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TECHNICAL MANUAL FOR ESTIMATING
LOW-FLOW FREQUENCY CHARACTERISTICS OF
STREAMS IN THE SUSQUEHANNA RIVER BASIN

§

z

By Jeffrey T. Armbruster

ABSTRACT

This report presents procedures for estimating low-flow
frequency characteristics for streams in the Susquehanna River
basin. The techniques can be used at ungaged sites as well as
sites where insufficient data are available to make a reliable
estimate.

Streams have been divided into two types--major and minor.
Major streams are the Susquehanna, West Branch Susquehanna,
Juniata, and Chemung Rivers. Points on these streams with
drainage areas of more than 2,000 mi? (5,180 km?) are included
in this category. Points on these streams with drainage areas
of less than 2,000 mi? fall into the minor stream category.
Generally minor streams are herein defined as those draining
less than 2,000 mi? (5,180 km?).

Multiple-regression techniques have been used to develop
relations for estimating the 1-, 3-, 7-, 30-, and 183 -day
duration low flows at recurrence intervals of 10, 20, 50 and 100
years for annual series data and the 1-, 3-, 7-, and 30-day
duration low flows, at the same recurrence intervals, for six
individual months, May through October, inclusive.



INTRODUCTION

Low-flow characteristics of streams have become increas-
ingly important in recent years. The major reasons for this
stimulated interest are related to water supply for municipal,
industrial, and agricultural uses, to protection of aquatic
species, and in many areas of this country to legal indices for
maintaining water-quality standards. Currently the low-flow
characteristics of streams within the Susquehanna River basin
are inadequately defined.

Three previous studies, Busch and Shaw (1966), Hunt (1967),
and Page (1970) provide low-flow information in the basin. The
first two are compilations of low-flow frequency and flow-
duration data at gaging stations and correlated estimates at
partial-record sites. The third is an evaluation of present
data-collection programs in Pennsylvania using multiple-regres-
sion techniques. Equations were derived for estimating the
lowest average 7-day flows at recurrence intervals of 2, 10, and
20 years. Page's study was much broader in scope than the
current investigation, and the low-flow characteristics were
only a minor part of his study. The accuracy of his estimates
of the derived low-flow regression equations as judged by the
computed standard error of estimate of each relation (62, 94,
and 108 percent, respectively), was considered inadequate for
most uses.

This investigation is the result of a cooperative program
between the U.S. Geological Survey and the Susquehanna River
Basin Commission, begun in 1974, to improve and expand the
definition of low-flow characteristics for ungaged sites within
the basin.
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DATA

In this report streams will be classified as major or
minor streams. Major streams are herein defined as those whose
drainage area is generally larger than 2,000 mi2? (5,180 km?)
and in one of the following river reaches: the Chemung River
between its mouth and the mouth of Tioga River; the Susquehanna
River from Marietta, Pa, to the mouth of the Chenango River;
the Juniata River from its mouth to the mouth of Raystown
Branch Juniata River; and the West Branch Susquehanna River
from its mouth to Renovo, Pa. Minor streams are defined as all
streams in the basin with drainage areas less than 2,000 mi?
(5,180 km?) and not on one of the major streams.

The primary reason for making a distinction between major
and minor streams is that large streams are an aggregate of
numerous smaller streams and, as such, factors affecting low
flows on the larger streams tend to be integrated in the flow
values. Thus, it is unlikely that all variables in each group
will be the same. In regression analyses the very large streams
also have a tendency to bias the model parameters when combined
in the same regressions with small streams.

Flow Characteristics

Low-flow records at 115 regular gaging stations in the
Susquehanna River basin were examined at the outset of the
project. Fifteen of these were on major streams and all 15
were used in the major stream analyses. Of the 100 minor
stream stations, 11 were dropped from consideration either be-
cause of insufficient length of record or because of regulation
during times of low flow.

The average length of record for the 15 major stream
stations was 55 years; the shortest record was 29 years. For
the 89 minor stream stations used, the average length of record
was 35 years. Only three of the records were shorter than 15
years, and 26 stations had records longer than 40 years. All
stations had records longer than 10 years.

