -8.3 + 3.56 -3.44 + 3.80 -3.47 + 40,2 - 410 +20,3 ~16.98 +20.4 -16,9
Curecanti Creek near Sapinero
May '48 - Aug, '52 +B4, 1 -76.5 +10.3 -9.33 +10.3 -9, 37 +500, -310, +61,8 -38.1 +6L(.68 -38.1
April '53 - June '57 +32.8 =30.8 + 5.88 ~-5.55 + 5,04 -5.60 +178. -135, +32.3 -24.4 +32,3 -24,4
May '58 - Jan, '81 +27.5 -26.3 + 4,78 -4.57 + 4.80 -4,58 +130, - 10.6 +22.6 -18.4 +22.6 -18.4
Mar, '61 - Nov. '65 +21.6 -20.8 + 3,70 =3.57 + 3,70 -3.57 +124, -102. +21.2 -17.5 +21,2 -17.5
San Miguel River near Placerville
Sept., '43 - Dec, '46 4 717 = 8,82 + 1,66 =-3.53 + 3,680 -3.56 + 3T, 7T = 3.5 +18,3 +~16.2 +18.3 -16.2
Jan. '47 - April '48 + 8,05 - 7.75 + 3,80 -3.84 + 4,00 =-3.85 + 20,2 - 25.4 +14.5 -12.7 +14.5 -12.7
June '49 - May '52 + 4,12 - 4,02 + 2,18 -2.14 + 2,22 -2.17 + 18.5 -~ 17.86 +10.4 - §.42 +10.4 - §5.42
June '52 - Qet, 'S5 +13,6 =12, 7 + 2.8 -2,51 + 2,80 =2,54 + 32,5 - 28.3 +18.2 -13.2 +15,2 =132
Nov. '55 - April '37 +14,9 -14.1 + 6,33 -5.93 4+ 6.34 -5.96 + 47,7 - 30.7 +20,2 -16.8 +20,2 -16.8
Nov. '58 - Mar. '62 +14,3 -13.5 + 5,65 -5.35 + §.65 -5.35 +100, = 71,8 +39.7 -28.4 +39,7 -28.4
April '62 - Nov. '64 + 34 - 3.35 + 1.82 =-1.7% + 1.8 -1.79 + 20,5 - 1B.4 +10.9 - 0.83 +10.9 - 9,83
Animas River at Howardsville
April '40 - April '42 +15. 4 ~14.6 + 5.36 ~-5.08 + 5.37 -5.10 + 61.5 =~ 50,8 +21,8 -17.7 +21,6 -17.7
June 142 - May '48 + 5,42 - 5,33 + 1,76 =1,73 + 1,77 =174 + 31,7 - 28.8 +10.4 - 8,42 +10.4 - 9.42
June '48 - Sept, '52 +12.2 -1i.8 + 3.00 -3.47 + 3,82 -3 49 + 73,6 - 60.5 +21.7 -17.8 +21.7 =L1.8
Qct. '52 - Mar, '56 + 7.45 - 7.28 + 2.41 -2,35 + 2.41 -2.36 + 37.4 - 33.4 +12,1 -10.8 +#12.1 -10.8
Mar, '56 - June '539 +10,8 =-10.5 + 2.87 -2.88 + 3,00 -2.92 + 60,9 - 52,1 +16.7 =-14.3 +16.7 -14.3
June '59 - May '61 +11.0 ~10.7 + 3.70 =357 + 373 -3,60 + 49,2 - 42.2 +16.7 -14.3 +16.7 -14.3
June '61 - Nov. '64 + 9.6 -0.35 « 2,85 -2.40 + 2,58 -2,51 + 54,5 - 47.5 +14.6 =-12.7 +14.6 -12.7
Hermosa Creek near Hermosa
May '40 - July '43 +17. 56 =16,2 + 7,62 -7,08 + 7.81 -1.25 +100, - §9.6 +44,3 ~-30,7 +44. 4 -30.7
Aug. '43 = Jan, '48 4+ 6,756 - 6.56 4+ 3,27 -3.18 + 32T -3.16 4 37.0 - 31.4 +17.8 -15.1 +17.8 -15.1
Feb. '48 - May '52 +19.5 -18.3 + 6.68 -6.26 + B6.82 -6.38 +128., - 89.4 +44,9 -31.0 +45.0 -31.0
June '52 - April '54 +10,9 =10, 4 + 4,17 -4,00 + 4,25 -4,08 + 44,4 - 38.0 +17.2 -14.6 +17.2 ~14,7
April 'S4 - June '57 +15.13 -14.9 + 2.80 -2,81 + 3,04 -2,95 « 94,0 - 78.86 +18.1 -15.3 +18.1 -15.3
Dec. '60 - Nov, '64 + 7.24 - T.00 + 1.85 -1.82 + 1,80 -1.86 + 47,5 - 42.3 +12.4 -11.1 +12.5 -11.0
Animas River at Durango
Nov. '36 - Sept, '46 + 4,14 - 4,08 + 1,42 -1,40 + 1.40 ~1.47 + 39.0 = 34,3 +13,7 =12,1 +13,7 -12.1
Sept, '46 - Oct, '53 + 8,14 - 8,13 + 3,52 -3.4 + 3,868 ~3.53 + B5.1 - 62.4 +36.6 -26.8 +36.6 -28.8
Oct. '53 - April '57 + 731 = T,0% + 3,564 -3.42 + 3,58 -3.46 + 50,4 =~ 40,5 +24.6 =10.7 +24,6 -10.7
April '57 - Qet, '64 + 2,20 - 2,27 + 1,00 - ,868 + .14 ~1,13 + 22,9 - 20.8 +10,6 - 08,58 +10,6 - 9.60
Average Values +13.7 -13.1 + 3,74 -3.58 + 3,82 -3,63 + 76.9 - 50.6 +21,3 -16,9 +21.5 -16.9
45
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Fig. 11. Illustration of confidence and tolerance limits on a rating curve.
(Animas River at Howardsville, June'48 to September '52).

