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ESTIMATES OF MONTHLY STREAMFLOW CHARACTERISTICS AT SELECTED SITES IN THE
UPPER MISSOURI RIVER BASIN, MONTANA, BASE PERIOD WATER YEARS 1937-86

by

Charles Parrett, Dave R. Johnson, and J.A. Hull

ABSTRACT

Estimates of monthly streamflow characteristics (monthly mean flow
that is exceeded 90, 80, 50, and 20 percent of the time for all years of
tecord and mean monthly flow) were made and are presented in tabular form
for 312 sites in the Missouri River basin upstream from Fort Peck Lake in
Montana. The estimates were based on data for water years 1937-86. Data
from 154 gaging stations in and near the study area were used in a mixed-
station record-extension procedure to extend short-term records to the
1937-86 base period. One hundred of the sites needing estimates had some
gaged data available, and the gaged records, exteunded as required to the
1937-86 base period, were used to estimate the monthly streamflow charac-
teristics.

Data from 47 gaged sites were used in regression analyses relating
the monthly streamflow characteristics to drainage area and mean annual
precipitation (basin~characteristics equations) and to active-channel width
(channel=width equations). The basin-characteristics equations had stand-
ard errors of estimate ranging from 35 to 97 percent. The channel-width
equations had standard errors of estimate ranging from 36 to 103 percent.
The basin—characteristics equations were used to estimate monthly strean—
flow characteristics at 179 ungaged sites, and the channel-width equations
were used to estimate monthly streamflow characteristics at 138 ungaged

sites.

Miscellaneous measurements of streamflow available at 139 ungaged sites
were correlated with concurrent streamflows at nearby pgaged sites to
provide estimates of the monthly streamflow characteristics. 'The relia-
bility of the concurrent-neasurement method was estimated by applying the
method to 20 pairs of gages. On the basis of the test results, the stand-
ard errors of the concurrent-measurement nethod were estimated to range
from 31 to 111 percent.

At 139 ungaged sites needing estimates, more than one of the above
methods were used to estimate monthly streamflow characteristics, and the
estimates from each of the individual methods were weighted and combined
in accordance with the variance and degree of independence of the indi-
vidual methods. When estimates from all three estimating methods were
combined, the standard errors were estimated to range from 24 to 63 per-

cent.

Finally, a drainage-area-ratio adjustment method was used to estimate
monthly streamflow characteristics at seven ungaged sites. Although not
rigorously tested, the relfability of the drainage-area-ratio adjustment
method was estimated to be about equal to that of the basin-characteristics

method.



Estimates of monthly streamflow characteristics from gaged records
were considered to be the most reliable, and estimates at sites with actual
flow record from 1937-86 were considered to be completely reliable (zero
error). Twenty gaged sites were used to test the reliability of the
record-extension procedure when 5, 15, 25, and 35 years of record were
available for 1937-86. The standard errors for the worst case, where only
5 years of record were available, ranged from 9 to 54 percent. For 35
years of record, the standard errors ranged from 2 to 23 percent.

Weighted-average estimates were considered to be the most reliable
estimates made at ungaged sites. The concurrent-measurement method gen-
erally provided the most reliable estimates at ungaged sites where only
one method was used.

INTRODUCTICON

Although the upper Missouri River basin in Montana generally has an abundant
supply of surface water, the large demands coupled with the large ‘areal and season-
al variability of runoff commonly result in shortages. To mitigate the effects of
periodic shortages and to allocate the finite supply among competing users, the
State of Montana developed a legal process emabling State and Federal agencies and
political subdivisions to reserve surface water for existing and future beneficial
uses. Among the uses for which water may be reserved are instream fish and wild-
life preservation. To establish an instream-flow reservation for fish and wild-
life purposes, the Montana Department of Fish, Wildlife and Parks needs to determine
the quantity of water needed and the quantity of water available to meet the need.
The Department has determined the instream-flow needs at several hundred stream
sites in the Missouri River basin. The U.S. Geological Survey, in cooperation
with the Montana Department of Fish, Wildlife and Parks, has conducted a study to
determine the water availability at those sites.

