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ABSTRACT OF THESIS
EVALUAT ION OF ALTERNATIVE DESIGN FLOW CRITERIA

FOR USE IN EFFLUENT DISCHARGE PERMITTING

A design flow is the value used to represent upstream or dilution
flov In the calcul ation of effluent permit | imits under the National
Pol lutant Discharge El imination System (NPDES). The 7Q10 low=-flow
statistic, or the 7-day moving average |low flow that occurs once every
ten years on the average, has tradltionaily been used for design flows.
Recently, al ternative approaches to conventional NPDES permitting
techniques have been Investigated. The objective of this study was to
research al ternative design flows that would maximize use of the
assimilative capacity of receiving waters while al so malntalining water
uses.

This study addressed two major aspects of design flows. The flrst
was the definition of a set of recommended methods to use In the
cal cul atlon of design flovs. These methods were gathered fram the
| ['terature or developed In the process of the study. The second aspect
was a comparlson of alternative design flows and recommendation of
guldel Ines to use In selecting appropriate values. Data at elght sites
on streams along the Front Range of Colorado were analyzed. Three types
of analysls were applied to deflne design flows for acute and chronic

condl tlons. Tradltlonal frequency/duration statistics were calculated



on an annual, monthly and seasonal basis. An empirical, distribution-
free approach developed by the U.S. EPA, cal led the biological ly-based
method, was also applled. A simpliflied version of this method, termed
excursion analysls, was developed to augnent the Information suppl ied by
the biol oglcal ly-based approach. Design flows calcul ated with these
methods were rel ated to acute or chronic durations and al lowable
frequency criteria recommended by the U.S. EPA for the protection of
aquatic | ife,

The results of the research highi Ighted the need to establ ish a
standard set of methods to use In the calculation of design flows. Some
methods were recommended while other areas requlring more research were
pointed out. The lack of long flow data records above effluent
discharge points, where NPDES permit | Imits are calculated, Is a major
problem. The results of the flow analysis showed that distribution-
based frequency statistic flows do not relate as directly to aquatic
| i1fe criteria as blologlcal ly-based design flows. The level of
protection provided by frequency statistic flows varles widely fram site
to site, while biological ly-based flows provide relatively consistent
level s of protection. Seasonal or monthly design flows can be used to
Increase the use of stream assimilative capacity. However, It was shown
that the number of excursions, or flows below a given design flow, was
substantial ly higher for monthly frequency statistic flows than annual
values. The Impl Ication of this result is that more stringent design
flows may be required on a monthly basis, depending on the seasonal
needs of aquatic | ife popul ations, and other water uses.

The critical Importance of design flow criteria, based on aquatlc

| ife protection, was emphasized In this study. Once criteria have been
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chosen, the selection of an appropriate annual design flow s relatively
straightforward. The biol ogical ly-based method, or a similar approach
that rel ates directly to use criteria, |s recommended as a better
al ternative than the 7Q10. Seasonal or monthly flows are also
recommended, but will requlre further research.
Cynthia L. Paul son
Department of Civil Englneering
Colorado State Unlverslty

Fort Collins, 0O 80523
Sunmer 1987
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Chapter 1 - Introduction

The value traditionally used for the design flow in National
Pol lutant Discharge El Imination System (NPDES) permits has been the
7Q010. The 7010 Is def Ined as the 7-day moving average |low flow that is
equal ed or not exceeded once In every ten years on the average. Thls
statistic was chosen rather arbitrarlly at the Inception of the NPDES In
the early 1970's and has no strong water qual ity basis (U.S. EPA, 1986).
The design flow value used In NPDES permitting can have a signiflicant
ef fect on the qual ity of our nation's waters as well as on the costs of
wastewater treatment In this country. Recently, the U.S. EPA and a
number of the states have begun to experiment with al fernatives to the
7010. Two reports have been publ Ished as part of thls research effort
In Colorado - the Interim Report (Low Flow Project Team, 1986) and the
Final Report (Paul son and Sanders, 1987) Evaluation of Design Flow
Criterla for Effluent Discharge Permits in Col orado.

The annual 7010 flow statistic is a questionable design flow for a
number of reasons. The 7Q10 flow occurs Infrequently, on less than 1%
of all days in most streams, and Is considered overly restrictive by
many (Rehels, 1982). One major problem with an annual 7Q10 Is that It
Is based on extreme low flaws which occur only during certaln times of
the year. The assimilative capaclties of streams at higher flows which
occur at other times of the year are not recognized by a procedure which
uses only the annual 7Q10 as the design flow. To take advantage of

these higher assimilative capaclties, monthly or seasonal design flows



could be appl ied. Frequency/durations flow statistics have iwo major
dravbacks that apply to both annual and seasonal flows, however. The
first 1s that frequency statistics provide inconsistent levels of
protection fram one stream fo another. Frequency analysis does not
reflect the variety of flow patterns that can occur In natural and
regul ated streams. The number of days with flows lower than the 7Q10
annual design flow may vary signiflicantly fram one river to another
(U.S. EPA, 1983g). A second drawback Is that the 7Q10 frequency
statistlc Is not directly related to Instream water qual ity condl tlons.
Frequency analysls, which Is based on extreme value flows, does not
reflect |ess severe |aw=flow events and potentlal cumulative effects on
water qual Ity and aquatic | ife. The problems with the annuai 7Q10 and
other frequency/duration flow statistics warrant research into better
al ternatives.

The objectives of thls study were twofold. The first objective was
to develop a set of recommended methodologles for the calcul atlion of
design flows. The second was to investigate al ternative design flows
that woul d reduce wastewater treatment costs by using the assimlilative
capaclty of streams more fully, while maintalning existing downstream
water qual Ity.

The scope of this research included an evaluation of methodol ogles
used to calculate design flaws and the appl ication of same of these
procedures to flow data In Colorado. The evaluation of methodol ogles
included a summary of the techniques currentiy applied In design flow
analysls, development of a few new methods, and recommendations for
future research. The set of proposed guldel Ines for calculating design

flows, glven in chapter four, represent the current state-of-the-art and



Include {essons learned fram thls research. The guldel ines are not
meant as the final answer to the problem of design flows, but rather as
a base for future research and devel opment of improved methods. Low
flows were analyzed at elght sites on four rivers along the Front Range
In Colorado. The scope of the research was | Imited to the analysis of

| ow flds for use In discharge permitting under the NPDES. Al though
water qual ity and effluent characteristics are al so vital aspects of
NPDES permitting, analysis of these factors were beyond the scope of
this project. The analyslis of alternative design flows included
seasonal and monthly frequency/duration statistics and values cal cul ated
with an empirical, distribution-free approach. Criteria used to
evaluate various al ternatives were based on the protection of aguatic

| ife as def ined by the U.S. EPA (U.S. EPA, 1985). Econamic Impl ications
of varlious design flows were not considered.

The study organization included flve stages to provide a sclentific
basis for the analysis of design flows and then to eval uate al ternatves
in Colorado. The steps were as fol lows:

1) review of the | Iterature

a. federal and state regul atory requlrements and procedures used
In NPDES dlscharge permitting;
b. al fernative approaches currently appl led to discharge
permitting throughout the nation;
c. methodologles used to calculate design flows;
2) evaluation of analytical methods used to calculate design flows;
3) analysls of the flow data;

4) comparison of alternative design flaws;



5) recommendation of guidel ines for the calcul ation of appropriate

design flows.



Chapter 2 - Literature Rev iew

A review of the | iterature was made in three major areas to provide
a base for this study. Federal and state water qual Ity leglsiation and
regul ations were Investigated to glve a legal framework for the research
of al ternatives under the existing system. Speclal emphaslis was placed
on effluent discharge permits Issued under the Colorado version of the
National Pollutant Discharge El imination System (NPDES). A review of
currently appl led al ternative approaches to discharge permitting was
made to see what had already been done In thls area. Flnally, the
methods used In the analysis of design flows were reviewed to ensure

that the methods appi led In this study would be appropriate.

LEG ISLATIVE AND REGULATORY BACKGROUND

Water pollutlon control In the Unlted States Is based primarily on
the Federal Water Pol lutlion Control Act of 1972 as amended In 1977 by
the Clean Water Act and by subsequent amendments. The objective of the
Clean Water Act Is to "restore and malntain the chemical, physical, and
blological Integrity of the Natlon's waters" (1977). To achleve this
objectlive, the Act requires that water qual ity sféndards be establ ished
for the Natlion's waters and provides for the National Pollutant
Discharge El imination System (NPDES) to enforce these standards.
Impl ementation of the Clean Water Act occurs malnly at the state level

whereln | le the "primary responsibil ities and rights to prevent, reduce,



and el Iminate pollution” (Clean Water Act, 1977). The states receive
guldance and approval fran the U.S. Envirommental Protection Agency,
which holds final authority for the admlinistration of the Act.
Lolorado Water Uses and Water Qual ity Criterla

In the state of Colorado, water pollution control Is governed by
the Colorado Water Qual ity Control Act of 1973, as amended. A major
pol fcy declaration of the Colorado Act Is "fto prevent Injury to
benef icial uses made of state waters, to maximize the benef iclal uses of
water, and to develop waters . . . to achleve the maximum practical
degree of water qual Ity™ (1973). The Cof orado Water Qual ity Control
Commission (WQCC) holds primary authority to enact thls pol lcy, and has
del egated the responsibil ities for the actual Implementation of state
water qual Ity programns to the Water Qual Ity Control Division of the
Col orado Department of Publ ic Heal th.

The state surface water qual Ity regulatory program Includes three
major el ements: use classifications, water qual ity criteria, and
ef fluent discharge permits. Colorado state surface waters have been
divided Into segments which have been classified according to "present
and potentlal future beneficial uses" as described In The Baslc
Standards and Methodol ogles (Col orado WQCC, 1984). Use classifications
must protect all current uses, must not jeopardize any downstream uses,
and should alm for the highest water qual ity obtainable. On fthils baslis,
flve major use classiflcations have been establ ished for Colorado waters
as follows: 1) existing high quality, class | and |l; 2) aquatic | Ife,
cold or warm water class | and Il; 3) recreation, class | and |1; 4)
water supply; and 5) agricul ture (Colorado WQCC, 1979). Waste transport

and waste assimllation has been expl Icltly denled as an acceptable



designated use In federal water qual ity standards (U.S. EPA, 1983c).
Waters may be classifled for more than one use. Water qual Ity

reguf ation for a given water segment Is generally control led by the most
sensitive use, which Is often the aquatic | ife classlification.

Water qual ity criteria corresponding to each of the use
classlfications have been devel oped by the Col orado WQCC to def Ine the
maximum permissible levels of pollutants necessary to protect and
malntaln designated uses (1984a). Six categories of water qual Ity
variables are addressed by the criteria, and Include: physical,
blological, Inorganic, organic, metal, and radloactive const|tuents.
Tabl es of suggested values for water qual ity criteria are given in the
state standards to serve as guldance for the determlination of actual
numeric | imits in specific stream segments throughout the state. Site
speclfic criteria may fol low these guidel ines or may vary to reflect
unique amblent conditlions for a particul ar water that differ
signiflicantly from |aboratory testing condltions.

