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PREFACE

The series of manuals on techniques describes procedures for planning and
executing specialized work in water-resources investigations. The material is
grouped under major subject headings called books and further subdivided
into sections and chapters; Section B of Book 4 is on surface water.

The unit of publication, the chapter, is limited to a narrow field of subject
matter. This format permits flexibility in revision and publication as the need
arises.

Provisional drafts of chapters are distributed to field offices of the U.S. Geo-
logical Survey for their use. These drafts are subject to revision because of
experience in use or because of advancement in knowledge, techniques, or
equipment. After the technique described in a chapter is sufficiently developed,
the chapter is published and is for sale by the Superintendent of Documents,
U.S. Government Printing Office, Washington, D.C. 20402.
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LOW-FLOW INVESTIGATIONS

H. C. Riggs

Abstract

This manual describes methods of defining the low-
flow characteristics of streams, shows how certain basin
characteristics influence the mean and variability of
annual low flows, and recommends procedures for data
collection, analysis, and reporting.

Introduction

The adequacy of streamflow to supply re-
quirements for disposal of liquid wastes, muni-
cipal or industrial supplies, supplemental irriga-
tion, and maintenance of suitable conditions
for fish is commonly evaluated in terms of low-
flow characteristics. Certain of these low-flow
characteristics also are useful as parameters in
regional draft-storage studies, as the basis for
forecasting seasonal low flows, and as indicators
of the amount of ground-water flow to the
stream. In some States the legal index for pollu-
tion control is tied to a low-flow characteristie.

Low-flow characteristics at a gaging station
may be described by frequency curves of an-
nual or seasonal minimum flows, by duration
curves, and by base-flow recession curves. Esti-
mates of low-flow characteristics at ungaged
sites are generally quite inaccurate because low
flows are highly dependent on the lithology and
structure of the rock formations and on the
amount of evapotranspiration, neither of which
have been adequately described by indices ex-
cept in a few basins. However, acceptable esti-
mates of low-flow characteristics at an ungaged
site may be made if a few discharge measure-
ments of base flow during one or more low-flow
seasons are available,

This manual describes the procedures for
defining and evaluating low-flow frequency
curves for a gaging station, deseribes methods

for estimating low-flow characteristics for sites
where little or no discharge information is avail-
able, and suggests methods for designing a data-
collection program and for reporting results.
The subject of recession curves is not covered.

Defining Low-Flow Frequency
Characteristics At Gaged Sites

Frequency curves from gaging
station records

Annual low flows can be extracted by hand
from records of daily discharge at gaging sta-
tions but are most efficiently obtained through
a digital-computer program. Many gaging sta-
tion records have already been processed to
give, for each year beginning April 1, the lowest
mean discharge for 1, 8, 7, 14, 30, 60, 90, 120,
and 183 days. A low-flow frequency curve can
be prepared from the list of annual values for
each period of days, graphically, as follows:

1. Array the values in order of magnitude and
assign order numbers beginning with the
smallest as number 1 (this step is done by
the computer).

2. Compute the recurrence interval (R.1.) of
each value by the formula R.I.=
(n+1)/m, where n is the number of years
(values) and m is the order number.

3. Plot each value against its computed recur-
rence interval on form 9-179b (logarithmic
ordinate scale).

4. Draw a smooth curve which properly inter-
prets the plotted points.

An example of computation of plotting posi-
tion is given in Techniques of Water-Resources
Investigations, Book 4, Chapter A2, “Fre-

1
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Figure 1.—Typical frequency curves of annual lowest mean dis-
charge for indicated numbers of consecutive days, Spoon River
at Seville, 111,

quency curves’” (Riggs, 1968, table 3). Typical
low-flow frequency curves for 7-, 14-, 30-, and
60-day periods are shown in figure 1.

Low-flow frequency curves may be fitted
mathematically by assuming a theoretical fre-
quency distribution of the data. The following
theoretical distributions have been used for low
flows: Gumbel’s limited distribution of the
smallest value, the log normal, the three-param-
eter log normal, Pearson Type III, and Pearson
Type IV. Matalas (1963) found the Gumbel and
Pearson Type III distributions about equal in
their ability to match the graphical interpreta-
tion. O’Conner (1964) indicated a preference for
the log normal but suggested that a graphical
curve would be adequate.

Fitting a theoretical three-parameter fre-
quency curve is done by solving the equation

X=X+KS,

where X is a point on the frequency curve, X
and S are the mean and standard deviation,
respectively, of the data, and K is the frequency
factor taken from a table, for selected recur-
rence intervals, at the value of skew computed
from the data. For an example of a frequency-
factor table, see table 1 of Riggs (1968). Fre-
quency factors generally are tabulated for use
in defining a frequency curve of events greater
than the one indicated, but a low-flow frequency
curve expresses the recurrence interval of events
less than the one indicated. However, the fitting

process for low flows is exactly the same as for
high flows except that one must change the
recurrence intervals in the frequency-factor
table to the corresponding recurrence intervals
for events less than. If we let

PIX>(X+KS)]=a
then

PIX<(X+KS)]=1—a.