Purpose and Scope

The objective of the study was to estimate mean monthly streamflow and various
points on the monthly mean flow-duration curve for each month (monthly mean stream—
flow that is exceeded 90, 80, 50, and 20 percent of the time for all years of
record) at each identified site. The purposes of this report are to present the
estimated monthly streamflow characteristics for the identified sites, to describe
the methods used to make the estimates, and to discuss the reliability of the esti-
mates. To ensure that all estimates were representative of the same hydrologic
conditions, a common base period of record (1937-86) was developed to determine
monthly streamflow characteristics at all gaged sites used in the analyses. The
procedure involved extension of the period of streamflow record at short-record
gaged sites. The extended-streamflow records were used to develop monthly stream-
flow estimates at estimation sites where short-record gaged data were available.

Five methods were developed for estimating monthly streamflow characteristics
at ungaged sites. The basin-characteristics method was based on the regression re-—
lation between the monthly streamflow characteristics and various basin and cli-
matic variables. The channel-width method was similar to the first and was based
on the regression relation between the monthly streamflow characteristics and
channel width. The concurrent-measurement method required 7 to 12 measurements of
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streamflow at the sites needing estimates and was based on the correlation of meas-
ured streamflow and concurrent daily mean streamflow at nearby-gaged sites. In a
fourth method, the estimates from the individual methods were weighted in accordance
with the variance and degree of independence of the individual methods. At a few
sites, none of the foregoing estimating methods were used. Instead, information
from similar gaged sites was transferred to these sites using drainage-area-ratio
adjustments.

Streamflow Data

Three hundred and twelve sites in the Missouri River basin upstream from Fort
Peck Lake were selected by the Montana Department of Fish, Wildlife and Parks for
the determination of selected monthly streamflow characteristics. Of the 312 sites,
100 had gaged record, 139 had miscellaneous—measurement record, and 73 had no
streamflow record. Estimates of monthly streamflow characteristics are shown in
tables 4-9 at the back of the report.

In addition to the 100 sites for which gaged records were used to determine
monthly streamflow characteristics, 54 gaged sites were used for correlation and
record-extension purposes. Some of these 54 sites were located ocutside the upper
Missouri River basin study area, but were considered to be hydrologlcally similar
to sites within the study area. All of the sites described above were numbered con-
secutively in downstream order (366 sites); each location is shown in figure 1.

Of the 139 sites with miscellaneous measurements, 7/ were measured 12 times
during 1982-83, 1l was measured 12 times during 1986, 70 were measured 7 times during
1987, and 61 were measured 7 times during 1988. No streamflow measurements were
made at 73 sites because these are either relatively inaccessible or were considered
by the Department of Fish, Wildlife and Parks to be comparatively less important.

DEVELOPING A COMMON BASE PERIOD

Each streamflow-estimation method described in this report utilizes streamflow
information from selected gaging stations in the study area (table !; all tables
are in the Supplemental Data section at the back of the report). The length of
streamflow record at these gaging stations ranges from 2 to 8l years. To ensure
that streamflow estimates would be unblased and representative of a consistent

hydrologic period, a monthly streamflow record-extension procedure was used to
extend all short-term records to a common 1937-86 base period. This mixed-station
procedure, described by Alley and Burms (1983), selects the best base station from
all those avallable in a region to fill in each month of missing data at a site.
Thus, several different base stations may be used for making estimates at a single
site. The criterion for selection is to use the base station that results in the
smallest standard error of prediction for that month. Only stations with streamflow
record for a particular month and year were used to estimate missing streamflows
at other sites for that month and ‘year; previously estimated streamflows were not
used to estimate any missing streamflows.

In addition to the capability of using more than one base station to extend a
short-term record, the record-extension procedure also has the option of using a
cyclic or noncyclic equatiom to fill in missing record. If the cyclic option is
selected, an extension equation is computed for each month using only concurrent
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streamflows for that month. If the noncyclic option is selected, a single exten-
slon equation is computed using all concurrent streamflows. For two stations with
5 years of concurrent monthly streamflows, for example, the cyclic correlations
would be developed separately for each month and would be based on five concurrent
flows for each month. The noncyclic correlation would be based on 60 concurrent
monthly flows, but the same correlation would be used for all months. The smallest
standard error of prediction criterion also is used to select the cyclic or non-
cyclic option. No base station was used to fill in missing record at another sta-
tion unless the two stations had at least 5 concurrent monthly streamflows. The
base stations with less than 5 years of record could thus be used only with the non-
cyclic option.