Low-flow characteristics commonly used are the discharges
at selected recurrence intervals on a frequency curve of annual,
seasonal, or monthly minimum flows of specified durations. For
example, annual minimums are defined as the lowest average
flow, for various numbers of consecutive days each year.



Frequency curves are prepared by: (1) a graphical
procedure described by Riggs (1968, 1972), or (2) fitting data
to a theoretical probability distribution (often the log-
Pearson Type III distribution). Care must be exercised in
using theoretical probability distributions for low-flow
frequency curves (Riggs, 1971; Matalas, 1963). The graphical
procedure is generally the base method of deriving low-flow
frequency curves.

An effort was made to fit the log-Pearson Type III distri-
bution to the annual and monthly minimum flows for various
durations for all gaging stations using the method of moments.
At some stations and for certain durations, however, it was
necessary to use the graphical protedure because of poor fit
by the theoretical distribution.,” A variety of causes of poor
fit are discussed by Riggs (1968).

More specific information on the flow characteristics
examined will be presented in subsequent sections of this
report.

Basin Characteristics

Basin characteristics include physical, climatic, soil,
and geologic features of a drainage basin. In regression
analyses, to be described in a subsequent section of this
manual, low-flow characteristics are related to basin charact-
eristics.

Three basin characteristics were found to be statistically
significant, generally at the S5-percent level, in a majority
of regression equations. They were drainage area, mean annual
precipitation, and an index of relative infiltration. These
characteristics as well as basin surface storage, which was
found to be significant in several regression relations, are
described below.

Drainage Area (A).--Area of a watershed, in square miles,
as planimetered from best available Geological Survey topo-
graphic maps.

Mean Annual Precipitation (P).--Average depth, in inches,
of precipitation on a watershed in an average year, as determined
from a National Weather Service map showing lines of equal
annual precipitation.




Basin Surface Storage (St).--Percentage of a watershed
covered by lakes and ponds, as planimetered from best available
Geological Survey topographic maps.

Index of Relative Infiltration (I).--Relative capability of
soils to accept and release water. This dimensionless index was
described in detail by Armbruster (1976), and only a brief
discussion will be given here.

The index was based on a hydrologic soil grouping map (fig.
2, in pocket) prepared for the Susquehanna River Basin Study
Coordinating Committee (1970) by the U.S. Soil Conservation
Service. The percentage of each basin covered by each soil
group was estimated using a grid overlay. These partial areas
(pa) were multiplied by a weighting factor (wf) given in table
1. The partial products for each basin were then summed; that
is

[ = I_(pa). (wf)
100%

The numerical value of the index has no physical significance;
rat.er, it is simply a gross means of accounting for varying
soil characteristics.

Except for values of (I) for each basin, most of the data
were available from Page (1970), Darmer (1970), and Forrest and
Walker (1970).

Table 1.--Weighting factore for detemmining index of
relative infiltration.

Soil Group Weighting Factor
A 10.0
B 5.0
4 € Y1
/ D 1.0

_/ Combined into one group because of a nearly
insignificant amount of D present in the basin.



ANALYTICAL METHODS

Regionalization

Regionalization is the technique or set of techniques used
to extend streamflow records areally. Since only a relatively
small sample of streams or points on streams are gaged, data are
not available at many sites where information is needed.
Regionalization provides 2 means to transfer data from a gaged
site to an ungaged one. Improved estimates of flow character-
istics at gaged sites may also result from a regional analysis
(Riggs, 1967).

7

Thomas and Benson (1969) conducted a survey of known trans-
fer methods and concluded that "%**the method showing the most
promise is one relating specific’ streamflow characteristics to
topographic and climatic characteristics of the drainage basin
by multiple regression¥*#®% "

Multiple-regression analysis provides a means to determine
the mathematical relationship between basin and flaqw character-
istics. For each relation, a measure of accuracy, the standard
error of estimate of the flow characteristics, can be determined,
as well as a measure of usefulness of each basin characteristic.
Usefulness here is based on two factors: first, the statistical
significance of the basin characteristics; and second, the
reduction in standard error resulting from including the var-
iable. A basin characteristic was included in a regression
relation if it was significant at about the 5 percent level.