Conversion is made as follows:

R.I (X >) P(X>) = P(X<)= RIL (X<)=

1/R.I (X >) 1-P(X>) 1/P(X <)
100 0.01 0.99 1.01
20 .05 .95 1.05
10 .10 .90 1.11
3.33 .30 .70 1.43
2.00 .50 .50 2.00
1.43 .70 .30 3.33
1.11 90 .10 10
1.05 95 .05 20
1.01 99 .01 100

Low flows computed using tabulated frequency
factors should be related to the fourth column
recurrence intervals.

Most low-flow frequency curves for streams
that do not go dry are smooth curves that are
concave upward on the log-Gumbel plot. The
curves in figure 1 are typical. Although the
shape of a low-flow frequency curve is rather
insensitive to some basin characteristics (a
regulated stream may have a typical low-flow
frequency curve), substantial differences from
the typical shape are found.

The probability distribution of annual low
flows at a particular site on a stream depends
on the distribution of precipitation over the
basin in time and space; on the temperature
regimen, which may permit the storage of water
as snow for considerable periods and which also
influences the evapotranspiration rate; and on
the soil and geologic characteristics, which
govern the recharge and discharge rates in the
basin. In addition, at a given site some of the
annual low flows may be derived entirely from
ground-water inflow to the stream, whereas
others may include some flow from reduction
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of upstream storage during those years when
frequent rains occur during the low-water sea-
son. Furthermore, the base flow of a stream may
be derived from several aquifers, not all of
which contribute at all times. Consequently,
not all low-frequency curves will have a typical
concave upward shape, nor should the high
annual minimum flows at a site necessarily be
considered as belonging to the same population
as the smaller ones.

The unusual shape of the frequency curve
for Suwannee River (fig. 2) reflects geologic
differences within the basin. The annual mini-
mum flow of this stream consists of two princi-
pal parts: (1) a flow ranging from several hun-
dred cubic feet per second to zero from the head-
waters in Okefenokee Swamp and (2) an inflow
of 5-10 cubic feet per second from a limestone
aquifer in a lower reach of the river.

Figure 3 shows frequency curves for two
streams affected by diversions. The shape of the
Uwharrie River curve is, at least in part, due to
a diversion for a city supply. A heavy draft by
evapotranspiration (of a more or less constant
amount, independent of discharge) may also
help to produce the convex shape. The curve
for Haw River appears normal except for the
extremely low value for 1954. It would be very
unusual to find a natural basin which would
produce such an anomalous value. In fact, the
1954 annual minimum was caused by emer-
gency withdrawal of water from the stream for
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Figure 2.—Llow-flow frequency curve (of annual minimum 7-day
means) for Suwannee River at White Springs, Fla.
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Figure 3.—Frequency curves of annual
showing effect of diversions.

municipal supply. None of the flows for other
years were so affected.

The frequency curves of figures 1-3 have been
derived graphically, but a computer program is
available which will select the annual minimum
flows; compute the mean, standard deviation,
and coefficient of skew; plot the fitted log Pear-
son type III probability distribution; and plot
the individual annual minimum flows versus
recurrence interval using the plotting position
formula:

Recurrence interval = (n4-1)/m

where n is the number of items (years) and m
is the order number when the annual events are
arrayed according to size. Computer fitting
saves much time and produces adequate fits
to many sets of low-flow data. A typical com-
puter output is shown in figure 4. Note that the
probability scale is normal, not Gumbel, on the
computer plot and that the recurrence interval
scale should be changed as shown (the tabulated
recurrence intervals are correct). However, cer-
tain low-flow frequency curves cannot be ade-
quately fitted by a three-parameter distribu-
tion. For example, figure 5 shows the difference
between the graphical and the mathematically-
fitted frequency curves for the Suwannee River
data plotted in figure 2.

The graphical curve should be considered the
basic frequency curve for annual low flows. (See
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Figure 5.—Computer plot of 7-day annual minimums for Suwannee River at White S,
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Riggs, 1971.) But it is recommended that the
computer plot be obtained and the log Pearson
Type III curve used if it is an adequate fit. If
not (as in fig. 5), a graphical interpretation
should be made on the computer printout. In
evaluating the adequacy of fit and (or) in
graphical fitting, one should concentrate on
fitting the smaller low flows, for the larger ones
may not belong to the same population. From
the preceding discussion and the examples
given in figures 2-5, it should be apparent that a
purely statistical analysis of annual minimum
flows may give misleading information.

Extrapolation of a low-flow frequency curve
is particularly dangerous if made without
knowledge of the basin characteristics and
without knowing whether the low flows are
affected by the works of man. An observation
of zero flow or local information that a stream
has or has not been dry is a much firmer basis
for extrapolation than the extension of a graphi-
cal curve or a mathematically-fitted distribu-
tion. However, statements of local residents
about streamflow tend to be unreliable, particu-
larly in humid regions.