Federal water qual Ity standards Include an antldegradation pol lcy
that Is superimposed over use classifications and water qual Ity criteria
to provlide further protection of the Nation's waters. The pol icy
Includes a three tiered approach to malntalin and protect various |evels
of water qual ity and uses (U.S. EPA, 1983c and 1983d). The first tler
requires that the level of water qual Ity necessary to protect existing
uses be malntalned and protected. Where actual water qual Ity exceeds
the level s necessary to protect existing uses, a second tler provides
protection of that higher qual Ity. The only exception to this
requirement is alloved If a state finds that allowing |lowver water

qual Ity Is "necessary to accommodate important econamlc or soclal



devel opment™ (U.S. EPA, 1983c and 1983d). A third tler provides special
protection of waters that are classifled as outstanding national
resource waters, Including waters that are Important, unique, or

sensl tive ecologlcally.

Jhe Colorado NPDES

Col orado surface water use classlflcations and corresponding water
qual Ity criteria are enforced through the state version of the National
Pol | utant Discharge El Imination System, called the Colorado Discharge
Permit System (Colorado WQCC, 1984b). The Col orado NPDES requlres all
"polnt sources" discharging "poilutants™ Into state waters to obtailn
ef fluent discharge permits. A polnt source has been def Ined as "any
dlscernible, conflned, and discrete conveyance . . . fram which
pol lutants are or may be discharged" (U.S. EPA, 1983a). This definition
speciflical ly excludes return flows fram Irrigated agricul fure and most
other forms of non-polnt source pollution, but I+ may be appl ied to
Include stormwater drains. Pollutants to be regulated by the NPDES
Include | ilquid and sol id wastes of chemical, blologlcal or physical
nature that are discharged into water.

An ef fluent discharge permit Issued under the Col orado NPDES
Includes two maln elements: specific effluent | imits for each regul ated
pol lutant belng discharged, and effluent monitoring requirements. The
pefmlfs must be reviewed by the state and renewed every flive years.

Effluent | Imits In NPDES permits reflect two levels of treatment
requirements. The first level Is based on technologlical treatment
capabll itles and provides the minimun degree of treatment requlred
before discharge. For municlpal wastewater treatment plants, this level

Is def Ined as "secondary treatment" which consists of the follaowing for



Colorado: 1) flve-day blochemical oxygen demand - 30 mg/l for a 30-day
average and 45 mg/| for a 7-day average; 2) total suspended sol ids - 30
mg/| for a 30-day average and 45 mg/| for a 7-day average; 3) resldual
chlorine - less than 0.5 mg/l: 4) pH - 6.0-9.0; and 5) fecal col Iforms -
varying level s depending on water use (Colorado WQCC, 1979).
Technol ogy-based effluent | Imits for industrial polnt sources are
general ly based on industry speciflc federal guldel ines. A second |evel
of treatment requirements may be Imposed on municipal and Industrlai
dischargers If technol ogy-based | Imits are Insuffliclent to protect and
maintain designated water uses. These water qual Ity-based | Imits are
def ined by "total maximum dally loads" (TMDL's), which are the maximum
quantities of pollutants that can be carried by a receiving water
without adversely affecting water uses (Federal Water Pol lution Control
Act, 1972). The TMDL's are proportlioned among dischargers on a glven
segnent through a waste load al location procedure (U.S. EPA, 1983c and
1983d). Water qual ity-based | Imits have been appl led wldely throughout
Col or ado.

The determination of water qual Ity-based effluent | Imits Is based

on a steady state mass bal ance equation of the general form:

sl (Qd)(Cd) - (Qu)(Cu)

e
Qe
where:
Qu = upstream |low flow or design flow (cfs)
Cu = upstream pol lutant concentration (mg/!)
Q. = effluent flow (cfs)
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Ce = allowable effluent concentration (permit | imit, mg/i)
Qd = downstream f|ow (Qu + Qe’ cfs)
Cd = al lowable downstream concentration (water qual Ity aiteria,

rpg/l)

The general form of this equation may be modlfied to reflect additional
factars required for nonconservative variables such as dissol ved oxygen
and un-lonlzed ammonla., The mass bal ance equation Is sol ved
independently for each regulated water qual Ity variable to determine
al lowabl e ef fluent concentrations or permit | Imits (Ce).

The Input values to the equation used to determine water qual Ity=-
based effluent | Imits are fixed to a large extent by site-speciflc
condl tions, but may vary according to data avaliabil Ity and
Interpretation. The upstream pol lutant concentration (Cu) is generally
taken fram historical water qual Ity data, when available. Elther
average or maximum "worst case" values fram historical data may be used.
Where data are Insufflcient, assumptions may be made about upstream
qual Ity (Cu) based on the | iterature or other sources of Information.
The value chosen for effluent flow (Qe) has commoniy been the maximum
design capaclty of the plant, used to represent a worst case scenarlo.
More recently, actual effluent flow values, based on historlical records
and projectlions, have been used and updated wlth each permit renewal.
The al lowabl e downstream concentration (Cd) Is based on establ Ished slte
speciflc water qual ity criteria. If more than one dlscharger Is present
on a glven segnent, TMDL's proportlioned through a waste load allocation
are used to define the maximumn al lowable downstream concentration that

may be contrlibuted by each dlscharger.
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Possibly the most signiflicant input to the determination of water
qual Ity-based effluent | imits Is the upstream design flow. This value
may be varled to correspond to given levels of water qual Ity protection
desired. |In general, water qual Ity standards are not appl icable under
extreme |ow-flow conditions, defined as flows bel o the designated
upstream design flow. The protection of water uses, therefore, Is
provided only for flow conditlions equal to or greater than the design
flow value., Design flows may be defined to provide protection for
aquatlic | Ife fran short-term, acute, or long-term, chronlic, exposures to
pol l utants.

Historically, the statistlical value for the upstream design flow
"commonly accepted" for use by the state of Colorado has been the 7Q10
(Colorado WQCC, 1984a). The 7Q10 value represents the 7-day mov Ing
average low flow that Is equaled or not exceeded once In every ten years
on the average. Although the use of the 7010 has been accepted in
Col orado and throughout the United States, the Federal Clean Water Act
makes no specliflc provision requiring the use of the 7Q10, but rather
provides flexIbllity for the states to develop Indlvidual lzed water
qual Ity management programs. A recent U.S. EPA report has stated that
"a review of the | iterature fails to reveal a strict water qual Ity basis
for establ ishing 7010 as the stream design flow" (U.S. EPA 1983b).

Al ternatives to the 7010 design fiow, more firmmly based on water qual Ity
conslderations, could be more cost effective for polnt source
dischargers and still protect and malintain designated water uses.

The implementation of the Colorado NPDES is bullt largely upon
sel f~enforcement procedures. Polint source dlschargers are required to

monl tor the qual Ity and flow rate of thelr effiuent routinely and to
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submit the results to the state and the U.S. EPA in monthly Discharge
Moni toring Reports (DMR's). The reports are checked for viol ations of
the permit | imits and other forms of noncompl lance. Signiflicant
noncompl fance may be subject to enforcement actions ranging fram warning
letters to restralning orders or Injunctions to shut down plant
operation (Colorado WQCD, 1984). Currently, there are approximately one
tThousand active NPDES permits In Colorado, about one-hal f of which are
municlpal wastewater treatment facll [ties.
Sunmary

To summarize, the legal framework for this study allows for
al ternatives to the 7Q10 for use in effluent discharge permitting under
the NPDES. Alternatives must meet the goals of the federal and state
water qual Ity acts to maintain the chemlical, physical, and blol ogical
integrity of the Nation's waters and to protect benef iclal uses of these
waters. A change In the design flow criteria fram the annual 7Q10 must
protect exlsting water uses and high qual Ity waters as defined by the

U.S. EPA antidegradation pol lcy.

ALTERNAT IVE APPROACHES TO NPDES PERMITT ING

Compl lance wlth surface water qual ity regul ations and National
Pol lutant Discharge E|l Imination System (NPDES) permit requlrements can
be costly for polnt source dischargers. Recently, the U.S. EPA Office
of Pol icy, Planning and Evaluation and Individual states have sought
Innovative approaches to water pollution control permitting that will
malntaln or Improve existing water qual ity while reducing treatment
costs. Two major types of Innovations In NPDES permitting have been

tried. The first type Invol ves Increasing the use of stream



13

assimil ative capacity for wastes and the second Invol ves redlstributing
al lovabl e waste | cads among dischargers, or discharge trading, to
achleve the most econamical al location.

Increased Use of Assimilative Capaclty

Increased use of stream assimilative capacity can be achleved by
reducing various factors of safety that have historically been included
In the determination of NPDES permit | Imits. Three major inputs that
may be varied to reduce factors of safety Include upstream design flow,
water qual Ity standards, and values used for effluent floaw rates.

The most significant Input that can be varied Is the upstream
design flow. As mentioned In the review of NPDES regulations, the 7Q10
flow statistic has traditional ly been used as the upstream design flow
In discharge permits. In many streams the 7Q10 flow occurs |ess than 1%
of the the Time and thus may be conslidered a conservative measure
(Rehels, et al., 1982; Ferrara and Domino, 1985). Alternative |ow-flow
statistics of different frequency and/or duration from the 7Q10 (7-day
duration, one In ten year frequency) have been evaluated In a number of
recent reports., The U.S. EPA looked at five rlver reaches across the
natton, Including the Arkansas River at Canon Clty, Colorado, and
compared the 30010, 3005, and 702 flows to the 7Q10 (1983g). The annual
statistics were based a Log Pearson Type ||l distribution. It was found
that the 7Q2 low flows for the reaches In the study were generally 1.5-
1.7 times larger than 7010 flows, and that 30010 and 30Q5 flows were
between the 7Q10 and 7Q2 flows. In Texas and a number of other dry,
southwest states the 702 has been appl ied, Instead of the 7010, to
determine discharge permit | Imits (U.S. EPA, 1983e). The use of design

flow criterlia larger than the 7010 will obviously allow higher effluent



14

permit | imits and |lower treatment costs. At the same ftime, however,
larger design flow criteriawlll also provide less protection of water
uses with more days occurring when flows fall below the design flow
value and when water qual ity standards do not apply.

A major drawback of annual frequency/duration flow statistics is
that they provide unequal levels of protection fram one stream to
another. A single, arbitrary flow statistic cannot accurately reflect
the entire range of potential flow patterns In natural and regul ated
streams. The number of days on which flows fall below a glven annual
statistic, |lke the 7Q10, may vary significantly fram one river to
another. As an example, a comparison of the number of flaws fallling
below the annual 7Q10 on flive rivers across the United States showed a
range of 0.12 days per year for the Cheyenne River to 4.3 per year for
the Housatonlc River, a difference on the order of 35009 (U.S. EPA,
1983g).

A second major disadvantage of annual design flow statistics Is
that the values are based on extreme |ow flows which occur only during
certaln times of the year. The assimilative capacities of higher flows
which occur at other times of the year are ignored by annual design
flows. To use this capaclty more fully, monthly or seasonal design
flows may be appl led. Seasonal water qual ity may also be factored Into
ef fluent permit | imits In place of annual values. A seasonal 7Q10 is
defined In a simllar manner as the annual 7Q10 statistic except that the
period of analysis may be one to several months rather than a year.
Different 7010 values are defined for each month or season. A recent

survey found that seasonal design flows are currently being appl led to
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some extent In 42 states and monthly flows are being applied In 14
states (Lamb, 1985).