variance of the error in the summation of the two
estimates may be expressed as,

Var [qi + qz] Var [q1] + Var[qz] +2

—

o2 + of

1 2 tm o,
- 2
s (0'1 + rrz)

where

o and ¢} are the variances of q, and q,,

respectively.

That is,
c(l'I-Z) = U'1+fz

ar q,Var q, | where

2 .
T(1+2) is the variance of the sum of a and a, -

When the variance of the errors, and of the discharge,
is proportional to the square of the discharge, then
the coefficient of variation of a summed total of esti-
mated discharges is equal to that of an individual es-
timate. That is, when the errors are perfectly
correlated, the percentage error bounds on a summed
estimate are the same as those on an individual
estimate,

If the errors in two estimates are uncorrelated,

then
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Var [1:11 + qz] = Var [q1] + Var [qz]
or

2
+U‘z

2 ™ 2
Ty " Vi

In words, for uncorrelated terms, the variances are
additive rather than the standard deviations. Further,
if the variance is proportional to the square of the
discharge, the coefficient of variation of a summed
total of estimated discharges may be expressed as,

K

Vi

3 7
C, Q) = 1+C2Q)

where

k
874 .

=1

-

K reflects the coefficient of proportion=

ality in o} = K'Q;,

*
CV[Qi) is the coefficient of variation of the
series of discharge values.

*
If C v(Qi} is very small, then

Cv(&k) = \[%

Therefore, the percentage error bounds on a summed
estimate are a function of the percentage error
bounds on a single estimate, the number of estimates
summed, and the variability of the estimates.

If the errors are uncorrelated, but the variance
is constant, then the coefficient of variation of a
summed total may be expressed as

e Vi

*
Q

where ¢ is the constant standard deviation.

*®

c(Q

v

"

Now, if there is assumed to be a true stage-
discharge relationship at a station for a sufficiently
long period of time to establish a regression equation
for the rating curve; and if this single rating curve is
utilized to estimate a series of discharge values, then
the errors of the individual estimates are perfectly
correlated. As shown above, the error bounds for
the summation of the series is identical to those for
an individual estimate, This situation may be ex-
pected to exist for the estimation of summer flows
at the mountain stream stations.