The reliability of a low-flow frequency curve
based on natural flows is closely related to the
length of record used. A period of record repre-
sentative of long-term flow characteristics is
desirable, but unfortunately there is no way of
judging the representativeness of the available
sample. However, the inclusion in the record of
a period covering a substantial drought makes
one more confident that the sample is rea-
sonably representative.

Plans for utilization of low flows of a stream
commonly are based on the low flows that have
recurrence intervals of not more than 20 years.
To define the 20-year recurrence-interval
annual minimum flow adequately, more than
20 years of record are considered desirable.
Estimates of the 20-year low flow from a record
of less than 20 years (say 10) can be made in
two ways. The simplest way is to prepare a
frequency curve based on the 10-year record
and extend it graphically to 20 years. The
second method, a more rigorous one, involves
estimating low flows for additional years by
regression on a longer record and using both
estimates and flows of record to define the fre-
quency curve. Regression estimates should be

used in preparing the frequency curve only if
the regression from which they were obtained
has a correlation coefficient greater than 0.8.
Otherwise their use probably will result in a less
reliable frequency curve than the curve based
only on flows of record (Fiering, 1963).

The restriction that any regression used to
estimate annual low flows have a correlation
coefficient greater than 0.8 generally limits the
use of the second method to regions where the
low-flow characteristics of nearby streams are
very similar. Furthermore, the inclusion of re-
gression estimates with the flows of record will
significantly change the frequency curve at the
lower end only (1) if the regression estimates
are for a drought period more severe than that
experienced in the period of record or (2) if the
extended record is much longer than the sta-
tion record. Therefore an examination of flows
for the period to be covered by the extended
record will usually indicate whether use of esti-
mated values would change the frequency curve
appreciably. One practical limitation of extend-
ing annual low-flowrecords at a siteis thelack of
a suitable longer record closely correlated with
the record to be extended. If my search is
indicative, suitable examples are few. But
assuming a suitable longer record is available,
how much practical, as distinguished from sta-
tistical, improvement can be obtained? The
following example in which parts of the two
records shown in table 1 are analyzed will partly
answer the question. Suppose we had a record
only for 1932-42 on Shoal Creek and wanted to
extend that record to obtain an improved fre-
quency curve. The relation of Shoal Creek to
Buffalo River annual minimum flows for that
period is shown in figure 6; the correlation coeffi-
cient is about 0.94. Estimates of Shoal Creek
annual minimum flows for years 1926-31 and
1943-59, based on the Buffalo River record and
on this relation, are shown in table 1. These
estimates were used with the 1932-42 record to
define one of the frequency curves of figure 7.
Also shown in figure 7 are frequency curves
based on records for 1932-42 and 1926-59. The
estimates of the annual minimum flow at 20-
year recurrence interval are

1. 62 cfs from frequency curve based on 1932-
42 record,
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. 2. 69 cfs from frequency curve based on 1932-

42 record plus estimates for 1926-31 and
1943-59,

3. 62 cfs from frequency curve based on 1926-
59 record.

In this example the use of records extended
by regression did not produce as good an esti-
mate of the 20-year event as that obtained by
graphical extension of the frequency curve
based on 11 years of record. Whether use of
regression will generally improve the estimate
of the lower end of a frequency curve is not
known. The analysis by Fiering (1963) showed
that if the correlation coefficient was greater
than about 0.8, use of regression estimates
would improve the estimate of variance; how-
ever, this result presumably could be accom-
plished without improving the position of the
lower end of the frequency curve. Fiering had
to work with a theoretical distribution, but
low-flow frequency curves often do not resemble
any theoretical distribution.

Table 1.—Annual minimum 7-day average flows, two
Tennessee streams, and estimates of one for part of
period based on the relation of figure 6

Recorded flows (cfs) Estimated flow of

Year Shoal Creek using
Shoal Buffalo  1932—42 record only
Creek River

99 99 75
90 145 112
116 130 100
142 159 125
99 110 83
63 96 2
128 168
126 149
93 125
83 122
83 116
111 146
112 155
127 149
97 124
71 93
84 102
56 97 72
108 131 100
128 170 134
120 182 143
116 146 114
98 120 92
145 200 160
202 226 180
133 208 166
111 164 130
101 146 114
72 112 86
80 112 86
80 120 92
97 156 122
125 166 132
124 165 182

200 I
pY4
(V1]
™ s
(9
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fo) ®
b
w
50 l
50 100 300

BUFFALO RIVER

Figure 6.—Relation of annual minimum flows {in cubic feet per
second), 1932-42. (Data from table 1.}

Referring to figure 6, it is possible that a dif-
ferent sample of concurrent annual minimum
flows might define a relation of appreciably
different slope and yet have a correlation
greater than 0.8. The slope of the relation line is
important because a downward extrapolation is
usually required, and the estimates made from
this extrapolation need to be accurate if they
are to define a reasonable extension of the fre-
quency curve. Thus it appears that extension of
a low-flow frequency curve by regression is
rarely justified.