Significant Increases in waste loadings for blochemical oxygen
demand (BOD) and ammonia were reported in a number of cases where design
flows were based on two seasons, winter and summer (Ferrara and Domino,
1985; Schaughnessy, et al., 1984; U.S. EPA, 1983; Lamb, 1982a and 1982b;
Rehels, et al., 1982; Boner and Furland, 1982; Epp and Young, 1981; and
Hargett and Seagraves, 1980). |In one study, values for summer BOD
effluent | imits were approximately doubled by the use of a winter design
flow (Hargett and Seagraves, 1980). The use of monthly 7Q10 flows
rather than annual 7Q10 values In one study resulted in allowable
di scharge |oads that were more than ten times higher In the winter than
the annual al lovable load (Lamb 1982). Use of monthly 7Q10 flows In
Buffalo, Wyaning recently abated the need to construct advanced
treatment facil ities which would have cost $2-4 milllion (Willey and
Benjes, 1985). The state of Georglia has adopted monthly 7Q10 design
flows and has estimated annual operating cost savings of 2-19% and
capltal cost savings of 4-16% (Rehels, et al., 1982).

Water qual ity control regual tions in the state of Colorado
currently provide for the use of seasonal 7Q10 design flaws (Col orado
WQCC, 1984a). The regulations state that each season will "normal ly
consist" of a minimun of three months. Al though other options are
permitted, the year Is generally divided into three periods - a six
month winter |ow-flow period (November-April), and two shorter seasons
(May-July and August-October).

The next step beyond monthly or seasonal design flows Is a datly

time varying permit | imit which is based on actual real time river
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conditions of flow and water qual ity. WIith this method, flow and water
qual Ity monitoring data are used to determine the al lowable wastel oad a
discharger may release on a glven day (Herbay and Smeers, 1983; David
and David, 1983). Several states, including Wisconsin, North Carol ina,
lowa, and Colorado have Implemented daily time varying permits to some
extent (U.S. EPA, 1983e, 1983f, and 1984c).

Seasonal, monthly or dally design flows have a number of potential
drawbacks. The first Is that the |evel of protection provided for
deslgnated water uses may be reduced fram that achleved with annual
design flows. The overall assimilative capacities of receiving waters
are more fully used with seasonal or fime-varying permits which may
result in lower water qual ity over the long term (Rehels, et al., 1982).
Research done by the U.S. EPA has shown that the use of seasonal design
flows Increases the probabil ity of violation of water qual Ity criteria
and could result In lower water qual ity unless standards are made more
stringent (U.S. EPA, 1983g). A second drawback Is based on Increased
data required to calculate permit | Imits based on seasonal, monthly or
daily design flows. In addition, Implementation of these short-term
limits Is more compiex and may be more expensive for regufatory
agencies. The benefits of varylng permit | imits may be restricted by
the abll ity of dischargers to start up and shut down treatment processes
on short notice. Finally, varying permit | Imits may not result In
overal | treatment costs savings because |ower costs during some periods
may be offset by higher costs during other periods. Given all of these
potential drawbacks, It still appears that cost savings in construction
and operation of treatment facll itles using seasonal or monthly design

flows may be signlficant., Rehels, et al. (1982) reported a potential
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savings of over $1 billlion if monthly design flows were appl ied
natiomwide. However, corresponding effects on water qual ity must also
be careful ly assessed.

An al ternative to frequency-duration flow statistics has recently
been devel oped by the Office of Research and Devel opment of the U.S. EPA
(1986). This al ternative, called the "biol oglcal |ly-based" method, Is an
empirical distribution-free approach that utilizes historical records of
dally flows to select approprlate design flows. The selection criteria
Include an allowable frequency of occurrence of flows below the deslign
value and flow durations that reflect acute and chronic conditions.

Val ues recommended by the U.S. EPA (1985 and 1986) for these criteria
are a frequency of once In three years, and durations of one day for
acute and four days of longer for chronic flows. The biological ly-based
design flow Is determined by ordering the law flows of historical record
and choosing the highest flow that allows no more than the allowable
number of excursions.

Water uses and water qual ity criteria may also be varled to ralse
NPDES permit | Imlts and Increase the use of stream assimilative
capaclty. Although water qual ity standards are general ly constant over
time, they may be adjusted to reflect water uses that vary with the
seasons. For example, dissolved oxygen criteria could be varled to
provide better protectlon for flsh during spawning seasons and |ess
protection with relaxed | Imits during nomcritical periods (U.S. EPA,
1983g). Seasonal criteria have already been appl ied to protect
recreation uses in the state of Nebraska where chlorination fo control

fecal col iforms Is required only during the summer season (Lamb, 1980).
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Site specific water qual Ity criteria may replace the recommended
values where local conditlons are unique. The state of Colorado has
developed site specific criteria for a number of waters using two
techniques (Foster, 1983). The first approach is based on the use of
bloassay testing to define appropriate Instream water qual Ity
requl rements to protect Indigenous populations given ambient stream
qual Ity. The second approach, which Is much |ess expensive, Involves a
statistical analysis of historical water qual Ity data. Water qual ity
criteria are set equal to the value of the mean plus the standard
dev lation of the sample data.

The value used to represent the quantity of effluent flow fram a
dl scharger may also have a significant effect on NPDES permit | Imits.
In the past, plant design capacities have been used to represent the
maximun possible effluent flows. However, the use of anticipated flaows
over the five-year | ife of the NPDES permit 1s an acceptable option,
Two studies reported average annual effluent flows equal to about 50%
for the majorlty of treatment facll itles Investigated (Ferrara and
Domino, 1985; Boner and Furland, 1983). The use of actual effluent
flows rather than rated values could allow higher permit | Imits and
provide signiflcant savings In treatment costs while still maintaining
water uses. In one case, the use of actual flow values rel axed ammoni a
i imits from 10.9 mg/l at a flow of 10 MeD to 16.0 mg/! at a flow of 5
MGD (Ferrara and Domino, 1985). A reduction In the effluent flow val ue
coul d actual ly produce lower | imits for ammonia In some cases, however,
depending on the pH and temperature condltlions of the discharge and the

recefving water,
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Prudent timing and location of pol lutant discharges may be used to
help increase the use of stream asssimilative capacities. Effluent may
be retained temporarily in holding ponds or |agoons during critical |ow
flow or water qual ity conditions and released | ater under more favorable
conditions (Zitta, 1979). The "controlled release™ approach allows a
discharger to take advantage of high flow events and provide better
protection during critical times. One disadvantage of this method Is
the capital cost required to construct holding facilities, but thls may
still be signiflicantly less than the cost of building new treatment
facll ities. The point of effluent discharge may also be varlied over
time to protect water qual Ity during critical conditions If al ternative
locations are available. The City of Fort Collins, Colorado has
devel oped a system to bypass discharge to the recelving stream and
release Into an Irrigation ditch when conditions are critical. This
program could save the clity $140,000 a year In reduced nitrification
requl rements (Kuchenrither, 1983).

Discharge Trading

The second major group of al ternative NPDES permitting techniques
Is based on a redistribution of allowable waste |oads. On stream
segnents with more than one discharger, a waste load allocation Is
performed to proportion the al lowable total maximum dally load among the
the dischargers. Waste |oad allocation rights may be exchanged among
point sources fo achleve a more econamical distribution of the waste
| cad.

Polnt source trading allows dischargers with more efficlent, less
expensive 1reatment capabil ities to treat thelr waste to a greater

degree than requlred and apply the savings in waste load to another
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dlscharger on the same segnent which may use more expensive tfreament
processes. Cost savings are shared among al | the dischargers Invol ved
In the transaction. Secondary treatment requlrements must be met at all
times, however, even |f not necessary to meet the al lowable waste |oad.
Cost savings fram polnt source frading can be signiflcant, particularly
when the construction of new treatment factil ites Is avolded. Potentlal
cost savings for a group of twel ve point source dischargers on the

Del aware Estuary were estimated to be in excess of $4 million a year
(Schaughnessy , et al., 1983). Transferable discharge permits have been
used to some extent betiween domestic wastewater freatment facil ities
discharging In Dillon Reservolr In Summit County, Colorado (N4CQOG,
1984). One major | Imitation of the point source trading option is that
It requires extensive planning and cooperation among competing
dischargers, which may be difflcult to achleve.

Waste | cad trades may be made among non-polnt as wel| as point
source dlschargers. Generally, pollutant discharges fran non-polnt
sources have not been regul ated and are considered as part of the
ambient stream condltions In determining al lowable |oads. However, It
may be that non-polnt sources of pol lutants can be ftreated more
ef fectively with less cost than point sources requiring expensive
advanced treatment. The advanced treatment pol icy of the U.S. EPA
requires states to conslder controll ing discharges fram nompolnt
sources before Imposlng advanced treatment requl rements on publ Icly
awned treatment works. Polnt/non-point source trading has been used
very effectively on Dillon Reservolr In Colorado to control phosphorous
runoff from |ocal devel opments and ease the phosphorous | Imits on point

source dlschargers (NACCOG, 1984). The use of polnt/non-polnt source
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trading may be | Imited by the fact that most pol |utants rel eased fram
non-point sources are not dlscharged by point sources, with the
exception of phosphorous. In addition, non-polnt sources are difficult
to regul ate.
Sunmary

Iinnovative approaches are currently Incorporated [nto approximately
one-fourth of all disharge permits Issued In Colorado. Alternative
permitting techniques have been applied In Colorado In four major areas:
seasonal design flows, slte specific water qual Ity standards, permit
trading, and control led release. Conslderable potential exists for
future use of al ternative NPDES permitting In the state of Col orado,
particul arly as appl led to waters of envirommental and econamic

{mpor tance.