Previous attempts to generalize low flows for large areas,
using multiple-regression techniques, have been essentially
unsuccessful, because the standard errors were too high to
justify use of the derived equations at ungaged sites. Riggs
(1972) reported that one of the better regression applications
to low-flow characteristics was derived by Thomas and Cervione
(1970) in Connecticut. They related the 7-day 10-year low flow
to drainage area, mean basin elevation, and percentage of basin
covered by stratified drift. The standard error of their
relation was 68 percent.



Regression Model

The form of the regression model used in this study is
log Y = log ¢ + bjlog Xj + bplog X3 +...
+ bp-1log Xp-1 + bpXp (1)

where Y is a low-flow characteristic (for example, the annual
7-day 10-year low flow), X1 to Xp are basin characteristics

(Xnp is the index of relative infiltration), c¢ is a regression
constant, and by to bp are regression coefficients. This model
can also be written as

Y = cX;P1 x,b2...x, _;P-1 10bn¥n (2)

where all variables are the same as in (1). When using the
regression equations to estimate low-flow characteristics, either
form may be used--it depends only on the preference of the indi-
vidual making the calculations. Note that model (1) is simply
the logarithmic form of model (2).

ESTIMATING LOW-FLOW CHARACTERISTICS

This section of the report has been subdivided into two
parts--one is a discussion of techniques and results from the
annual series low-flow analyses and the other is a similar
discussion of the monthly series low-flow regression analyses.
Each of these parts has been further divided into two parts--one
for major streams and the other for minor streams. The sub-
divisions were necessitated by slight variations in the methods
used for analyzing each type of data.

Examples showing the use of regression equations, will be
presented in a subsequent section of the report.

Annual Series Data

The annual low-flow characteristics described in this
report are the 1-, 3-, 7-, 30-, and 183-day discharges at 10, 20,
50, and 100-year recurrence intervals. By definition, the annual
7-day 10-year low flow, for example, is the discharge at the 10-
year recurrence interval, taken from a frequency curve of annual
values of the lowest mean discharge for 7 consecutive days (the
7-day low flow). Stated in a slightly different way, the 7-day
low flow will be less than the 7-day 10-year low flow at intervals
averaging 10 years in length. '



For low-flow studies, the climatic year, beginning April
1 and ending March 31, is used. The year is designated by the
calendar year in which it begins. For example, the 1973
climatic year runs from April 1, 1973, to March 31, 1974. All
data were retrieved and analyzed using the climatic year.

It was recognized at the outset of this project that
regression estimates of 183-day duration low flows were far
from ideal. However, the rules and regulations of the Sus-
quehanna River Basin Commission for review of water related
projects require evaluation of potential effects on the 183-
day low flows. Future flow simulation studies should provide
more reliable estimates of long duration low flows. Thus,
until simulation studies have been completed, the regression
relations for the 183-day low flows ‘will serve as an interim
computational tool for project review.

Major Streams

Major streams were defined in a previous section of this
report and the definition will not be repeated here.

Regression model (1) was calibrated using flow character-
}SthS from 15 major stream gaging stations. Dralnage areas
for streams in this ana1¥51s ranged from 2,030 mi? (5,158 km?)
to 25,990 mi? (67,314 km The regre551on relations thus
derived were used to compute flows for the stations used.
Computed flow values were plotted against corresponding values
obtained from station frequency curves. If the derived regression
equations were perfect, the points should plot on a 45° line;
since, however, most regressions are not perfect, some points
will plot on either side of this 45° line. Stations on the
West Branch Susquehanna, Juniata, and Chemung Rivers, each with
a different but distinct pattern, however, plotted significantly
to the left or right of the constructed line. This scatter
indicates that the low flows for these streams were not affected
in the same way by statistically significant basin character-
istics, as was the Susquehanna River. Recognizing this, the
residuals (departure from 45° line) for each of these streams
were plotted against their respective channel lengths on
semilog paper. (Channel length is expressed in miles and is
measured along the channel from the point of interest to the
upstream basin divide.) These plots of residuals versus the
log of channel length were consistently straight lines.
Similar plots were made for each stream for each low-flow
duration (i.e., 1-, 3-, 7-, 30-, and 183-days). Thus, for the
West Branch Susquehanna, Juniata, and Chemung Rivers, curves
were derived for use in correcting low flow estimates. The
corrections were based on channel length.