In the case of winter or low flow estimates,
each daily estimate is often treated individually by
use of the rating curve, flow measurements, tem-
perature information, and inferences from nearby
stations. As a result, the errors from day to day
are virtually independent. Further, the absolute
error bounds may be expected to be constant for the
low flows, Therefore, the relative error bounds on
a summed estimate are influenced by the number of
estimates summed, their absolute values, and the
constant absolute error bounds.
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When the true stage-discharge relationship
undergoes a process of random shifting about a mean
relationship, the errors in individual discharge esti-
mates may be expected to be highly correlated, al-
though not perfectly., The correlation becomes a func-
tion of the nature of the shifting and the variability of
the parameters of the relationship. When the varia-
tion of data about the rating curve is due almost en-
tirely to measurement error, then the action of shift-
ing can be neglected, and the errors of estimate con-
sidered to be perfectly correlated.

For the case when a shifting, rather than a
single, rating curve is employed for estimating a
series of values, the errors may be more or less
correlated depending on the difference between the
assumed and true shifting of the stage-discharge
relationship. Such a curve-shifting procedure is often
used in practice. Unfortunately, for this case, it is
impossible to estimate either the correlation between
errors in individual estimates or the error bounds on
the summed estimate. They may be smaller or
larger than the dependent situation would infer.

4,3.4 Monthly discharge estimates

For stable mountain stream sections, it is
assumed that for the summer months, there is a true
stable stage-discharge relationship, Further, a
single estimated rating curve is used to estimate all
mean daily flows. As a result, the errors in the
daily estimates are perfectly correlated. When anew
measurement is added to the curve, and the entire
curve is refitted, the correlation between the errors
before and after the change will be slightly less,
However, as the one point is only one in many, the
errors are still virtually perfectly correlated. There-
fore, the error bounds on a summer monthly discharge
estimate are equivalent to those for a single mean
daily estimate.

Winter or low flows which are treated as indi-
viduals, however, may be considered to be uncorre=
lated. Further, the absolute error bounds on these
low flows have been assumed to be constant, and
equal to % XSQD' where Xg represents the percentage

error bounds on a single summer estimate, and QD

is the divisive discharge value. Therefore, the per-
centage error bounds on a winter monthly estimate
may be represented by £ X, where

S xSQD-J 30
30
2 &
i=1

It can be seen that although the relative error bounds
on winter mean daily flow estimates may be consid-
erably larger than those on summer daily estimates,
a winter monthly estimate cou.l;l be better than a

txw”

0
summer estimate if the term Z ai}QD is greater
i_

=1
thanY30, and the errors are uncorrelated.

In practice, the summer monthly estimates
might be expected to be somewhat better than the con-
fidence limits would indicate, if less than perfect
correlation existed between daily errors. On the
other hand, winter monthly estimates may not be as

ood as the indegendent and constant variance assump-
ions would yield. However, since the actual



correlation between daily errors cannot be deter=
mined, there is considerable value in studying the
bounds and when they might be expected to occur,

4.3.5 Annual discharge estimates

From the previous discussion about daily and
monthly discharge estimates, the assumptions are
maintained that all summer flows are predicted from
a single curve, but the winter flows are treated inde-
pendently, Then the error bounds on a total summer
discharge estimate are equal to those on a single
summer daily estimate. The error bounds on an
annual estimate are perhaps most clearly illustrated
by a simple example,

Consider summer flows to (i) occur six months
of the year (i.e., 50 percent of the time), (ii) exhibit
errors in daily and monthly flow estimates that are
perfectly correlated, and (iii) have error bounds for
a single discharge estimate of tXg percent. For the

winter flows, consider them to (i) occur the other six
months of the year, (ii) be characterized by errors in
daily and monthly estimates that are uncorrelated, and
(iii) have absolute error bounds for a single flow esti-
mate of % XSQD’ where Q, is the divisive discharge

value, Then the following statements can be made:

The relative error bounds for a total summer flow
estimate are + Xg

The relative error bounds for a total winter flow esti=

mate are
X Q VIBG
s "D
180

Y

i=1{

T

The absolute error bounds for the total annual flow

are
it
4 2 2
' xg\/ Q@+ 180 Q2

::rhere 53 is the estimate of total summer flou;;. If
Qa represents the estimated annual flow; and Qw
represents tze estii‘nated winter flow; and Rs!a'

the ratio of Qs to Qa’ is of the order of 0.9, then the
following staterment can be made:

The relative error bounds for a total annual flow esti=
mate are

which is approximately 10.9)(3.