METHODOLOG IES USED TO CALCULATE DESIGN FLOWS
Elow Durations and Moving Averages

Low flows may be calculated for durations of one day or |onger,
depending on the degree of protection required for a given use, The
U.S. EPA has recommended that dual design flows be used to protect
aquatic | Ife fram both acute and chronic effects. The rationale for
acute and chronlc design flows Is given In the 1985 U.S. EPA Guidel ines
for Devel oping National Water Qual Ity Criteria (Stephan, 1985). Acute
design flows are general ly based on maximun concentration levels, which
are Intended to protect aquatic | ife fram unacceptable short-term
effects. The acute concentration used by the U.S. EPA Is the Criterlion
Maximum Concentration (CMC), which Is equal to one-hal f of the Final

Acute Value (FAV). The FAV Is a value based on |aboratory toxicity test
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results (l.e. 48~ or 96-hour LC50). The CMC Is Intended to provide a
"reasonable level"™ of protection for aquatic | ife. This level has been
def ined by the EPA as protection of all except a small fraction of the
taxa present (or 50 percent of the population of the most sensitive 5
percent of the species present) (Stephan, 1985). The duration of
exposure deemed by the U.S. EPA to be appropriate for acute levels is
one hour, a short enough period to avold large fluctuations In pollutant
concentration. In practice, the duration used Is one day, because
discharge data are not often readlly available on an hourly basls.
Chronic design flows are general ly based on a concentration |ower
than the acute level, and are designed to protect ecosystems fram
unacceptable ef fects due to |ong-term exposure. The chronlc
concentration used by the U.S. EPA [s the Criterion Continuous
Concentration (CCC), which Is equal to the Final Acute Value divided by
the Final Acute-to-Chronic Ratlo. Acute-to-Chronic ratios have been
determined in the | aboratory and range fram one to more than a thousand,
depending on the toxiclty characteristics of the water qual Ity varlable.
The duration of the chronic design floaw Is |onger than one day, usually
taken as a moving average of four to thirty days. Four days Is the
duration that has been recommended Initially by the U.S. EPA, but |onger
durations (7-day or 30-day) may be justifled for relatively stable flow
and downstream water qual Ity conditlons. The criterion used by the U.S.
EPA to Justify the use of a 30-day average for chronic design flows is
that the coeffliclent of varliation (mean discharge divlided by the
standard devlation) based on the complete record of dally flows be
approximately one or less. Other criterla that may be more approprlate

Include the coefficlent of variation based on flows below a given level,
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instream water qual ity variations or effluent quantity and qual ity
variations. It should be noted that the dl fference beitween a 4-day
duration chronic flow and a 30-day duration flow will be less In a
stream with relatively stable flows than In other streams.

Low flows of durations longer than one day are general ly cal cul ated
as moving averages of a series of dally flows. The moving average acts
as a smoothing function for a daily flow record to reduce the effects of
extreme varlabl| ity, particularly of zero or very low Instantaneous
flows. An x-day moving average Is calculated by averaging dally flow
values for days 1 to x, 2 to (x+1), 3 to (x+2) etc. For an annual
period of record, 365 dalily values would be smoothed to (365-x)+1, x-day
mov Ing averages.

Perlod of Record

The recommended period of record for |ow-flow frequency/duration
analysis Is 30 years or more of dally flows (McMahon, 1985). |If 30
years Is not avalliable, a minimun of 10 years of dally flow data may be
used to produce val Id results (U.S. Interagency Advisory Commlttes,
1982). Frequency analysis of a period of record shorter than 30 years
coul d produce resul ts with |arger probable errors and may Infroduce bilas
if the short-term record Includes a predominance of wet or dry years
(McMahon, 1985; Searcy, 1959). The period of record for blologlcally-
based |low-flow analysis may be shorter than 30 years and still produce
resul ts with a good level of confldence (U.S. EPA, 1986). Since
blologlcal ly-based analysis conslders all days within the period of
record and not just the single extreme low flow for each year, the
sample size Is much larger than that of frequency analysis and a shorter

record 1s sufficlent,
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One Important consideration in the determination of an approprlate
length of record to use Is the hamogenelty of flow data. |f data are
non-hamogeneous, then the advantage of a |onger, more representative
record Is offset by the dlsadvantage of Inconsistent data. Both
hamogenelty and representativeness should be welghed In the
determination of the period of record for analysis. These factors are
di scussed further In the sectlon on data assumptions.
Frequency/Duration Analyslis

Frequency analysis Is used In hydrology to relate the magnitude of
flaws to thelr expected frequenclies of occurrence. Often, the analysis
Is concerned with flow durations longer than a single day (e.g. 4=, 7-
or 30-day). The frequency of occurrence for annual events Is def ined
statistical ly by the probabll Ity of occurrence each year and is equal to
the Inverse of the recurrence Interval. The recurrence Interval Is
def Ined as the period of time In which one occurrence Is expected. To
Illustrate, a fiow with a 10 percent probabll Ity of occurrence has a
frequency of 0.10 per year and a recurrence Interval of 10 years. The
allawable frequency of acute or chronic flow events recommended by the
U.S. EPA |s once every three years, al though this value may vary
depending on the aquatic ecosystem belng considered. Justification
given by the U.S. EPA for the three year period Is that it has been
deemed sufficient for most aquatic ecosystems to recover from damage
caused lby adverse water qual ity conditions (Stephan, 1985). The three
years recommended by the U.S. EPA Is actually meant to be |onger than
the average recovery perlod so that ecosystems are not In a constant

state of recovery (U.S. EPA, 1986). Frequencles more often than once
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every three years may be justified on a slte-speclific basls for
particular aquatic ecosystems,

In the case of a prolonged drought with many single |ow-flow
events, a frequency of once every three years or once every two years
may not be appropriate. For Instance, If a string of 10 law=flow events
occurred In a single year, then the frequency of once in three years
would require a recovery period of 30 years wlthout another single |ow-
flow event. To account for extreme |aw=-flow perlods, the U.S. EPA has
recommended that a maximun time of 15 years be provided after a drought
period. The Justiflcation for 15 years Is that an ecosystem requires
between five and ten years to recover after a severe stress | ike a
drought, and an ecosystem should not be In a constant state of recovery.
Thus, 15 years was deemed by the U.S. EPA as an "approprlate stress-free
period of time" after a severe drought (U.S. EPA, 1986). |In the case of
a drought then, no more than 15 years can be requlired before the next
allowable law-flow events that occurred during the drought. The maximum
period required for recovery after a drought can vary and other val ues
can be justifled by slte-speciflic analysis.

Frequency statlstics for various duration flows are of ten denoted
as (duration) Q (recurrence Interval). Thus the 7Q10 is def ined as the
lawest 7-day moving average flaw that occurs on the average once In
every ten years. Low-flow frequency analysis may be made on the basis
of elther annual serles or partlal-duration series. Annual series
frequency analysis |s based on the minimum flow event of a glven
duration for each year of records Frequency analysis may also be based

onminimum flow events for shorter periods such as seasons or months.
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There are several methods used to calculate annual |ow=flow

frequency values. Two methods are graphical and mathematical. The

graphlical procedure Includes the fol lawing steps:

1.

2.

Rank low flows. Moving average flows are calculated for given
durations of x-days (e.g. 1-, 4=, 7= or 30-days). The minimum x-
day flows for each year, season or month of record are ranked, with
the |lowest flow belng ranked one.

Assign plotting positions. Plotting posltions are assigned to each
flow value using one of a number of avallable plotting posltion
formul ae. The formula most widely used and recommended Is the

common or Weibul |l plotting position (Riggs, 1974; McMahon, 1985)

given as:
s — - sl
e
where pp = the plotting position and an estimate of the probabil ity,

P, of occurrence of an x-day flow that Is less than or
equal to a given ranked flow.

T = the estimate of the recurrence Interval or the average
perlod of time between years with an event |ess than or
equal to the glven x-day flow.

m = the rank of a given minimun annual x-day flow.

n = the number of years of dally flow data.

Plot points. Plot observed flows versus plotting position
(probabil Ity of Inverse of the recurrence Interval) to show the
magnltude and frequency of occurrence., Different types of
probabll Ity paper may be used, Including |og=-normal or |og-extreme

val ue paper.
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4, FIt curve. A smooth curve may be drawn through the points to fit
the data and estimate the model error.

Flgure 2.1 provides an example of graphical analysis of frequency
statistic flaws.

The mathematical procedure for determining nonexceedence
probabll Itles consists of estimating the parameters for a theoretical
distribution fran a set of low flows and using the estimated
distribution to generate flow magnitudes for given recurrence Interval s.
A nunber of different distributions have been discussed for use In | ow-
flow analysis, Including: normal, log-normal, Gamma, Pearson Type ||,
log-Pearson Type |11, Kritsky-Menkel, Extreme Value Type 1 (Gumbel), or
extreme Value Type |1l (Weibull) (McMahon, 1985).

To evaluate the level of agreement beiween an observed sample of
low flows and an assumed theoretical distribution, a statlstical
goodness of fit test may be used (McMahon, 1985). The Chi-Square and
Shaplro-Wilk tests are iwo procedures that may be used for this purpose.
One problem with the use of any goodness of flIt test is that the
analysis focuses on hos well the entire distribution fits all of the
data, Including low and high flows. This sort of test Is not heavily
Influenced by the talis of a dlstribution and thus may not be able to
accurately define the |evel of agreement specifically for minimun flows
(McMahon, 1985). Two other approaches have been used to evaluate the
appl lcabll Ity of various probabll ity distributions to flow data. The
first Is to compare observed minimum flows with the iower | Imit of the
thearetical distribution, and the second Is to compare the refation
between skewness and kurtosis of the observed to the theoretical

di stribution (Matalas, 1963).
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Of the methods to calculate {aw=flow frequency val ues, the
graphlcal method has been recommended in a number of papers (McMahon,
1985; ASCE Task Committee, 1980; Riggs, 1974)). The graphical method Is
particularly useful for determining flows of recurrence Intervals |ess
than n/3 years (where n = number of years of data). Two reasons have
been given for the superiority of the graphical over the mathemliatical
method: 1) the graphical method requires no assumption as to the type
or characteristics of a theoretical distribution and thus may better
deal with a varlety of low-flow regimes, 2) In some cases a purely
statistical analysls may be misleading and provide |ess Information than
a graph (McMahon, 1985; Riggs, 1974). However, the mathematical method
Is more widely used for frequency analysls, probably because of Its
rel ative simpl Icity, compatibil ity with computer usage, and consl stency
of resul ts between different investigators.

Annual. Monthly, and Seasonal Low Flows

Annual low-flow frequency analysls Is based on the single |avest
mov Ing average flow for each year of record. Usually, the period of
record is broken up Into distinct year-long segments rather than
analyzing the entire continuous period of records A flow record may be
separated Into water years (October 1-September 30), cl Imatic years
(April 1-March 31) or calendar years (January 1-December 31). Both the
cl imatic year and the water year are Identified by the year in which the
perlod ends (e.g., the cl imatic year April 1, 1955-March 31, 1956 Is
denoted as 1956). The period of annual |low-flow analysis should be
chosen so as to Include the low-flow perliod entirely within a given
year. Generally, flood flow analysis Is made on the basls of the water

year. The cl imatic year, however is more approprlate for |ow-flow
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analysis since a low-flow period rarely occurs In | ate March-early April
(ASCE Task Committee, 1980; Riggs, 1972; Petsch, 1979). In some cases,
other annual perlods may be more appropriate than the cl Imatic year,
depending on the pattern and timing of low flows at a particul ar site.

Monthly low=flow frequency analysis Is based on the single | owest
mov ing average flow within each of the 12 months of the year for each
year of record. Thus, there would be 12 different monthly law flows
(April=March) as compared to one single annual low flow. The |owest
monthly low flow for each year should be equal to the annual low flow
for the same years. Other monthly low flows reflect wetter periods of
the year and may be substantially higher than the annual low flow.

The procedure used to calculate monthiy low flows Is simllar to
that used for annual flows. FEach month of the year Is eval uated
separately for minimun flows. The calculation of monthly or seasonal x-
day moving average flows with the conventional annual approach presents
certain problems because the period of analysls (e.g. 30 days) Is short
rel atlve to the moving average duration (e.g. 7 days). Monthly moving
averages calcul ated with standard techniques tend to be biased taward
flow values occurring In the middle of the month, because values in the
middle of the month are Included In more moving averages than val ues
occurring at the beginning and end of the month. Another Inconsistency
associated with the calculation of monthly flows Is that fewer moving
averages are cal cul ated for 12 separate months than for a single whole
year. For example, the calculation of monthly 7-day mov Ing averages
woul d produce 295 values In a monthly analysis as compared to 359 7-day

mov ing averages cal cul ated on an annual basis. These [nconsitencies may
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cause same [naccuracies in the calculation of monthiy frequency
statlstlics.