Another set of regression analyses was made with corrections
made for the streams above. The revised equations and standard
errors are listed in table 2. When estimating low-flow char-
acteristics for points on any of the major streams, the regres-
sion equations shown in table 2 should be used. For the West
Branch Susquehanna, Juniata, and Chemung Rivers, the correction
factor shown by the appropriate curve in figures 3-5 should be
added algebraically to the equation shown in table 2 before
taking the antilogarithm. The standard error of estimate of the
flow characteristic, corrected when appropriate, is the standard
error for the equation used in the initial computation. This 1is
true because the re orted equations were derived using the
adjusted data.

Minor Streams

Regression equations for estimating low-flow character-
istics of streams in this category were derived using regression
model (1). The model was calibrated using data from all 89
minor stream gaging station records. Subsequent to model
calibration, residuals (the difference between observed data and
flows computed using the derived regression equation) were
plotted on a map. Examination of the plotted data indicated
that areal bias existed between several regions of the Sus-
quehanna River basin. The bias is caused by flow variations not
explainable with the basin parameters used. It was, therefore,
necessary to subdivide the basin into five subareas which had
similar residuals within themselves. (See fig. 6.) New sets of
regression equations were then derived using gaging stations
within each subarea. Thus, a set of relations was necessary for
each subarea. (See tables 3a-3e.) An explanation of subareas 3
and 3a can be found in Armbruster (1976).

Note on figure 6 that several subarea boundaries cross
streams. Although efforts were made to avoid this, it was
necessary to make crossings at the locations shown. For use in
estimating low-flow characteristics on such streams, the equation
provided for the subarea in which the point of interest lies
should be used.

One-day low flows can be determined using the 3-day low
flows at any recurrence interval by use of the following relation,

(1-day low flow) = 0.93(3-day low flow)

The 3-day low flows are, of course,. estimated using the procedure
described above.

10



IN MILES

CHANNEL LENGTH,

(]
(=
(=)

b
(=]
o

o
o

l | l 1 l -[“ d I | l 1 l

=0,3 w02 -01 0 0. 0.2

3

CORRECTION FACTOR, IN LOG UNITS

Figure 3.--Correction factors for ammal series low fl?ws of
the West Branch Susquehanna River, at the 10-, 20-,
50- and 100-year recurrence intervals. Numbers in
parenthesis arve the duration of the low flows.

vy
= | ' T ® | y |
b3

150 =
L
Z 00— _
O — =
g o ~
= 60— —
Z
z 40 | ] | N 1l |
& 0 0.1 0.2 0.3

CORRECTION FACTOR, IN LOG UNITS
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Monthly Series Data

In addition to annual low-flow characteristics, monthly
low-flow characteristics were analyzed for 6 separate months,
May through October, inclusive., Specifically, the 1-, 3-, 7-,
and 30-day low flows at recurrence intervals of 10, 20, 50, and
100 years for each of the 6 months were examined. By definitior
the 7-day 10-year May low flow, for example, is the discharge
below which the lowest average 7 consecutive days of flow
during May can be expected to fall at intervals averaging 10
years.

Major Streams

Initial regression analyses for each month indicated that
adjustments similar in nature to those used in the annual data
analyses for major streams were necessary.

Plots of computed versus observed low flows showed that
the West Branch Susquehanna River, the Chemung River, and the
Juniata River each behaved differently than the Susquehanna
River. This behavior was expected since each of these streams
drain different physical and geologic regions. The Susquehanna
River is, of course, an aggregate of the entire basin. The
computed flows for the Susquehanna River were in close agree-
ment to observed flows.

A correction based on basin length was again found to be
useful for the streams listed above. Residuals for each month
from the regression analyses, for all streams except the
Susquehanna River, were plotted against channel length. It was
found that curves for individual months varied somewhat,
depending on the month. Curves for these monthly series low
flows were not noticeably affected by the number of days (1-,
3-, 7-, and 30-) or recurrence interval (10, 20, 50, and 100).
Rather, the curves seemed to vary only with the month being
analyzed. Thus, corrections are applied to all estimated flow
characteristics for the West Branch Susquehanna, Chemung, and
Juniata Rivers, based on the month desired. The procedure for
applying this correction factor is the same as described in the
section, Annual Series Major Streams.