It is evident that the errors in winter flow esti-
mates play a negligible role in the error of estimate
of total annual flow,

On the topic of annual discharge estimates, it
is interesting to consider another possibility. If the
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annual estimate were based purely on the summer flow
records and a predicted valye of the ratio between

annual and summer flows, Ra:"s , then the equation
could be written,

i * %
Qa B Ra{s Qs
Further,
Vv ~ = T -
ar[Qa] \'ar[Rafs Q_-;]
~ f 2 < g £ 2 ax
- RZ ) \ar[QS:l-r Q} Var[nafs]
ol £
where Ra!s and Q5 have been assumed to be inde-

pendent, and a product term involving the two vari-
ances has been considerd to be negligible in relation
to the others. Then the relative error bounds on an
annual estimate would be,

- + -
T /X CV{Ra,, )

\' s s
It can be seen that if the ratio, Ra /s could be pre-

dicted very accurately, either by use of a mean value
or a correlation with similar ratios at downstream
stations, then the relative error bounds would approach

:‘:xs.

Although these latter bounds will be larger than
those for the estimate on a full year of record, the
increase is not very large for mountain streams where
such a high percentage of flow occurs in the summer
months, In fact, if only annual flow estimates are of
importance at a station, the question arises whether
costly winter measurements, maintenance of records,
and analysis, are justified for such a small increase
in accuracy of the estimate. In such cases, it might
be more important to improve the estimation of
summer records and forget about regular field work
in the winter. At least the methodology given above
affords an approach to a study of the possible increase
in the accuracy of estimating annual flows by maintain-
ing winter records versus the cost of such maintenance,

4.3,6 Flow estimates in general

The discussion presented on the accuracy of dis-
charge estimates has been rather general in nature
and based largely on the correlation between errors in
single estimates, Whether or not the assumptions
made are strictly applicable to a particular case, the
approach is considered to give valuable estimates of
the magnitude of the error bounds which could be ex-
pected. The one point that becomes very clear is that
the use of a single estimated rating curve to make
daily flow estimates maintains all estimates at a simi-
lar degree of accuracy. It infers that an annual or
monthly estimate cannot be expected to be any better
than a single estimate, If the curve has very narrow
confidence limits, this result is not serious. How-
ever, if the limits tend to be wide, it is important to
make many more field measurements to better esti-
mate the stage-discharge relationship and to reduce
the correlation between errors.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

From the results of this study of the accuracy of
streamn discharge determinations, a number of con-
clusions can be drawn. They are grouped below
according to the type of discharge determinations for
which they are applicable. It is important that each
conclusion is considered in its particular grouping.

In general:

(i) The error in a discharge determination
lends itself to a detailed analysis and classification of
the component errors, their nature, and a considera-
tion of their relative importance, Such an analysis
and classification is an aid o the understanding of the
problem of errors, and serves as an excellent basis
for both theoretical and experimental investigations.

The development of the hypothetical mathe-
matical error model for a single discharge measure-
ment on a mountain stream reveals that:

(ii) Oblique currents, and their variability in
time, can be a major contributor to bias in a point-
velocity measurement,

An analysis of the effect reveals that there can be a
bias in the measurement even when the mean oblique
angle is zero. The bias increases as the angle, and
its variance, increases. In general, cup-type meters
may exhibit a positive bias due to obliquity-and pro-
peller-type meters exhibit a negative one. Screw-
type meters must be studied individually,

(iii) The method of sampling the vertical distri-
bution of velocity can also contribute to bias in a
measurement, The common one- and two-point
sampling techniques give biased estimates of the mean
velocity for parabolic, elliptic, logarithmic, and hy-

erbolic velocity distributions. Further, a study of ro-
gustness of these techniques reveals that failure to place
the meter at the prescribed sampling points may serve to
increase or decrease the bias of the sampling technique,
depending onthe particular velocity distribution.