Recommendations for use of short records to
estimate annual minimum flows at 20-year
recurrence interval are

1. Define the frequency curve from the re-
corded events if the record is 10 years or
longer. Extend the defined frequency
curve graphically to 20 years.

2. If the record is less than 10 years, estimate
the 20-year event by the method recom-
mended in the section, ‘“ Frequency curves
from short records.”

So far only annual minimum flows have been
considered because the majority of streams in
the United States reach their annual mini-
mums in late summer or fall; the year beginning
April 1, commonly used for low flows, encom-
passes this period. But annual minimums of
Florida streams usually occur in the late spring
although they may occasionally occur in late
fall. Annual minimums of some northern
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Figure 7.—Llow-flow frequency curves, Shoal Creek, Tenn.

streams may occur either in late summer-fall or
during winter. A frequency curve based on flows
from different seasons applies to no one season
but to the entire year. Such a frequency curve
would be suitable for a problem in which water
demand was constant throughout the year, but
water demand is usually greater in summer or
fall than in winter. For that condition, the
appropriate low-flow frequency curve should be
based on one value from each summer-fall sea-
son of record. Seasonal annual minimum flows
can be abstracted from daily discharge records
by computer.

In some regions minimum-flow frequency
curves by calendar months may be justified.
For example in the Northwest, west of the Cas-
cades, need for supplemental irrigation occa-
sionally arises during July and August, but the
annual minimum flows usually occur later in
the season. Here a frequency curve of July-
August minimum flows would provide informa-
tion needed to allocate water for irrigation, and
a frequency curve for September-October

minimum fows would describe the most eritical
period.

Frequency characteristics from short
records

Less than 10 annual events are usually inade-
quate to define a relation of better than 0.8
correlation with the concurrent part of a longer
record. And such a record is too short to define
a frequency curve worthy of extension. How-
ever, the relation between concurrent events
(either annual minimums, daily mean base
flows, or discharge measurements of base flows)
can be used along with a frequency curve for
the gaged stream site that has the longer record,
to approximate the 20-year annual minimum
flow (or the 10 year) without preparing a fre-
quency curve for the short-record site. In this
approach we are no longer bound by the cri-
terion that the correlation coefficient, , be more
than 0.8, for we are not attempting to improve
an existing frequency curve; we develop no fre-
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quency curve, but only seek to estimate one or
two points on a frequency curve. Thus any
estimate, logically arrived at, should be better
than none, although it is obvious that the better
the relation between concurrent flows, the better
the estimates of flow for any recurrence interval.
The following examples detail the procedure.

Suppose streamflow records were available
only for 1932-86 on Shoal Creek (table 1). A
frequency curve based on these five points
would not provide a reliable estimate of the 20-
year event, but a plot of the annual minimum
flows against the corresponding ones for Buffalo
River (the left curve of fig. 8) defines a line
whose slope can be extended downward with
some confidence. The 20-year annual minimum
flow for Buffalo (95 cfs, based on 34-years of
record), when transferred through the left rela-
tion of figure 8, gives an estimate of the 20-year
annual minimum flow for Shoal Creek of about
65 cfs. This estimate is in close agreement with
the value of 62 cfs determined from a 34-year
record; in fact it is much closer than one should
expect. A minor variation in placement of the
left relation line of figure 8, however, could
change the estimate by 10 percent. A different
b years of concurrent record might define a con-
siderably different line, as shown by the center
graph in figure 8, based on records for 194448,
It is apparent that if a record were available
only for 1944-48, the estimate of the 20-year

annual minimum flow from the relation based
on the five annual minimums would be greatly
in error. However, the 1944-48 record includes
daily mean base flows which can be used to de-
fine a better relation. The concurrent base flows
of Shoal and Buffalo, given in table 2 and

Table 2.—Selected daily mean base flows, 1944-48, for Shoal
Creek and Buffalo River

Date Shoal Creek Buffalo River

(cfs) {cfs)
9-16-44_ . __________ 141 221
T-20-44_ ... ____ 115 141
5-256-44 . _________ 271 314
8-15-45____________ 173 252
9-T-45_ . ______.__ 124 166
7-11-45___ _________ 180 252
10-15-45_ . _______ 120 208
7T-29-46____________ 132 205
T-29-47_ . __ . _______ 161 213
9647 ___. 143 172
T-6-48_ . ________ 112 151
9-846.____________ 120 179
8-15-46____________ 154 220
6-5-46_____________ 223 330
6-10-47__ __________ 283 366
5-15-48_ . _ .. _____ 274 298

plotted in figure 8, were selected to cover a con-
siderable range in discharge so as to define the
slope of the relation more accurately. It is of
course possible that a straight-line downward
extension of the relation line defined by medium
to high base flows is not correct, but in the ab-

400
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Figure 8.—Plots of concurrent flows for Shoal Creek and Buffalo River, Tenn. (Data from tables 1 and 2).
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sence of information to the contrary it seems to
be the best interpretation. In figure 8 the posi-
tion of the relation line defined by concurrent
daily mean base flows selected during the period
1944-48 is much more nearly correct than the
position of the relation line based on five annual
minimum flows for the same period. One must
conelude, therefore, that the daily record during
periods of base-flow recession is more useful
than a few annual minimum flows for estimating
the low-flow characteristics.