All monthly-series major-stream regression relations are

found in Tables 4-9. Correction factor curves are found in
Figures 7-9.

14



IN MILES

CHANNEL LENGTH,

=% & ¥ * J ' kK !
300 -
200— =
— ]
(MAY—NO CORRECTION)
100 — 1 l 1 | At s ] | | I ~
-0.3 -0.2 «=0.] ' 0 0.1 0.2

Figure 7.--Correction factors for monthly series low flows of
the West Branch Susquehanna River.

3 200 I . T T
3
150 - o
z
x
= 100 p— AL N
o . >\ B\'e =]
Z gol— 3| 0\|9Q -
ar =l 2\ J
= ‘ -
= 60— e
- (MAY,JUNE-
< NO conicnou)ﬁ
L | 1 1 L
0.1 0.2 0.3

CORRECTION FACTOR, IN LOG UNITS

Figure 8.--Correction factors for monthly series low flows of
the Juniata River.

135



(%)

-

Z 150 [ . i ==

o (MAY—AUGUST-

= Yo — NO CORRECTION)|
= 80— _
o

z e =
% 60— -
- e o
z |

z | I | I

S W—%- 0.2 —0.

T  CORRECTION FACTOR, IN LOG UNITS.

Figure 9.--Correction factors for monthly series low flows of
the Chemung River.

16



Minor Streams

For this part of the investigation it was necessary to
develop regression equations for each flow characteristic for
each of 6 individual months.

Experience gained with the minor streams annual data
analyses plus an initial regression analysis for each month
being studied, showed that the basin would have to be sub-
divided into several subareas. Because the magnitude of flows
for each month varies, it was hypothesized that subareas for
each month might vary slightly with each other and with the
annual analysis subareas. Studies of plotted residuals indi-
cated that the hypothesis was correct. Figures 6 and 10-12
show the subarea subdivisions for each month. Note that low
flows for the month of September are usually the lowest of the
monthly data, and the subareas for September low flows are the
same as for the annual series low flows, as expected. Explan-
ation of subareas 3 and 3a, can be found in Armbruster (1976).
For the months, June through August, it was also necessary to
separate subarea 1, as indicated in Figures 11 and 12. Adjust-
ments similar to those used for subarea 3a were used for sub-
area la. The magnitude of the adjustment varied slightly with
flow and hence the month. After adjustments were made to the
flow characteristics in subarea la, subareas 1 and la were
combined for the regression analyses.

An equal and opposite adjustment was required in the final
results for streams in subarea la; thus, subareas 1 and 1la
appear as 2 subareas, each having a separate set of regression
equations. The equations, however, differ only in the regres-
sion constant, which is the same constant used previously to
adjust the flow characteristics of streams in subarea la.

APPLICATION

When low-flow estimates are needed for a particular point
on a stream, a hierachy of methods is used to obtain the desired
estimate. If a regular gaging station record is available at
or near the point of interest, the low-flow frequency curve for
that station and duration should be used. The second possible
source of data is low-flow partial-record measurements at the
desired site correlated to concurrent base flows at a suitable
index station. The relation line, thus defined, can be extended
to provide a low-flow estimate at the low-flow partial record
site (for example, of the 20-year low flow). If neither of
these two sources of basic data are available, then and only
then should estimates be based on the regression equations. It
is emphasized that low-flow estimates based on data collected
at a point are almost always more reliable than low-flow estimates
based on regional analyses.
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Regression equations for specific categories of streams,
subareas, monthly or annual series, and flow characteristics
are applicable only to the category for which they were derived.
Also, the equations are applicable only to watersheds within
the Susquehanna River basin and should not be used outside the
basin.

Estimation of the low flows using the regression equations
presented in this report is relatively simple. An outline of
the computation procedure follows:

1. Determine whether annual or ronthly low-flow
frequency characteristics are needed.
:
2 Determine the subarea for the site being
investigated.
3 Measure the basin characteristics required as

input for the appropriate regression equation
to be used.

4, Make the indicated calculations.

5. If the point of interest is in any of the
major stream reaches except the Susquehanna
River reach, determine the appropriate cor-
rection factor and apply the correction to
the estimate calculated in step (5) above
before taking the antilogarithm.