For seasonal |ow-flow analysis, months can be grouped together to
reflect flow and water qual Ity variations throughout the year. Two to
four groupings can be used to represent |ow, high and possibly
transition months. OCriteria used to group months may Include seasonal
varlations In flow, ambient water qual ity, and effluent qual Ity. The
way In which months are grouped Into seasons can have a significant
effect on the values of the seasonal flows (Ferrara and Domlno, 1985).
An Incorrect groupling of a transition month with a high-flow season may
reduce the flows drastically, particularly if the low flows occur within
the high-flow season for same years and In the transitlion month for the
other years. The selectlion of seasons requires site-specific analysis
because the patterns of law-flow events may differ significantly fram
one slte to another. In addlition, flow patterns may even differ fram
one duration flaw to another (f.e. the Ideal 1-day |ow-flow seasons may
not be the same as ideal 7-day low-flow seasons). For practical
purposes, one set of seasons should be chosen for each site by balancing
all the factors invol ved.

EPA Blologically-Based Design Flows

A blol ogical ly-based method for determining design flows was
recently developed by the Office of Research and Devel opment of the U.S.
EPA as an al ternative to traditlional frequency/duration analysls (1986).
The biologlcal ly-based method Is an empirical, distributionfree
approach that utilizes historical records of dally flaws. The method Is
emplrical because It |Is based on the actual flaw record, rather than on

flows predicted by a statistical distribution. Design flows for both
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acute and chronic levels of aquatic | ife protection can be cal cul ated
with this method.

The design flow calculated with the biological ly-based method Is
def ined as the highest flow of a given duration that will not cause a
glven Instream concentration to be exceeded wlth greater frequency than
Is allawable. The blologlcal ratlionale for thls new EPA method I's found
In 1985 EPA guldel Ines for deriving natlonal water qual Ity criteria
(Stephan, 1985). The current natlonal crliteria are expressed as two
level s, acute and chronic rather than the tradltional one level, to
reflect actual toxicological condltions more accurately, as descrlbed
ear| ler. Three major factors are conslidered In design flow criteria:
frequency (Inverse of the average recurrence interval), intensity
(concentration), and duration (length of averaging period). The
al lowable frequency of |ow-flow events recommended by the U.S. EPA Is
once every three years (U.S. EPA, 1985 and 1986). The concentrations
used are the Criterion Maximum Concentration for acute flows and the
Criterion Contlnuous Concentration for chronic flows. Durations are 1-
day for acute flows and 4-day or longer for chronlc flows. As ment|oned
previously, longer duratlions may be justifled for relatively stable flow
and water qual ity condltions.
Adjustment of Data Records

Dally flow data records may be Incomplete or Insufflicient to enable
the statlstlcal analysls requlred to compute appropriate design fiows.
Certain adjustments of flow records can be made to provide more useful
data sets. Frequently, flow records are missing data for a number of
days. Estimates of the missing values can be made by interpolation

between the surrounding flows just preceding and just fol lowling the
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missing data. |If the gap of missing data Is longer than several days,
then Interpol ation may not be an appropriate method and another more
advanced approach may be requlred.

Data records with zero flow values are difficult to analyze
statistical ly because |og~-distributions do not fit data sets with zeros
(Jennings, 1969). Two approaches may be used to transform zero flows to
non-zero values, The first Is to add a small amount (e.g. 0.1 cfs) to
each of the discharges In a glven flow record (Tasker, 1972; Jennings,
1969). One disadvantage of this method Is that the arbitrary addltion
of a constant value may change the characteristics of the flow
distribution. A preferred, though more complex, approach Is to use
condi tional probabil ity to determine appropriate values to replace zero
flovs. This method Invol ves fitting a distribution to events greater
than a given base flow (Qb)and predicting values based on the ratio of
the number of events greater than Qb to the total number of flows
(Jennings, 1969).

The estimation of low flows at a specific point of interest (an
ef fluent discharge point) for use In discharge permitting Is of ten very
difficult and may requlre manipulation of data to produce a useful flow
records. Rarely Is there a set of discharge data of sufficlent |ength
avallable In the vicinlty of the outfall that can be utlilized. The
probiem s compounded In the western Unlted States where the nearest
gaging station may be many miles away fram a discharge polnt and where
there may be many unmeasured factors, including tributaries, irrigation
diversions and groundwater flows that affect the flaw. A number of
methods have been used to extend short perliods of record or to devel op

flows at ungaged sites for the analysls of |ow=flow characteristics.
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Methods Include: regression analysls, water bal ance procedures, and
regional ized analysis (McMahon, 1985; Salas, 1980; Riggs, 1972; Searcy,
1959).

Regression analysis can be used to extend a short perlod of record
at a site by developing a relation between flows at the point of
Interest and flovs at one or more nearby gage sites with longer periods
of record. The relation can be used along with the records at other
sltes to predict flows at the point of Interest for ungaged periods.

A water bal ance procedure can be used to route flows fram a gaged
site to a site that Is ungaged or has a short perfod of record. All
sources and | osses between the gaged site and the point of Interest must
be quantified and acocounted for In the analysis. Sources may Include
tributary flows, effluent discharges, returns fram Irrigation, or
groundwater recharge. Stormwater runoff may al so act as a source, but
Is generally Insignificant In |ow=-flow analysis. Losses may Include
diversions, or groundwater outflows. Dally flov data are rarely
avalliable for all of these factors and estimates must of ten be made fram
monthly or even less frequent data.

A third approach, reglonal ized analysis, has been used with | imited
success to predict low flows at ungaged sites. The regional ization
method Is based on the premise that |av flaws can be predicted through
an analysis of the regional factors affecting streamflows Including:
basin dralnage area, precipitation, geology, groundwater flawxs, rel ief,
and vegetation. Thls method Is best applied to natural flowing streams.
Data Assumptions and Errors In Low-Flow Analysis

Certaln assumptions about flow data must be achlieved for most

statistical analyses to be val id. Major assumptions are as follows: 1)
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the record Is a representative time sample, 2) flow events are random
and independent, and 3) the record Is hanogeneous (U.S. [nteragency
Adv isory Committee, 1982). The vliolation of these assumptions may
produce statistical results that are less rel lable or even Inval id,
depending on the degree of violation. One of the first steps In |ow
flow analysis should be to check the adequacy of the flow data and the
appl lcabll Ity of speclflic statlstical analyses.

Statistical analysis Is usually based on a subset of measurements
of the entire population, called a sample. A representative time sample
requires that the flow record Is complete and is |ong enough to Include
the full range of a characteristic flow regime. An adequate |ength of
record has been recommended as 30 years or more (McMahon, 1985).

For a sample of flows to be random, each member of the popul ation
(or each flow for a glven day) must have an equal and Independent chance
of being sel ected. Independent events require that the occurrence or
nonoccurrence of one event has no bearing on the chance that the other
will occur. Daily streamflow are usually not Independent, but are
usually posltively serlally correl ated, meaning that a law flow one day
Is fol lowed by another |low flow on the next day. Serfal correlation
tests provide an Indlication of the degree of correlation, or nom
Independence, of flaws. Annual minimum low flows, In contrast to dailly
flovs, may be considered to be a sample of random and Independent events
(U.S. Interagency Advisory Committee, 1982). Annual events are
general ly not as highly correl ated as dally events, al though |ong=term
persistence of drought may occur and upset this assumption. Monthly

minimum flows may exhiblt a higher degree of serial correlation than
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annual values and thus may not strictiy be considered random and
I ndependent,

Hanogeneity of a flaw record Impl les that data samples are taken
fram the same popul ation, or that the flow regime has remalned
rel atlvely constant over the entire period of record. Non~hamogenelty
may often result from man-made devel opments or by the movement of a
gaging station. It Is recommended that only records that represent
rel atively constant watershed conditlions be used for frequency analysis
(U. S, Interagency Advisory Committee, 1982; Searcy, 1959).

A varlety of techniques are avallable to test homogenelty of flow
records. Double-mass analysis evidences non-hamogenelties as changes of
slope In the plot of massed flaw at the polnt of interest against massed
flow at an unaffected gage or gages In the general viclinity or agalnst
massed preclpltation (Pltman, 1978). Other ways to detect non-
hanogenel ties Include examination of plots of annual 7-day low flows
versus time, or comparison of annual 7-day low flaws at the polnt of
Interest to a reference flaw record (Riggs, 1976). One problem with
these techniques Is the possibil ity that the timing of wet and dry
perfods may Introduce bias (Piiman, 1978). For example, If a flow
record begins with a dry period (lower than average flows) and ends with
a wet period (higher than average flows), then there will be a blas
toward a trend of Increasing flows. Another approach to detecting non
hanogenelty of a flow record Is to split the record Into two groups
def Ined by a suspected change In the flaw regime, and to test for
di fferences between the variances and between the means of each group.

A varlance ratio test, or F test, may be used to test differences in

variances, and a two~sample t~test may be used to detect differences in
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the means of iwo sample groups (Zar, 1974). The groups should be chosen
so as to reflect a suspected change In the flow regime, such as that
resul ting from the construction of a dam upstream from the gage. |If
both groups have the same varlance and the same mean, then there Is
sufficlent Justiflcation that the perlod of record may be sald to be
hamoge neous.

Errors may be Introduced to low-flow analysis fram a number of
di fferent sources to produce estimates which may dliffer fram the true
values. The degree of rel labil ity of flow estimates depends on the
qual ity of the flow record and al so on the appl icabll ity of various
statistical analyses and val idity of assumptions. The qual Ity of a flow
record for use In |ow-flow analysis may be affected by two major types
of errors, measurement errors and rating curve errors (McMahon, 1985).
Measurament errors may be elther systematic, due to Instruments of
measur ement methods, or accidental, due to observers. Rating curve
errors may result from Inaccurate rating curves based on Insufficlent
low flow discharge measurements, or fram changing stage-~dlscharge
rel atlons due to shifting controis. Errors are ge'neral ly consldered a
random process with a relatively small varliance (U.S. Interagency
Advisory Committee, 1982). Errors in statistical analysis of law flows
can result framn a nunber of sources. Whenever necessary statistical
assumptions are violated, error Is Introduced. The magnitude of the
error w.lll be rel ated to the degree of violation of given assunptions.
Fitting a gliven flow record to same sort of underlylng probabll Ity
distribution to predict frequency statistic flows may al so Introduce

errors, Parameter estimates may Include errors, and a dlstribution may
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not always provide a good f It and may make Inaccurate predictions of |ow

flows.



Chapter 3 - Methods of Design Flow Analysls
Methods of design flow analysis Include procedures for the
sel ection of an appropriate data set as wel| as techniques for the
analysis of |low flows. A description of the study sltes, data base, and
hamogenelty testing Is fol lowed by discussion of each of the the three

types of analysls appl led to select approprlate design flaws.