Most streamflow record-extension procedures are based on ordinary least-squares
regression equations that are used to estimate individual missing values at stations
with short-term records. Ordinary least-squares regression, unfortunately, commonly
results in extended records with smaller variances than the unextended records.
Techniques other than ordinary least-squares regression that can be used to esti-
mate missing values and that tend to preserve the variance of the unextended records
include regression plus noise (Matalas and Jacobs, 1964; U.S. Army Corps of Engi-
neers, 1971) and two alternatives to regression described by Hirsch (1982}, which
he refers to as MOVE.l and MOVE.2 (Maintenance of Variance Extension, Types 1 and
2). The selected streamflow record-extension procedure has the capability of using
any of these extension techniques, including ordinary least-squares regression.

For this study, the MOVE.l curve-fitting technique was used to estimate miss-
ing values. The MOVE,l technique is analogous to ordinary least-squares regression,
except that ordinary regression minimizes the squared vertical deviatilons of the
dependent variable from the regression line, whereas the MOVE.l technique minimizes
the areas of the right triangles formed by the horizontal and vertical deviations
from the regression line (Hirsch and Gilroy, 1984, p. 707).

To develop a common 1937-86 base period of record for all gaging stations used
in the study, 154 stations were used as potential base stations. The earliest year
of record considered was 1906, so that record lengths ranged from 2 to 8l years
before the record extension. After record extension, all data prior to 1937 were
excluded from the data base. All stations and available periods of record since
1906 used in the record-extension procedure are identified in table 2.

The extended streamflow records at 47 of the 154 gaged sites were subsequently
used in regression analyses relating monthly streamflow characteristics to basin
and climatic characteristics. The gaged sites selected for the regression analyses
each had at least five years of actual streamflow record and were considered to be
most representative of the ungaged sites needing estimates of monthly streamflow
characteristics. Because the MOVE.l curve-fitting technique results in estimated
flows that are perfectly correlated with the concurrent base-station flows, the
possibility existed that the extended-flow records would have substantially larger
inter-station correlations than the actual flow records. Inflated inter-station
flow correlations would probably result in biased, and pt “-*":" invalid, regression

results.

To check whether the MOVE.l curve-fitting technique resulted in larger inter—
station correlations, recorded monthly streamflows for each gage site used in the
regression analyses were correlated in turn with concurrent monthly streamflows at
every other gage site used in the regression analyses. This procedure resulted in




a 47 by 47 matrix of correlation coefficients for each month. The columns of cor-
relation coefficients for each station for each month were then averaged to produce
an average correlation coefficient for each statfon for each month. This procedure
was repeated for the complete extended-flow record (50 years of concurrent stream-
flow data at every gage site), and the average correlation coefficients computed
for the actual record perliods were subtracted from the average correlation coef-
ficients computed fron the extended-record period. The final results are presented
in table 3, where positive changes in correlation coefficlents indicate that the
average inter-station correlation increased when the record was extended. Most
months show about as many negative changes in inter-station correlation as they do
positive ones. Where the changes are positive, they generally are not large. The
extended-flow records thus are considered to be unblased and suitahle for subse-

quent regression analysis.

ESTIMATES OF MONTHLY STREAMFLOW CHARACTERISTICS

All sites requiring estimates and the methods used to make the estimates of the
monthly streamflow characteristics are identified in table l. At 139 sites, more
than one method was used, and the final estimates were welghted averages of the
estimates from the individual methods. Final estimates of monthly streamflow
characteristics at all estimation sites are presented in tahles 4 to 9. Because
estimates of mean annual streamflow are useful for many water—-management purposes,
estimates of mean annual streamflow also were developed for this report by multi-
plying each mean monthly streamflow estimate by the number of days in the nonth,
summing the resultant 12 values, and dividing by 365. The estimated mean annual
streamflows are presented in table 10.

Most of the estimation.sites were on small, perennial streams (drainage areas
less than 200 square miles) in forested, mountainous areas. Some sites were in
plains area, but these sites were on larger streams with headwaters in the moun-
tains. Virtually all streams requiring monthly flow estimates were typlcal moun-
tainous streams with fairly stable base flows and runocff that resulted primarily

from snowmelt.