Illustrative Examples

Each of the following examples will show the procedure
used to estimate low-flow characteristics. Estimates will be
made for gaged sites. Although it is better to use station
records to determine low flows at gaged sites, these examples
simply serve to illustrate the techniques used for estimating
at ungaged sites. By using gaged sites the reader will be able
to compare the computed results and the low flows obtained from
the station frequency curve.
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Example 1.--Estimate the annual 7-day 10-year low flow of

Conodoguinet Creek at the Hogestown gaging station.

number 01570000).

1.

From figure 6, the site is located in
subarea 4.

From table 3e, the basin characteristics
needed are drainage area, mean annual
precipitation, and index of relative
infiltration.

From topographic maps, drainage area
is 470.0 mi?

From a National Weather Service map
showing lines of equal annual precip-
itation, mean annual precipitation

is 42.5 inches.

From figure 2 and table 1, index of
relative infiltration is

Soil Group x Weighting Factor

%A = 40 x 10.0 = 400
¥B = 25 x 5.0 = 125
$C = 35 x- 1.0 = 35
$D = 0x 1.0 = 0
I =560/100 = 5.60

From table 3e the regression equation is

(Station

logY = -4.658 + 1.068 logA + 2.183 log (P-30)

+ 0.218 I

Substituting

log¥Y
+ 0.218(5.6)

logY 1.811

[}

]

¥ » 85 £t%/s (1.79 mils)

-4.658 + 1.068(2.672) + 2.183(1.097)

where Y is the estimated 7-day 10-year low flow.

The 7-day 10-year low flow from the station

frequency curve is 64 ft3/s (1.79 m?/s).
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Example 2,--Estimate the annual 7-day 20-year low flow of
the Susquehanna River at the Wilkes-Barre, Pa, gage. (Station
number 01536500).

1 Because the site is on a major stream there is no
need to determine a subarea number.

2. From table 2, the only basin characteristic that
is needed is drainage area.

3 From topographic maps, the drainage area is
9,960 mi?.

4. From table 2, the appropriate regression equation is
. A

logY = -1.481 + 1.086 loghA
:

5. Substituting ¥
logY = -1.481 + 1.086(3.998)
logY = 2.861
Y = 726 ft3/s (20.56 m?/s)

where Y is the estimated 7-day 20-year low flow.
The 7-day 20-year low flow from the station frequency
curve is 692 ft3/s (19.60 m3*/s).
Example 3.--Estimate the 7-day 20-year August low flow for
the West Branch Susquehanna River at Renovo, Pa. (Station
number 01545500).

Ls Because the site is on a major stream, there is no
need to determine a subarea number.

. From table 7, the basin characteristics needed
are drainage area and mean annual precipitation.

B From topographic maps, drainage area is 2,975 mi?.
4. From a National Weather Service map showing lines
of equal annual precipitation, the mean annual
precipitation is 44 inches.
S From table 7, the appropriate regression equation is

logY = -2.029 + 1.052 logA + 0.753 log(P-30) + CF,

where CF is the appropriate correction factor.
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6. From topographic maps, the channel length is 136.8

mi.
4 From figure 7, the correction factor is -0.210.
8. Substituting
logY = -2.029 + 1.052(3.474) + 0.753(1.146) -.210
logY = 2.278
Y = 190 ft3/s (5.38 m3®/s),

where Y is the estimated 7-day 20-year August low
flow. The 7-day 20-year low flow taken from the
station frequency curve is 180 ft3/s (5.10 m3?/s).

CONCLUSIONS

Estimates of low-flow characteristics of streams in the
Susquehanna River basin can be determined by using the regres-
sion equations presented in this report. The accuracy of
estimates can be evaluated by the standard error of estimate
computed for each relation.

Computationally, low flow estimates are not difficult to
make. Determination of the appropriate basin characteristics
is probably the most time consuming part of the computation.

The procedures presented here are not intended to replace
sound hydrologic judgment or other computational techniques at
sites where sufficient data are available to permit more reliable
estimates. Rather, the techniques illustrated here are intended
to provide a tool for estimating low-flows at sites where
little or no data are available.
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