DESCRIPTION OF THE DATA SET
Study Sites and Flow Data

Flos data were analyzed at eight sites on four different rivers In
Colorado Including the South Pl atte River, Boul der Creek, St. Vraln
Creek, and the Cache |a Poudre River. Flaow analyslis of the South Pl atte
River was made at three sites - Littleton and Englewood in segment 14,
and Henderson In segment 15. Boulder Creek analysis was made Just above
the City of Boul der wastewater treatment facll ity near 75th Street.
Flows of the Saint Vrain Creek were analyzed at Lyons, Longmont, and
Platteville. The Cache |a Poudre River was analyzed at Lincoln Street
Iin Fort CollIns. Analysis of theoretical effluent | Imits based on
various design flows was made for four dlfferent wastewater treatment
facll Itles adninistered by the Cities of Littleton and Engl ewood, the
City of Boulder, the Clity of Longmont, and the Clty of Fort Coll Ins.
Speclific descriptions of each of the sites have been given In a previous
report (Paul son and Sanders, 1987). Stralight-I1line diagrams are glven

for each of the sites In Figures 3.1-3.5,
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The data base used for flow analysls In this study consisted of
UGS dally records for five of the elght sites (Littleton, Henderson,
Lyons, Plattevilie, Fort Coliins). The period of record used for
Littleton, Henderson, Lyons, and Piatteville was 30 years long, from
1956-1985. The record for Fort CollIns was nlne years, fram 1977-1985.
Two of the other sites (Englewood and Longmont) had very short periods
of record, too short to analyze. A water balance procedure was used to
produce a 30-year dally reconstructed flow record at Englewood by
routing flows four miles back upstream fran the USGS gage at L Iittleton.
Flows at Longmont were estimated on the basis of multiple regression
analysis using flow data at Lyons and Platteville to predict flows at
Longmont for the perfod 1956-1985. A third site (Boulder) was ungaged.
A model of daily flows and diversions for Boulder Creek was run for a
12-year period (1959-1970) to predict flows at that site. These
techniques have been discussed In detall previously (Paul son and
Sanders, 1987).

Flow data col lected at the US5S statlions used In this study consist
of mean dally flows. The accuracy of streamflow data records has been
rated by the UGS at each of the gages they administer. The ratings
Include four degrees of accuracy. "Excellent" means that about 95
percent of the dally dlscharges are within 5 percent of the true val ue;
"good" means within 10 percent, "falr'" means within 15 percent, and
"poor" means greater than 15 percent (Duncan, 1984). Dally mean
discharge is given to the nearest hundredth of a cfs for discharges iess
than 1.0 cfs, to the nearest tenth for dlscharges of 1-10 cfs and to the
nearest whole for dlischarges of 10-1000 cfs. All of the gages used in

this study were rated "good" by the US5S, except for the gage at
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Littleton, which is rated "falr" during the winter period, and the gage
at Fort Collins, which is rated "poor" for certalin periods with no gage-
helght record. |t shouid be noted that these gage ratings apply to the
daily flow record as a whole. Typically, extreme |low and high flovs are
more di fficult to measure accurately than average flows. As a resulft,
low-flow gage data probably are |ess accurate than gage ratings would
indlicate.
Homogeneity of the Flow Record

In this study, hamogeneity of all flow records was analyzed first
by looking at plots of annual low flow statistics versus time. For
records where a distinct change In flov regime was suspected, F and t
tests were conducted. Hamogenelty testing using these tests was
conducted at the LIttleton and Englewood sites. The operation of
Chatfleld reservolr on the South Platte River beginning on May 29, 1975
was suspected to produce a detectable change In the flow regimes at
these sltes which are |ocated just downstream. The |og transformed
values of annual low flows at Littleton and Englewood for the period
1956-1975 were tested agalnst those for 1976-1985. The Statistical
Package for the Soclal Sclences (SPSS, Nie, et al., 1975) was used on
the Cyber mainframe computer at CSU to complete this analysis. Values
for the two-tall probabil ity were cal culated and compared to a reference
level of 0.05. Values greater than 0.05 were considered to show no

signiflicant difference In variances or means.

FLON ANALYSIS
Low flows were analyzed to learn more about the patterns of drought

events and to help def Ine appropriate al ternatives to the 7Q10 design
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flow. The two techniques used to calculate design flows In this study
were: distributionbased frequency/duration statistics and the U.S. EPA
blologlcal ly-based method. Low-flow periods were also analyzed for run
length below a range of design flow val ues.

Erequency/Duration Analysls

Frequency/duration analysis was used to determine the magnitudes of
flows that woul d be expected to occur at a given frequency for a given
length of time. A mathematical procedure was used to generate the
frequency distribution statistics In this study. As described In
chapter one, this procedure requires that a theoretical statlstical
distribution be fitted to a sample of daily flow data to determine flow
magnl tudes corresponding to glven recurrence Intervals. The graphlical
method was al so tested for use, but was dropped in favor of the
mathematical approach because of the rel ative consistency and wide use
of that approach,

The selection of an appropriate distribution function to describe
the pattern of low flows Is critical. For the purposes of thils sutdy,
the | og-Pearson Type |1l distribution was chosen, primarily to malntain
consistency with current prevall Ing practices. The |og-Pearson Type 111
distribution has been used extensively for flood flow analysis, and al so
for low-flow analysls by varlous agencies, Including the US5S and U.S.
EPA (U.S. EPA, 1986; Petsch, 1979). Distributions other than the |og-
Pearson Type Il may prove to be more appropriate for |law-flow analysis.
Al though extensive research In this area was beyond the scope of thlis
project, four distribution functions were evaluated. They Included the
normal, lognormal, Pearson Type 11l and |og-Pearson Type lIl. Flows

were transformed and were evaluated for goodness of fIt to each of the
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distributions using Chi-square and Shaplro-Wilk tests as described In a
previous report (Paul son and Sanders, 1987).

The |og-Pearson Type ||| distribution Is based on three statistical
parameters - mean, standard devliation, and skewness coeffliclent. The
distribution has a | Imited range In the left direction (zero) and
unl imited in the right directlion and is fitted to the logs of flow
values to normal ize the data. The most common way to fit this
distribution is to calculate frequency factors for given recurrence
Interval s and then to use the fol lawing equation.

og X = xlog + K(S, )

| og

where x = flow for a glven recurrence Interval T
§|Og = the mean of the logarithms of iow flows
5509 = the standard deviation of the logarithms of {aw flows
K = a frequency factor, which is a function of the coefficlent

of skewness of the logarithms of low flows and the
probabl| ity level and can commonly be found In tables (U.
S. Interagency Advisory Commlttee, 1982).

One difficulty with low-flow analysis by the log-Pearson type |11
distribution or any other distribution which uses the skewness as a
parameter s the cholce of a skew value to use. Generally, In flood
flow analysis the skew used In the |og-Pearson type Il distribution Is
a combination of the regional ized skew and the station skew.

Reglonal ized skews have not yet been developed for low flows in the
state of Colorado. Consequently, station skews based on the historical
record were used in the analysis. An alternative approach that has been

recommended Is to use zero for a skew value. The cholce of a skew val ue
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could have a signlflicant effect on the outcome of analysis and should be
consl dered further.

Low flows were analyzed on an annual, monthly, and seasonal basls
to def Ine frequency/duration statistics. Annual low flows were analyzed
by separating the period of record into cl imatic years (April 1 - March
31) and evaluating the |ovest flows for each year. Monthly flows were
analyzed in a simllar way except that an overl apping procedure was
devel oped to reduce the blas taward the middle of the month. This
procedure involved using flows fran the end of the previous month and
the beginning of the following one to calculate moving averages for a
glven month. For example, to calculate monthly 7-day mov ing average
flows for the month of September, flows occurring on August 29-31 and
October 1-3 were used to calculate 30 values for the month of September.
To cal cul ate 4-day moving average flaws, two days fram the end and
beginning of other months were used.

Months were grouped Into seasons using flow as the criterion.

Al though seasonal water and effluent qual ity may also be signlficant
criteria, the major focus of thls study was on flaws. Statlistlcs (mean,
medl an, standard deviation) for monthly 7-day flows and monthly 703
statistics were used to separate the months into high, low, and
transition flow seasons. The transition designation was given to months
that exhibited inconsistent flows fran year to year and could not be
grouped conclusively. The process used to defne |ow-flow seasons
conslsted of two or three steps. Flrst, the months were gliven Inltlal
seasonal designations based on flaw statistics. Second, low flows were

cal cul ated for each season and compared to verify that the seasons were
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appropriate. In some cases, a third step was required to adjust the
seasons to ensure that months were grouped correctly.
Blologlcal ly-Based Analysls

The general approach of the biologlcal ly-based technique Is to | ook
at the number of low-flow excursions (law flows below a lower | Imit or
design flow) that have occurred In the past to galn an understanding of
how many excursions are | lkely to occur In the future. A dally flow
record Is spl It Into low=flow perlods and | ow=flow excurslons are
counted for various low-flow limits. The flaw that Is chosen for the
design flow Is the maximum flow that results In no more than the al laved
nunber of excursions for the entire perlod of record, or no more than
one excursion every three years.

Low-flow perliods used for analysis by the U.S. EPA blologically-
based method are 120-day periods, rather than the more traditional
annual period. According to the U.S. EPA, low flows are expected to
occur In a certaln pattern grouped within a 120-day low-flow period
fol loved by a 120-day period of few, If any, low flows (U.S. EPA, 1986).
Each |ow-flow period begins with a low-flow excursion and | asts exactly
120 days. Depending on the pattern of low-flow excursions, the number
of days between low~flow periods may vary.

Within each 120 day Ilow-flow period, there may be one or more | aw=-
flow excursion events. An excursion event Is deflned as a sequence of
consecutive days where each day belongs to an x~-day average flow that Is
below the design flow (U.S. EPA, 1986). For example, I|f three 4-day
mov ing averages of a consecutive six day period are less than the design
flow, then those six days belong to a |aw=flaw excursion event. The

nunber of excursions In a low=flow event |s cal culated as the total
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number of days In the event divided by the duration (e.g. one day for
the acute and four days for the chronic flaw). The maximum number of
excursions to be counted for any gliven |low=flow perlod is filve. Glven
an allovable frequency of one excursion every three years, this provides
for no more than 15 years, on the average, for ecosystems to recover
fran severe stress caused by a drought.

The blol oglcal ly-based design flow calculations Is an [terative
oconvergence procedure that conslsts of flve basic parts (U.S. EPA,

1986). The parts are:

1. Determination of the allaved number of excursions, the number that
wlll produce an average of no more than one excursion every three
years, glven by the equation:

(al lowed excurslons) = (number of years of record)/(3)

2. Calculation of x-day (1-day for CMC, 4-day for CCC) running averages
from the record of daily flows.

3, Calculation of the total number of excursions of a specified flaw
for a glven flow record.

4. Determination of Inltlal laver and upper | Imits on the design flow
with the corresponding number of excursions fram Part Ill, and an
Initlial triali flow.