Basin-Characteristics Method

One method for estimating monthly streamflow characteristics at the ungaged
estimation sites used multiple-regression equations that related the monthly stream-
flow characteristics at 47 gaged sites to varlous basin and climatic variables.
This basin—characteristics method has previously been used in Montana to estimate
monthly streamflow characteristics (Boner and Buswell, 1970; Parrett and Cartier,
1989). For this analysis, the following basin and climatic characteristics were
available for each gaged site and were used as independent variables in the regres-

sions:



A drainage area, in square miles;

P mean annual precipitation on the basin, in inches;

E mean basin elevation, in thousands of feet;

E6 percentage of basin above 6,000 feet elevation, plus 1]

F percentage of drainage area covered by forest, plus l;

L wmain-channel length, in miles;

S main-channel slope, in feet per mile;
TI mean basin minimum January temperature, in degrees Fahrenheit, plus 10;

and )
124 precipitation intensity for a storm of 24 hours duration having a Z-year
recurrence interval, in inches.

The monthly streamflow data and the basin and climatic variables at the 47 gaged
sites were converted to logarithms and used in a linear multiple-regression analy-
sis to derive estimating equations of the following form:

log Q = log a + bl log B + b2 log C + ... bn log N, (1)
where

Q (response variable) 1s the desired monthly streamflow characteristic in cubic
feet per second (monthly mean streamflow exceeded 90, 80, 50, or 20 percent
of the time for all years of record, or mean monthly streamflow);

a is the multiple-regression constant;
bl, b2, ... bn are the regression coefficients; and

B, C, ... N are values of the significant basin or climatic characteristics
(explanatory variables).

The following nonlinear form of the regression equation results when antiloga-
rithms of the terms are taken:

Q = a Bbl ¢b2 _ . wbn, (2)

A computerized step-wise regression procedure, which added explanatory vari-
ables to the equation one at a time until all significant variables were included,
was used in this study. An explanatory variable was considered significant if the
partial-F test statistic was equal to or greater than 5.0. The computerized pro-
cedure also provided standard errors of estimate and coefficients of determination
as measures of the regression reliability. In general, the larger the coefficient
of determination and the smaller the standard error of estimate, the more reliable
is the estimating equation.

In most of the regression equations, drainage area was the most significant
explanatory variable and mean annual precipitation was the next most significant.
For some monthly streamflow characteristics for some months, main-channel length
was the most important explanatory variable, and mean basin elevation or percentage
of forest cover was the next most significant. In these instances, however, using
drainage area and mean annual precipitation rather than the two most significant
explanatory variables resulted in estimating equations that were only slightly less
reliable. Main-channel slope was determined to be significant for some monthly
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streamflow characteristics for some months, but using just dralnage area and mean
annual precipitation in these instances also resulted in estimating equations that
were almost as reliasble as estimating equations using the three most significant

explanatory variables.

To ensure that all estimates made using the regression equations would be con-
sistent, the final estimating equations used drainage area and mean annual precipi-
tation as the only explanatory variables for all monthly streamflow characteristics
for all months. Results of the regression analysis using basin and climatic char~
acteristics, together with the coefficients of determination and standard errors
associated with each estimating equation, are given in table 11. As indicated by
the results, the coefficients of determination for the basin-characteristics method
range from 0.56 to 0.89, and the standard errors range from 35 to 97 percent.

The equations given in table 11 were used to estimate monthly streamflow char-
acteristics at 179 sites where the basin—characteristics method was considered to
be applicable, as indicated in table 1. Sites where the method was not considered
applicable are: (1) sites where galns or losses in streamflow occur upstream, (2)
springs, and (3) some sites on large rivers. At the sites where the method was
used, drainage area was planimetered on U.S. Geological Survey topographic maps
with 1:250,000 scale, and mean annual precipitation was determined from maps pre-
pared by the U.S. Soil Conservation Service (1981).

Channel-Width Method

The second method used to estimate monthly streamflow characteristics at the
selected ungaged sites was also based on a regression analysis. 1In this method,
the monthly streamflow characteristiecs at the 47 selected gaged sites were related
to measured active-channel width rather than to basin characteristics. This
channel-width method was previously used to estimate monthly streamflow character-
istics in western Montana (Parrett and Cartier, 1989).