(iv) The variance in a point velocity measure-
ment, due to sampling velocity in time, is propor-
tional to the square of the expected velocity, varies
parabolically with relative depth, and is inversely
proportional to the square root of the measurement
time.

(v) For other than low flow measurements,
the standard deviation of the error in a single dis-
charge measurement, and of the measured discharge
itself, is proportional to the discharge.

(vi) Of the component errors considered, those
arising from sampling both the vertical velocity dis-
tribution and the depth can potentially have the.
greatest effect on the variance of the measured dis-
charge. Since the velocity sampling technique can
also contribute to bias, as concluded in (iii) above,

this phase of the measurement methodology requires
critical appraisal.
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(vii) Subdivision of a stream cross sectioninto
vertical sections containing approximately equal dis~-
charges is important for minimizing the variance of
the measurement. The variability of the n partial
discharge values is a significant term in the variance
model for a single discharge measurement.

(viii) The variation between the velocities in a
vertical section can be important in selecting a vel~
ocity sampling scheme for minimizing the error in
the estimate of mean velocity in a vertical.

(ix) The best measurement technique for a
particular stream can be determined only after the
relative role of each term in the error model has been
estimated from a detailed study of the stream site,
For accurate research measurements, such studies
may be justified and should be undertaken. For
common stream-gaging practice, mountain streams
exhibiting similar flow and geometric characteristics
could be sampled in one manner; and groups of gaging
sites varying widely in properties could be sampled
in different ways.

The study of mountain stream-discharge rela-
tionships, including an analysis of data from nine
representative gaging stations in the mountains of
Colorado, indicates that:

(x) The stage-discharge relationship at a sta-
tion may be expected to remain stable for a relatively
long period of time. Major shifts of a relationship
usually occur only after the passage of extremely high
discharges,

(xi) Stage and discharge appear to be function-
ally related as

bZ
Q= b (H-Ho) °,

where Q is discharge; H is stage; Ho is the stage
at zero discharge; l:)1 3 bz are parameters. Fitted

rating curves of this form account for upwards of 98
percent of the variability in the sample data.

(xii) The least squares fitting procedure,
applied to the logarithms of the stage and discharge
values, is a very useful and convenient approach for
estimating the rating curve for a station.

(xiii) The concept of a divisive discharge value,
introduced to divide the rating curve into two portions
at a point where the error changes in nature from a
constant relative value to a constant absolute value,
appears to have much merit., For mountain stations,
the divisive discharge value also separates the mean
daily flow estimates into two groups, each occurring
about 50 percent of the time. The group includingthe
summer flows accounts for approximately 90 percent
of the total annual flow.

(xiv) The magnitude of measurement error in a
single discharge measurement and the degree of



minor random shifting of a rating curve are reflected
in the coefficient of variation from regression for the
sample data. The average coefficients for the upper
portion of the curve are +9,.37 and -8,40 percent; and
the average coefficients are +17,3 and =10.9 percent
on the lower portion.

(xv) Summer mean daily discharge values can
be expected to be estimated within +2,40 and -2,33
percent error bounds, at the 80 percent confidence
level; and within +3.82 and -3.65 percent, at the 95
percent level. Mean daily estimates in the winter
months can be said to be within +8.60 and -8,34 per-
cent error bounds, at the 80 percent confidence level;
and +13.7 and -13.1 percent, at a 95 percent level.

(xvi) Future summer discharge measurements
may be expected to lie within +12,9 and -11.2 percent
of the rating curve values, 80 percent of the time;
and within +21.5 and -16.9 percent bounds, 95 percent
of the time, Single discharge measurements made in
the winter months can be expected to fall within +47.6
and -39.6 percent of the curve, with 80 percent con-
fidence; or within +76.9 and -59.6 percent, with 95
percent confidence.