Frequency characteristics from
discharge measurements

If, as concluded in the previous paragraphs,
concurrent base flows provide the best defini-
tion of a relation, we need only to obtain base-
flow discharge measurements rather than a con-
tinuous flow record. Thus, low-flow partial-
record stations, at which one or more discharge
measurements of base flow are made each year,
should provide nearly as much low-flow in-
formation as a complete flow record of a few
years length. The operator of a low-flow partial-
record station may ask how long the station
should be operated. Eight or ten measurements
made on different recessions and in more than
one year should provide adequate data to define
a relation with concurrent flows at a long-record
gaging station. Ordinarily those relations
having close to unit slope will be better defined
and produce better estimates of low-flow char-
acteristics than relations having other slopes,
because a unit-slope relation indicates that the
two streams have similar flow characteristics.
Relations between similar streams can be de-
fined with fewer measurements than relations
between dissimilar ones. Only a few measure-
ments are needed if some of them were made
during a significant drought. On the other hand
there is a practical limit to the number of
measurements justified at any site. For
example, the seven measurements plotted in
figure 9 define a relation line that could be ex-
tended to define the 20-year low flow for Lost
Creek; it would give about 214 cfs, although
that low flow could be anywhere between 114
and 4 cfs. Even though additional measure-
ments would improve the definition of the rela-
tion line slightly, the scatter of points about the

50

MIFFLINTOWN, PA., IN CUBIC FEET PER SECOND

MEASURED DISCHARGE OF LOST CREEK NEAR

1
20 50 100 200 500 1000

DISCHARGE OF PENN CREEK AT PENNS CREEK, PA.,
IN CUBIC FEET PER SECOND

Figure 9.—Relation of base-flow measurements of Lost Creek to
concurrent daily mean flows of Penn Creek (gaged).

line cannot be reduced by additional measure-
ments, for that scatter is due to dissimilar flow
characteristics of the two streams as well as to
differences in antecedent rainfall. Because fur-
ther measurements will probably not reduce
the dispersion, the opportunity for improving
the location of the relation line appears small;
thus additional measurements probably are not
warranted.

A relation between concurrent base flows
(such as that shown in figure 9) should not be
used to define an entire frequency curve at the
partial-record site; to do so would imply a
greater accuracy than is warranted. Ordinarily
only the discharges at a couple of recurrence
intervals would be estimated.

Frequency Characteristics At
Ungaged Sites

That low-flow characteristics of streams in
adjacent basins may be greatly different may
not be discernable from known basin character-
istics. The principal terrestrial influence on low
flows is geology (the lithology and structure of
the rock formations), and the principal mete-
orological influence is precipitation. So far it
has not been possible adequately to describe
the effect of geology on low flow by an index,
although the effect may be clearly shown for
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selected streams. Precipitation can be described
where known, but evapotranspiration loss,
which may be a significant factor, is not easily
deseribed by an index. Thus estimation of low
flow characteristics at sites without discharge
measurements has met with only limited suc-
cess. Exceptions are on streams in a region
homogeneous with respect to geology, topog-
raphy, and climate in which it should be
possible to define a range of flow per square mile
for a given recurrence interval. A following sec-
tion on ‘“Regionalization’ covers this subject in
more detail.

Geologic homogeneity with respect to base
flow usually cannot be identified from field or
geologic-map examination. But homogeneity
may be indicated by plots of concurrent base
flows at gaging stations. For example, figure 10
shows relations of concurrent base flows at four
different dates to drainage area. The points
rather closely define the curves, indicating little
variation due to basin characteristics other
than drainage area. To determine whether the
indicated homogeneity extends to the smaller
basins, four series of discharge measurements

400 I T

100

DISCHARGE,IN CUBIC FEET PER SECQND
PLUS 0.1 CUBIC FOOT PER SECOND
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10 100 1000 5000

DRAINAGE AREA, IN SQUARE MILES

Figure 10.—| ons of rent discharges at gaging stations
to drainage area, Rappahannock River basin, Virginia. Para-
meter is recurrence interval, in years, of flows less than indicated
values.
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Figure 11.—Relation of measured base flows of small streams
to drainage area in part of Rappahannock River basin.

were made on small streams in the Hazel River
subbasin. The results, plotted against drainage
area in figure 11, are somewhat more variable
than those of figure 10 but indicate that the
curves of figure 10 may be extrapolated to small
drainage areas with moderate confidence.