5. Cal;ulaflon of the design flow by successive Iterations using the
method of fal se position.

In certaln cases, values other than the standard ones given for
durations (1-day or 4-day) or frequency (once In three years) may be
used to calcul ate speclal user-defined fiaws. The criteria currently

used to justify a chronic duration longer than four days Is a relatively
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stable flow regime, represented by a coefficlient of variation of dally
flows that is less than or equal to one (U.S. EPA, 1986).

The above procedure Is carried out by computer program (U.S. EPA
prograns DFLOW or DESOON) used In conjunctlon wlith dlrect access to
STORET dalily flow record fliles. For the purposes of thls study, the
U.S. EPA computer program DFLOW (U.S.EPA, 1986) was used to cal cul ate
blol oglcal ly-based design flows. An IBM PC version of the program was
converted for use on the Cyber 205 and was used In conjunction with data
flles of UGS dally flow records.

Blol ogical ly-based flows were cal cul ated for acute (1-day duration)
and chronic (4-day and 30-day durations) conditions at each site. The
criterlon used to calculate the flows was an al lawable frequency of
occurrence of once in every three years, as recommended by the U.S. EPA.
Other frequencies may al so be used with the program.
Analysis of Low-Flow Events

Lov-flow events were al so analyzed with a simpl Ified version of the
U.S. EPA biological ly-based method, referred to here as excurslon
analysis. The excurslion analysis Invol ved the same basic principles as
the biologlcal ly-based approach - analysis of the patterns and durations
of low=flow excursions (low flows below a lawer | imit). With this
simpl [fled approach, excurslons were analyzed over the entire data
record as a whole rather than over 120-day low-flow periods as In the
U.S. EPA method. The purpose of this simpl Ifled excursion analysis was
to quantify the number of days wlithin each year with flows below a glven
threshold level and to help define the timing and | engths of low=flow

events.
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Two kinds of Information were developed with the excursion
analysls. Flrst, low-flow excursions below various frequency statistic
design flows were tailled over the period of record. The number of
excursions was set equal to the number of single days below the cutoff
level (1-day duration excursions). Excursions of 4-day and 30-day
durations were al so tallied for comparison purposes. Second, run
lengths were cal cul ated for each of the |ow-flaw events. A run |ength
was def Ined as the number of consecutive days with flows below a glven
level. The number of excurslions occurring within a given low-flow event
was calcul ated as the run length of the event divided by the duration of
the excurslon. For example, the number of 30-day excursions occurrling

In a run length of 35 days would be 35/30 or 1.17 excurslons,



Chapter 4 - Resul ts and Discussion

The dally flow records for each of the sites in this study were
analyzed for hanogenelty and for an approprlate distribution function.
Low-flow analysis was made for flows of 1-,4-,7-, and 30-day durations
to correspond to Instream aquatic | ife criterla based on acute and
chronic concentrations. Design flows were calculated with two different
methods - distribution-based frequency/duration statistics, and the U.S.
EPA biol oglcal ly-based method. Annual, seasonal, and monthly design
flows were cal culated and compared. Low-flow events were analyzed for
1-day excursions and for run lengths, The results of each type of
analysls follow, with specific illustrations given throughout the
chapter for various sites (primarily Englewood). Complete |ow-flow
analysis results for each of the sltes are given In the form of tables
and figures In the flnal report - Evaluation of Design Flow Criteria for

Effluent Discharge Permits In Colorado (Paul son and Sanders, 1987).

HOMOGENEITY

Many of the streams along the Front Range have been heavily
Influenced by man's actlvities and may exhlblit changes In the |aw-flow
regime or nonhamogenelties, as a result. Two approaches were used In
this study to Identify changes In |ow-flow characteristics - plots of
annual 7-day low flows versus time, (see Figure 4.1 for Littleton) and F
and t-testing for changes In variance and mean. The plots show a

varlety of patterns in annual low flows. Some sltes seem to exhiblit a



70

60

50
P
wn
('

A 40
=
(@)
&

30
=
(@)
. )

20

10

0

Figure 4.1,

|

56 58 60 62 64 66 68 70 72 74 76 78 80 82 84
CLIMATIC YEAR

Annual 7-day low flows versus time at Littleton.

8§



56

trend, while others appear to have cycles in low flows. The causes for
these patterns are unknown. They may be due to natural historical
weather patterns, or may Indlcate nonhanogeneltles in the data record,
al though this has not been confirmed statistically.

For most of the slites there seems to be a distinct period of lower
than average fiows from 1956-1965. A ranking of the annual 7-day low
flows by year at all of the sites indicates that 50-90 percent of the 10
driest years at each site occurred fran 1956-1965. Thls could well be
Indlcative of a dry low=flow period throughout the state of Col orado
during that decade. The results of the |ow-flow analysis show that the
classic 7Q10 was hardly ever experienced durlng the wet years of the
record indicating that this particul ar statlstic may be too stringent at
times, while during the dry period it was experienced quite a numnber of
times Indlcating that this may not be stringent enough.

Tests for the hanogenelty of fiow records at Littieton and
Engl ewood showed no signiflicant difference In varlances or means of |ow
flows at elther site before and after the construction of Chatfleld Dam.
Causative agents for step changes In the |low flow regimes at the other
sites In this study were lacking. As a result, the data were assumed to
be hanogeneous at each of the sites and a 30 year perlod of record was
utll ized where available. More work couid be done to Improve detection
of non~hamogenelties and methods to deal with non~hamogeneous records.

Thé treatment of cycles and trends Is an Important Issue in the
generation of |law-flow statistics. For analysis of data that exhiblts a
trend, It Is reasonable to select a subset of the total data set fraom
the most current data for analyslis. This subset should be sufflciently

large to provide a reasonable basis for law=flow statistical analysis
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(f.e. at least 10 years long). For data that appears to be cyclic, it
is more reasonable to use a longer data set (i.e. 30 years) with the
assumption that the longer period of record Is hanogeneous and more
accurately reflects the flow regime of the site.

At some sites, it Is difflicult to determine whether an apparent
change in the flow regime Is indlcative of a trend or cycle. Thls
di| emma makes the cholce of an appropriate period of record for analysis
very difficult. As mentioned, a number of the sites In thls study seem
to exhibit a "dry" period for the first ten years of analysis (1956-
1965). On the one hand, it would be easy to el Iminate the earl ler data,
since It appears to be dissimilar to the more recent data (non-
hanogeneous), and determine the {ow flow statistics with the more recent
"wet" years. On the other hand, for the "dry" period since the law flow
period could occur agaln, calculating the low flow statistics using the

dry year data will provide a margin of safety for the envIiromment.

DISTRIBUTION OF ANNUAL AND MONTHLY LOW FLOWS

The resul ts of distribution testing for annual 7-day low flows are
glven In Table 4.1. these results Indicate that, with the exception of
Henderson, annual 7-day low flows were normally distributed at all sites
using the Chl-square and Shaplro-Wilk test. Henderson flows falled the
Shaplro-wilk test at 5 percent level of signliflicance when no data
transformations were utll ized. Annual 7-day low flows at Henderson
appeared to have had a lognormal distribution.

Resul ts of distribution testing on monthly 7-day low flows are
shawn in Table 4.2. Low flows at Littleton, Englewood, Henderson, and

Fort Col | ins were normai ized with the Log-Wil son-Hil ferty
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Tabie 4,1, Rel ative scores of normal Ity testing using the Chl-square
Goodness~of=Fit and the Shapliro-Wilk Test on annual 7-day
low flows for the perlod of record at each sl te.

Log-
No trans- Logar- Wil son= Wiison=
Site formation ithmlic HI{ ferty HIl forty
A B A B A 8 A B

Littleton

Passed 1 1 1 1 1 1 1 1

Falled 0 0 0 0 0 0 0 0
Engl ewood

Passed 1 1 1 1 1 1 1 1

Falled 0 0 0 0 0 0 0 0
Henderson

Passeod 1 0 1 1 1 1 1 1

Falled 0 1 0 0 0 0 0 0
Boul der

Passed 1 1 1 1 1 1 1 1

Falled 0 0 0 0 0 0 0 0
Lyons

Passed 1 1 1 1 1 1 1 1

Falled 0 0 0 0 0 0 0 0
Longmont

Passed 1 1 1 1 1 1 1 1

Falled 0 0 0 0 0 0 0 0
Platteville

Passed 1 1 1 1 1 1 1 1

Falled 0 0 0 0 0 0 0 0
Fort Colllins

Passed 1 1 1 | 1 1 1 1

Falled 0 0 0 0 0 0 0 0

A = Chl-square goodness-of-flt test.
B = Shaplro-Wilk test for normal lty.
Passed = 5% signiflicance level.
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Table 4,2, Relatlive scores of normal ity testing using the Chl-square
Goodness-of=Fit and the Shapiro-Wilk Test on monthly 7-day
low flows for the perlod of record at each slite.

Log=-
No trans- Logar-~ Wil son= Wil son-
Site formation Ithmic HIl ferty Hil terty
A 8 A B A -] A B

LI+t eton

Passed 4 0 12 11 9 8 12 12

Falled 8 12 Q 1 3 4 0 0
Engl ewood

Passed 3 1 12 1 10 9 12 12

Falled 9 tH 0 1 2 3 0 0
Hender son

Passed 7 2 1 1 9 10 1 12

Falled 5 10 1 3 2 1 0
Boul der

Passed 9 10 1 12 12 1 11 12

Faill ed 3 2 1 0 0 1 1 0
Lyons

Passed 10 7 12 10 12 12 12 12

Falled 2 5 0 2 0 0 0 0
Longmont

Passed 9 7 12 12 12 12 12 12

Falled 3 5 0 0 0 0 0 0
Platteville

Passed 9 7 12 12 12 11 12 12

Falled 3 5 0 0 0 1 0 0
Fort Cotllins

Passed 0 0 12 10 2 4 12 12

Falled 12 12 0 2 10 8 0 0

A = Chl-square goodness-of-fIt test.
B = Shaplro=Wilk test for normal lty.
Passed = 5% signiticance level.
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transformation, while a Wil son-Hl| ferty transformation normai ized | ow
flows at Lyons. Hence, monthly low flows at the former sites may
approximate a Log-Pearson Type |11 distribution, while at Lyons, |ow
flovs may approximate a Pearson Type Il distribution. Monthly low flow
data at Boul der, Longmont, and Plattevilie appear to fit a |ognormal

dl stribution.

FREQUENCY STATISTIC DESIGN FLOWS

The resul ts of the annual |ow-flow frequency analyses are presented
In two formats - as tables and frequency curves for each slte (see Tabie
4.3 and Figure 4.2 for Englewood). Low-flow frequency statistics are
glven for durations of 1-, 4-, 7- and 30-days and recurrence intervals
of 2, 3, 5, 7, 10 and 15 years. As an example, the 7-day mov ing average
low flow occurring once every 10 years on the average (7Q10) fram Table
3.5 for Englewood Is 28 cfs. Below the annual frequency statistic table
Is a table of the annual low flows (Table 4.4). An annual low flow may
be defined as the lawest moving average of a given duration for any
glven year. The values In Table 4.4 were fit to a |og-Pearson Type ||
di stribution to produce the frequency statistic flows given In Table
4.3,

Frequency curves, which are plots of flor magnitudes versus
recurrence Intervals for 1-, 4-, 7- and 30-day durations, were prepared
for eacﬁ slte (see Figure 4.2 for Englewood). As the recurrence
Interval Increases, the slopes of the curves flatten out In every case.
This Is an Indication that the difference In magnltude between a 7Q2 and
a7Q@ flow Is much greater than the difference between a 7Q10 and 70Q15.