The active—channel width has been described by Osterkamp and Hedman (1977,
p. 256) as "...a short—term geomorphic feature subject to change by prevailing dis-
charges. The upper limit is defined by a break in the relatively steep bank slope
of the active channel to a more gently sloping surface beyond the channel edge.
The break in slope normally coincides with the lower limit of permanent vege-
tations.s.."

The monthly streamflow characteristics and measured active~channel widths at
the 47 gaged sites were converted to logarithms, and simple linear regresslon was
used to derive estimating equations of the following form:

log Q = log a + b log Wac, (3)

where
Q is a monthly streamflow characteristic as previously defined,
a is the regression constant,
b is the regression coefficient, and
Wac is the active-channel width.



As before, the nonlinear form of equation 3, determined by taking antilogarithms,
is:

Q = a Ve )

The final. regression equations derived using active-channel width and their
coefficients of determination and standard errors of estimate are given in table 12.
The coefficients of determination. for the channel-width method range from 0.49 to
0.88, and the standard errors range from 36 to 103 percent. Active-channel width
was measured at 138 ungaged sites needing estimates as lndicated in table 1, and
monthly streamflow characteristics at those sites were estimated using the equations
given in table 12. The channel—-width method was not used to estimate streamflow
characteristics at sites where the active channel could not be identified or at
sites where access was not feasible.

Concurrent-Measurement Method

The third method used to estimate monthly streamflow characteristics at ungaged
sites was based on periodic measurements of streamflow made at selected ungaged
sites. The measured streamflows at each ungaged site were correlated with concur-
rent streamflows at a selected similar gaged site, and the relation between the
streamflows at the two sites was used to transfer the long-term monthly streamflow
characteristic at the gaged site to the ungaged site. This concurrent measurement
method was previously used to successfully estimate monthly streamflow characteris-
tics in western Montana (Parrett and Cartier, 1989).

For this study, the concurrent-measurement method used 7 measurements of
streamflow at 131 of the ungaged estimation sites indicated in table 1. The meas—
urements were made from April through September so that measured flows would range
from near-base flow to near-peak flow. At 8 additional sites, 12 streamflow meas-—
urements (1 each month) were used for the concurrent-measurement method. The
measured streamflows at each ungaged site were paired with concurrent streamf lows
at a selected gaged site, and a line was drawn through the logarithms of the data
using the MOVE.l curve-fitting technique. Several examples of typical MOVE.l and
ordinary least-squares regression lines are compared to measurement data at study
sites (fig. 2). To estimate a long-term monthly streamflow characteristic at an
ungaged site using the concurrent-measurement nethod, the long-term monthly stream-
flow characteristic at the gaged site is entered on the MOVE.l line, and the esti-
mated value is read on the y-axis as shown on figure 2

As discussed by Parrett and Cartier (1989, p. 20), the relation between con-—
current high flows may be different from the relation between concurrent low flows,
or a difference in the timing of runoff at two sites may result in a concurrent
streamflow plot that resembles a loop. In these cases, more complicated curve-
fitting techniques would probably result in nore accurate estimates of monthly
streamflow characteristics than the MOVE.l curve-fitting technique. Based on an
examination of concurrent streamflows from pairs of streamflow-gaging stations in
the study area, however, it was concluded that, in most instances, the deviation
from a single straight-line fit was not significant or the scatter about the line
was great enough to mask.any deviations. Accordingly, all estimates made using
the concurrent-measurement method and the tests of reliability of the method were
based on the MOVE.l curve-fitting technique.
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Figure 2,~-Lines for the curve-fitting technique and ordinary
least—-squares regression.
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To estimate the reliability of the concurrent-measurement method, 20 of the
gaged sites used in the basin-characteristics and channel-width regression analyses
were considered to be ungaged sites for which the concurrent-measurement method was
used to estimate monthly streamflow characteristics. Thus, a suitable gaged site
was selected for comparison with each regression gaged site (herein called the
pseudo—ungaged site), and seven concurrent daily mean streamflows occurring between
April and September during a randomly selected year of concurrent record were cor-
related using the MOVE,l curve-fitting technique. The estimated monthly streamflow
characteristics at each pseudo-ungaged site were then subtracted from the actual
monthly streamflow characteristics determined from the extended flow record, and
the standard deviations of the differences were calculated. The pseud