However, the four sets of measurements in
figure 11 would be assighed recurrence intervals
of less than 2 years on the basis of their posi-
tions in the family of curves of figure 10. At
large recurrence intervals the effects of differ-
ences in geology and evapotranspiration be-
come more significant, as shown by the plot of
measurements made August 23-24, 1966 (fig.
12). Based on gaging station records, the recur-
rence interval applicable to these measurements
is about 15 years, but the wide scatter of points
for drainage areas less than 10 square miles re-
duces our confidence in that conclusion. Never-
theless one set of measurements during a signifi-
cant drought period would give considerable
information for the measured sites. Lack of
homogeneity with respect to area, as shown in
figure 12, does not permit estimates at ungaged
sites beyond the general one that the 15-year
event will be near zero for drainage areas less
than about 10 square miles in that basin.

Seepage runs

Seepage runs sometimes point out significant
channel gains or losses and thus help in inter-
pretation of other data. A seepage run consists
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Figure 12.—Discharges of August 23-24, 1966 (about 15-year
recurrence interval) in Rappahannock River basin.

of measuring discharge at intervals along a
channel reach during a period of base flow.
Measurements of specific conductance and tem-
perature made concurrently add to the useful-

TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

ness of the flow data. Figure 18 shows measured
discharges on two channels in an arid region;
inflow from tributaries in these reaches is
usually negligible at any time of the year. These
seepage runs indicate an accretion of 7-9 cfs
from ground water between the two upstream
measuring sites on Bruneau River. This in-
formation will permit a better definition of the
base-flow relation of the Bruneau and Jarbidge
Rivers (fig. 14) than would be obtained only
from the concurrent discharges, by indicating
that Bruneau River discharge would be about
8 cfs when Jarbidge River discharge is zero.
Small differences in measured flow at different
sites on Jarbidge River may be due to errors
inherent in discharge measurements.

Seepage runs may give different results at
different times. For example, during the dry
summer of 1963 two seepage runs were made on
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Figure 13.—Map of part of Bruneau River basin, Idaho, showing results of seepage runs.
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Thornton River, Va., from Rush River to Hazel
River. Throughout most of that reach the chan-
nel is wide and shallow; parts of the reach are
bordered by a low, heavily wooded flood plain.
Plots of the seepage run data (fig. 15) show a
gain in flow through most subreaches in early
August but a loss in some subreaches in Septem-
ber. The ground-water inflow to the channel
was greater than the evapotranspiration loss in
early August but was less than evapotranspira-
tion loss by the middle of September. It seems
unlikely that evapotranspiration was greater in
September than in August, so ground-water

%’
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Figure 15.—Two seepage runs on Thornton River, Va., from mouth
of Rush River to Hazel River.

inflow must have decreased substantially during
the dry summer.

A seepage run also provides information at
unmeasured sites on the channel and, to some
extent, on tributary flows.

Regionalization

Although estimates of low-flow characteris-
ties from basin characteristics generally are of
low accuracy, the demand for such estimates on
short notice justifies development of regional
relations where conditions are favorable. For
example, if all significant basin characteristics
except drainage area in a region have extremely
limited ranges, one would expect a good relation
between a low-flow characteristic and drainage
area, such as that shown in figure 16, which is a
plot of 7-day 20-year minimum flows against
drainage area for Snohomish River basin, Wash-
ington (data from Collings, 1971). With the
exception of two points, the agreement is good.

Attempts have been made to regionalize low-
flow characteristics by multiple regression on
several basin characteristics, including geologie
indexes. Some of these regressions showed the
geologic parameters to be statistically signifi-
cant, but the standard errors of these regres-
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Figure 16.—Reglation of a low-flow characteristic to drainage
area, Snohomish River basin, Washington.
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Figure 17.—Data for Hazel River basin, Virginia, showing incon-
sistent behavior of streams 2 and 3.

sions were too large to justify application of the
relations to ungaged sites. One of the better
regressions, which was derived for Connecticut,
related 7-day 10-year low flow to drainage area,
mean basin elevation, and percentage of basin
covered by stratified drift; it has a standard
error of 68 percent (Thomas and Cervione,
1970).

The principal roadblock to regionalization of
low-flow characteristics is our inability to
describe quantitatively the effects of various
geological formations on low flows—even where

detailed geologic maps are available. Further-
more, one index of a geologic formation may
not be adequate to describe the range of low-
flow characteristics. For example, in figure 17,
note that points 2 and 3 plot high relative to
the others at the 2-year recurrence interval but
that their values are virtually zero at the 10-
year recurrence interval. The reason for the
behavior of these two streams is not apparent
from the geologic map of Virginia, but inspec-
tion of the basins indicates the presence of some
alluvial material along the lower reaches. This
material presumably transmits water to the
channels in normal years and extracts water
from them during substantial droughts. This
loss and gain is in agreement with the results
of the two seepage runs shown in figure 15. The
difficulty of describing this hydrologic effect
quantitatively in terms of the extent of the
alluvium is apparent.