(xvii) If a single rating curve is employed to
estimate all mean daily discharges during the summer,
the percentage error bounds on the total summer flow,
on each monthly flow, and on each mean daily value
are equivalent,

(xviii) During the winter months, when daily
flows are estimated independently, the percentage
error bounds on a monthly flow estimate are a func-
tion of the percentage error bounds on a summer
mean daily flow estimate, and the relative magnitude
of the monthly estimate and the divisive discharge
value,

(xix) The percentage error bounds on an
annual discharge estimate are negligibly affected by
the errors in winter flow estimates. They are
approximately equal to the product of the ratio of
summer to total annual flow and the percentage error
bounds on a mean daily discharge estimate in the
summer months,

5.2 Recommendations for Future Research

During this investigation, it has become evident
that there are a number of areas in which continued
research would be worthwhile. Topics are suggested
below under the headings: determination of component
errors, improvement of sampling techniques, global
evaluation of errors, and other measurement tech-
niques,

‘6.2.2 Determination of component errors

Because insufficient quantitative information is
presently available for the determination of the vari-
ous component error functions in the hypothetical
error model, it remains a qualitative one. Further
field research and analysis would allow the develop-
ment of the components, and render the model a very
useful tool for the estimation of error in a single
measurement., The most important component errors
which require investigation are those arising from the
effects of turbulence in the flow, and improper sam-
pling of the velocity distributuion. Suggestions are
given below.

(a) Turbulence and its effect
The first requirement is the development of

methodology to measure turbulence in streamflow.
After such methods are developed, the effect of tur-
bulence on current-meter registration may be prop-
erly evaluated, Also, the level of turbulence in
mountain streams may be determined in relation to
measurement positions and flow characteristics,

(b) Velocity distribution

Although considerable research has been under-
taken in this area, sufficient detail is not available
for developing improved measurement methodology.
Field experiments involving continuous velocity
recording for relatively long periods of time at sev-
eral points in both the vertical and horizontal direc-
tions at stream sites are needed. Such investigations
would yield excellent information regarding the distri-
bution of velocity, and both its variability in time and
area, Knowledge of these aspects would be invaluable
for evaluating measurement techniques, and for de-
veloping new ones,

5.2.2 Improvement of sampling techniques

(a) Velocity distributuion

In conjunction with the field studies suggested
above, a theoretical study is required to analyze the
data with regard to optimizing sampling techniques,

If a minimum variance,unbiased estimate is tobe made
of the mean velocity ina stream section, further con=
sideration should be given to sampling of the distri-
bution. A fresh look at discharge measuring from the
sampling point of view would be most worthwhile.

(b) Discharge distribution

Useful research should be conducted regarding
the distribution of discharge in various shaped cross
sections, and with respect to the best ways of dividing
the section for measurement purposes. Further, a
study of the error induced by a changing stage could
be undertaken by an analysis of the distribution of
both the discharge and the percentage changes in par-
tial discharge per unit change of stage.

5.2.3 Global evaluation of errors

In the introduction, the experimental approach
was suggested as another method for evaluating the
total or global error in discharge measurements. The
detailed analysis presented in this investigation would
serve well as a basis for extensive field studies, in-
voling the comparison of various gaging techniques
employed by different field teams at controlled gaging
sites, In the light of the analytical approach, the
experimental investigation could clarify and extend
evaluation techniques. As considerable equipment and
labor would be involved in such a study, itis suggested
that it would be best handled by a large agency that is
equipped and has had experience in the field.

5.2,4 Other measurement techniques

Other techniques, such as those involving dye
dilution and the use of equal velocity contours, should
be studied with regard to accuracy and cost. If, in
comparison with present methodology, other measure-
ment approaches prove to be considerably more accu-
rate, they should be adopted for use, particularly
where improved accuracy is demanded. Even if the
cost of new techniques is considerable, it may well
be justified by the increased accuracy for such studies
as the evaluation of weather modification attainments.
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