Special Applications

Regulated streams

If the pattern of regulation of a stream has
been consistent for several years and is expected
to continue so, low-flow frequency curves based
on the record for those years may be useful.
Whether these curves should be annual, sea-
sonal, or monthly would depend on the charac-
ter of the regulation. Such curves can only be
made for sites having a continuous record;
occasional discharge measurements of an un-
gaged regulated stream cannot be used to esti-
mate the flow characteristics of that stream.

The data and analysis necessary to define the
low-flow characteristics of a stream that does
not have a long discharge record depend on the
natural characteristics of the stream and on the
regulation. It may be necessary to route his-
torical flows through a model of the present
system in order to define the flow characteris-
tics. And the pattern of regulation may be such
that a deseription other than conventional low-
flow frequency curves is more suitable.

In streams regulated to maintain a legal mini-
mum flow, that flow may be used after it has
been verified that the legal requirements are
being met.



LOW-FLOW INVESTIGATIONS 15

Use of the duration curve

The lower end of the duration curve is an
expression of the low-flow characteristics of a
stream, but it provides less information than a
low-flow frequency curve, because the duration
curve applies to the period of record rather than
to a year. Nevertheless, frequent requests for
duration curves indicate that they are used as a
tool in water-related studies. Furthermore, sta-
tion data for any period can be economically
arranged in duration form by the computer, and
tabular presentation of values from the dura-
tion curve requires only one line per station ina
report. The period or periods selected for com-
putation of duration for a given station should
correspond to the period of natural flow or to a
period that represents particular conditions
imposed on the basin.

If necessary, points on a duration curve may
be estimated for an ungaged stream by using
the same procedures outlined for estimating the
frequency of annual events. However, it is sug-
gested that duration data in reports be given
only for gaging stations unless there is a valid
reason for doing otherwise.

The duration curve and the low-flow fre-
quency curve are related, as W. J. Schneider
showed (written commun., 1959). Some of his
results are shown in table 3. They indicate dif-
ferent relations in different States; these dif-
ferences are thought to reflect differences in
low-flow characteristics.

The Data-Collection System

Long records of unregulated flow at gaging
stations constitute the framework of any data-

collection system. These records provide the
necessary sampling in time but usually repre-
sent a limited sample in space. Spatial sampling
can be increased as much as desired by opera-
tion of partial-record stations and by collection
of one or two base-flow measurements at each
of many other sites.

A partial-record station is a site at which
enough base-flow measurements will be ob-
tained to define an adequate relation with con-
current flows at a nearby gaging station. See
the section on ““ Frequency characteristics from
discharge measurements.” The conclusion in
that section is that a continuous record offers
little advantage over base-flow measurements
at carefully selected times for defining low-flow
characteristics. However, the continuous record
would show natural diurnal fluctuations and
effects of regulation which might otherwise be
overlooked. Thus if only base-flow measure-
ments are to be obtained at a site it may be
desirable to record the stage for a short period,
preferably with an analog recorder, to assure
that the flow is not affected by artificial regula-
tion. The existence of a substantial diurnal fluc-
tuation can be determined by occasional stage
measurements throughout one sunny summer
day of base flow. If a large diurnal fluctuation
is found, the discharge measurements should be
made at time of day of the daily mean flow, as
indicated by the pattern of regulation. Alterna-
tively, the measurement could be made on a
cloudy day, but the field schedule may not
permit this flexibility.

It may be possible to obtain adequate data
(six or seven base-flow measurements) at a par-
tial-record station in one low-flow season, but
plans usually call for operation of a station over

Table 3.—Relation of duration curves to low-flow frequency curves

Percent duration of 7-day minimum flow at
indicated recurrence interval

State Number of
stations Mean Range
2 years 20 years 2 years 20 years
Virginia_ _ .. __ ... 27 93.2 99.79 91.3-94.7 99.10-99.95
North Carolina_________._____ . ____________ 4 92.8 99.88 92.4-93.2 99.84-99 .92
Mlinois_ _ _ .. __. 3 95.2 99.92 94.7-96.0 99.88-99.97
Ohio_ s 3 93.5 99.88 92.3-94.9 99.83-99.93
California__________________ . .___ 9 93.2 99.76 92.2-95.1 99.31-99.94
Kansas_ _ __ . ________ 11 87.8 99.58 82.8-92.0 99.17-99.85




16 TECHNIQUES OF WATER-RESOURCES INVESTIGATIONS

a period of several years with only a few meas-
urements each year. The latter schedule gen-
erally produces better results. However, an
early need for information would call for a one-
season operation. A severe drought would per-
mit good definition of the relation in one season,
but of course the probability of a severe drought
during any one season of sampling will be slight.

Gaging stations used as index stations for
transferring low-flow characteristics to partial-
record sites need not have more than 20 years
of record because (1) estimates of low-flow
characteristics at partial-record sites usually are
not made for recurrence intervals larger than
20 years and (2) the 20-year low flow is ade-
quately defined by 20 years of record. A dis-
continued index station will serve as well as an
active one if its frequency curve is well defined
and if a discharge measurement is made at the
index station on the same day as the partial-
record station measurement.

In addition to regular and partial-record sta-
tions, the data-collection program should in-
clude a third level of activity in which a base-
flow measurement is obtained at each of many
sites, all within a few days during a period of
low base flow. Several of these sets of measure-
ments at the same sites-under various drought
conditions will permit description of the flow
characteristics at those sites. In the event of a
severe drought, measurements of base flow or
observations of no flow (or of dry) should be
made on as many streams as possible. A single
measurement at such a time is much more valu-
able than many measurements of more common
low flows. Seepage runs, as previously described,
should also be included in the data-collection
program.

In addition to documenting natural changes
in base flow throughout a reach by seepage
runs, an inventory of manmade diversions, re-
turn flows, and regulation is needed to properly
interpret the low-flow data. The existence of
some of these flow modifications may be
apparent from the chemical characteristics of
the water or from the shape of the low-flow
frequency curve.

It is good practice to measure specific con-
ductance and water temperature when a base-
flow measurement is made. These additional
observations may indicate the presence of a

pollutant or, if the flow is natural, they tell
something about the geology of the basin and
the suitability of the water for use.

Design of the data-collection system should
consist of the following steps:

1. State objectives.

2. Analyze available low-flow data to find what
information is already known, what
methods of analysis are suitable, and what
additional data are required.

3. Determine whether an adequate network of
index stations is available and establish
additional stations if needed.

4. Select partial-record sites and schedule dis-
charge measurements (usually 2 or 3 years
is long enough at one site; it is better to
define flow characteristics at many sites
than to achieve higher accuracy at a few).

5. Plan (a) to make base-flow measurements at
many sites if a significant drought occurs,
(b) for seepage runs, and (c) for other
types of data as needed.

6. Plan to analyze the data periodically and
modify the data - collection program if
so indicated. Use regionalization methods
where feasible.

7. Preliminary results should be made available
to the public promptly even though they
are incomplete and (or) not very accurate.

Reporting Results

The principal objectives of a report on low
flows should be (1) to present the low-flow char-
acteristics at sites where flow data have been
collected and (2) to present a method of
estimating those characteristics at ungaged
sites.

The flow characteristics should be presented
in such a way that the reader can find informa-
tion at or close to his site of interest rapidly.
One method of presentation, used by Busch and
Shaw (1966), shows on a map the location of
each site for which low-flow information is avail-
able and refers the map site to a table giving
the low-flow information. Another method of
presentation is to show all the information on a
map. (See fig. 18.) If roads and other cultural
features are shown on the map, the locations of
the sites are adequately identified, and a land
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line description is not needed. A good example
of a preliminary report is the one by Gebert
(1971).

In a more comprehensive report frequency
characteristics at gaging stations should be
given in more detail than can readily be shown
on a map such as figure 18. The frequency
curves for 7, 14, 30, and 60 days should be
plotted for one or a few stations and the char-
acteristics at the other gaging stations tabu-
lated, as, for example, they were by Busch and
Shaw (1966). Information given for each gaging
station may also include a brief station descrip-
tion and a tabulation of selected points on the
duration curve (if meaningful).

An advantage of the presentation of figure 18
is that a user may approximate the low-flow
characteristics at an unmeasured site by inter-
polation between two points on the same chan-
nel. For example, the 2-year recurrence interval
low flow of Hypothetical River halfway be-
tween the confluence of East and West Hypo
Creeks and the mouth of Thetical River is
about 1.3 cfs. Selection of partial-record sites to
facilitate such interpolation is desirable. Seep-
age runs on the larger streams will add informa-
tion permitting more accurate interpolation.

Seasonal low-flow characteristics may be
shown in the same manner as annual ones.

EXPLANATION
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® Partial-record site

Annual minimum flow in
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Figure 18.—Map of Hypothetical River basin showing frequency
characteristics of fow flows.

The drainage maps should show every site at
which a base-flow measurement (or field esti-
mate of very small flow or observation of zero
flow) has been obtained. The report should
show the estimated low-flow-frequency charac-
teristics at each site and list the measured dis-
charges. Thus the low-flow report will contain
all the base-flow measurements made in the area
covered by the report in order to make the re-
port of value to those planning collection of
additional data as well as to the principal users;
in effect, the report is a compilation of base-flow
measurements scattered throughout the annual
data reports.

Results of acceptable regional analyses
should be presented for use in estimating the
characteristics at ungaged sites. The method of
application and an estimate of the reliability of
the result should be included.

Where regionalization is not successful, a re-
lation between a low-flow characteristic and
drainage area may be presented, or a statement
included giving the range in base flow in cubic
feet per second per square mile throughout a
limited region.

Another generalization, of wider application,
is a statement that essentially all streams drain-
ing less than z square miles in a region will be
dry at the n-year recurrence interval. The basis
for such a statement should be an analysis such
as that shown in figures 10 and 12.

The report should describe the procedure for
determining low-flow characteristics from base-
flow measurements and should state that this
will be done at additional sites when a need is
foreseen.

The report should identify all diversions and
sources of regulation.
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