The frequency curve may be used with Interpol ation to approximate
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Table 4.3. Annual low flow frequency statistics
at Englewood.

Recurrence Low flow (cfs)

Interval Duration

(years) 1-day 4-day 7-day 30-day
2 43 48 52 61
3 35 40 43 53
5 30 33 35 44
7 27 30 32 41
10 24 26 28 36
15 22 25 26 34

Table 4.4. Annual low flows for each year of
record at Englewood.

Ci Imatic Low flow (cfs)

year Duration
(4/1-3/31) 1-day 4-day 7-day  30-~day
1956 27 33 35 38
1957 14 14 15 18
1958 54 68 71 78
1959 38 42 44 51
1960 27 31 33 49
1961 29 34 36 46
1962 92 114 119 133
1963 28 30 32 41
1964 19 22 26 44
1965 29 35 36 41
1966 60 65 67 85
1967 40 43 48 50
1968 48 54 60 87
1969 40 43 46 57
1970 66 69 73 99
1971 85 92 95 112
1972 47 65 66 72
1973 60 63 65 73
1974 44 55 64 104
1975 37 45 53 70
- 1976 38 40 44 51
1977 45 50 60 75
1978 45 47 50 58
1979 38 40 41 54
1980 43 47 51 64
1981 46 46 48 54
1982 38 40 43 54
1983 35 35 37 53
1984 73 75 76 87

1985 79 94 98 136
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frequency statistic flows of dlfferent recurrence Intervals than those
previously calculated. For example, a 3004 for Englewood may be
approximated as 48 cfs (Figure 4.2). In addition, frequency curves may
be used to def ine comparable annual frequency statistics, by drawing a
horizontal |Ine through the graph at a given flaw value. For example, a
line drawn through 40 cfs at Engl ewood shows that the same flow Is
approximated by a 1Q2.4, a 4Q3, a 7Q3.8, and a 30Q8.

The annual frequency statistic flows for 1-, 4=, 7- and 30-day
durations and 2, 3, 5 and 10 year recurrence Intervals were ranked fraom
low to high for each site (Table 4.5). The 1Q10 flow statistic Is
consistently the |lawest, follaoved by the 4Q10 or 1Q5. The 3002 and 30Q3
flow statistics are consistently the highest and second highest flows.
In general, the order of the ranked flows varies with the pattern of
low-flow events, AT some sites, duration Is a more critical factor In
determining flow magnltude and at other sites the recurrence interval Is
the critical factor.

A second comparison of annual frequency statistic low flaws Is
glven Iin Table 4.6. Percent Increases In flaw magnl tudes varied fram
slte to site. For acute 1010 and 1Q5 flows the average Increase over
all the sltes was 81 percent and ranged fram 36 percent to 175 percent.
The Increase In magnitude fram chronlic 7Q10 to 30Q10 flows average 59
percent and ranged fram 0 percent to 177 percent. Increases fram
chronic 7Q10 to 30Q3 flows averaged 160 percent and ranged fram 89
percent to 362 percent.

The period of record chosen for low-flow analysis had a significant
effect on the annual frequency statistic flaws. This was wel l-evidenced

at Englewood and Longmont. At these sites, analysis was conducted for



Table 4.5, Renking of annual lov flow frequency statistics.

Rank Littleton Engl ewood Henderson Boul der Lyons Longmont# Longmont## Piatteviliie Ffort Colilns
(1=low) cts stat cts stat cts stot cts stat cts stot cts stat cts stat cts stet cfs stat
1 10 1Q10 24 1010 17 M0 5.1 1010 0.8 1010 10 1Q10 12 1010 27 1010 0.9 1010
2 12 105 26 4010 22 4o 6.9 4010 1.2 4010 12 4Q10 13 4Q10 29 4010 1.2 105
3 12 4010 28 710 26 7Q10 7.2 105 1.3 7010 12 7Q10 14 7010 31 7Q10 1.3 4010
4 12 7010 30 105 27 105 8.4 7010 1.4 105 12 105 14 105 35 105 1.4 7010
5 13 405 33 4Q5 36 405 9.0 405 2.1 405 15 1Q3 17 103 38 405 1.4 30Q10
6 14 103 35 103 40 103 9.6 103 2.2 103 15 4Q5 17 405 40 7Q5 1.5 103
7 15 705 33 705 41 705 10.4 7Q5 2.4 7Q5 16 705 18 7Q5 42 103 1.5 4Q5
8 16 30010 36 30010 46 30010 11.5 4Q3 3.3 403 18 30010 19 30010 43 30Q010 1.6 703
9 17 102 40 4Q3 51 4Q3 11.7 102 3.6 102 19 1Q2 20 403 47 403 1.8 403
10 18 403 43 102 60 1Q2 12.7 703 3.6 30010 19 403 21 703 50 7Q3 1.9 102
1 19 703 43 7Q3 61 703 14.3 30Q10 3.8 7Q3 20 703 21 1Q2 53 1Q2 2.0 7Q3
12 22 4Q2 44 3005 67 3005 14.7 402 4.7 3005 22 3005 22 3005 55 30Q5 2.0 3005
13 22 3005 48 402 76 4Q2 16.1 702 5.2 402 23 4Q2 24 402 59 402 2.2 4Q2
14 25 7Q2 52 702 89 702 17.1 3005 5.9 702 25 7Q2 26 3003 64 702 2.4 7Q2
15 27 30Q3 53 3003 89 3003 20.1 3003 6.0 30Q3 26 300Q3 26 702 67 3003 2.9 300Q3
16 34 30Q2 61 3002 126 3002 24.1 3002 7.8 3002 30 3002 31 30Q2 83 3002 4.8 3002

®* values based on regression of dally flows.
%8 values besed on regression of log-transformed dally tlows.

¥9
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Table 4.6. Comparlson of annual frequency statistic low flows.

Percent Increase in flow magnltude®

1Q10 7010 30Q10 7Q10 7Q3 7Q10

Slte to 103 to 703 to 30Q3 +to 30Q10 to 30Q3 +to 30Q3
Littlieton 50 58 59 42 42 125
Engl ewood 46 54 47 28 23 89
Henderson 135 135 93 77 46 242
Boul der 88 51 40 70 58 139
Lyons 175 192 67 177 58 362
Longmont 50 67 44 50 30 117
Platteville 36 61 56 26 34 116
Fort Colllns 67 43 107 0 45 107

# Percent Increase = (larger flow -~ smaller flow) / smaller flow
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two different periods of record - a 30-year period fram 1956-1985 and a
10-year period fram 1976-1985. The results of the analysis are compared
In Table 4.7. The flows calculated with the shorter, more recent period
of record are consistently higher than the flows calculated with the
longer record. Thls dlfference averages about 30 percent and general ly
Increases with Increasing recurrence interval. The cause for this
signiflcant difference In flaw records can be rel ated to either natural
dry and wet cycles (dry years occurring in the first 10 years of
record), or to a trend in the fiow data., Careful analysis of these
factors should be Incorporated Into the cholce of a length of record for
low-flow analysls, as was discussed In the section on hamnogenelty of the
flow record.

Monthly frequency statistic |low flows are sunmarized in Table 4.8
for Englewood. The table includes design flaws for each month of the
year for 1-, 4-, and 7-day durations at 2, 3, 5 and 10 year recurrence
intervals. As an example, the monthly 7Q5 for August at Englewood Is
equal to 79 cfs. On the average, percent Increases fram one monthly
design flow to another (l.e. fram 1Q10 to 1Q3) are comparable to percent
Increases for annual flows given in Table 4.6. However, percent
Increases are greater for high flow months (e.g. June) than for annual
flows and less for law flow months (e.g. January).

Monthly 7-day low flows for each water year of record at Engl ewood
are presénfed In Table 4.9, The values In thls table are the low flows
that were fit to a log-Pearson Type ||| distribution to defline the
frequency statistlics given In Table 4.8. Examination of Table 4.9 and
simllar tables In the previous report for other sites (Paul son and

Sanders, 1987) shows how flows may vary fram one month to another on a
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Teble 4.7. Comparison of annual low flow frequency statistics usling two
difterent perlods of record at Englevood and Longmont.

Recurrence
Iinterval {=-day 4=day T=-day 30-day
(years) A 8 A B A B A B
2 43 44 48 46 52 49 61 60
3 35 40 40 41 43 45 53 54
5 30 36 33 38 35 41 44 51
10 24 34 26 36 28 38 36 49
b. Longmont (busoq on a regression of dally flows)
Recurrence .
Interval t=day 4=-day 7-day 30-day
(years) A B A B A B A B
2 21 26 24 28 26 30 31 34
3 17 22 20 26 21 27 26 30
5 14 20 17 23 18 24 22 27
10 12 18 13 21 14 22 19 23

A perlod of record 1956-1983
8 perlod of record 1976-1985



Table 4.8. Monthly low flow frequency statistics at Englewood.
7-day low tiow (cts) 4-day low flow (ctfs) 1-dey low flow (ctfs)

Month Recurrence Intervasl Recurrence Interval (years) Recurrence Interval (years)

2 3 H 10 2 3 10 10
Jan 67 56 48 41 65 55 47 40 62 53 46 39
Feb 69 58 50 42 66 56 48 41 63 53 46 40
Mar 74 61 52 44 79 58 350 42 67 55 47 40
Apr 107 78 58 43 101 74 56 41 93 67 50 37
May 246 159 110 77 230 148 102 70 204 130 89 60
Jun 234 144 94 60 212 130 as 52 188 113 73 45
Jul 186 137 95 63 162 120 84 35 133 98 69 47
Aug 159 112 79 54 150 101 71 47 130 89 63 43
Sep 76 56 43 32 69 52 40 30 64 48 37 28
Oct 67 50 40 32 63 48 38 31 62 47 37 28
Nov 73 62 52 46 70 60 51 45 66 55 48 43
Dec 70 62 52 46 69 59 51 43 66 56 49 43

89



Table 4.9. Monthly 7-day low flows for each year of record at Englewood.

Water year Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep
1955 24 45 38 37 38 34 34 110 62 40 261 130
1956 38 59 50 37 37 43 42 215 153 65 39 15
1957 18 41 37 33 37 41 62 270 1190 753 535 73
1958 86 158 95 74 78 71 217 585 307 123 53 44
1959 58 53 51 46 60 61 121 263 232 131 82 33
1960 82 75 63 61 71 94 483 485 245 222 43 36
1961 50 75 83 77 74 102 132 324 130 196 432 274
1962 278 338 150 119 180 155 286 229 282 195 72 35
1963 32 44 60 52 35 50 35 39 34 26 34 107
1964 46 61 68 50 50 58 105 196 118 145 72 40
1965 36 60 51 43 44 60 87 284 402 520 670 335
1966 190 117 80 76 85 66 99 109 85 72 84 49
1967 56 81 68 75 53 47 50 86 135 125 206 96
1968 72 96 86 81 as a3 97 198 154 165 213 108
1969 105 79 70 46 50 68 73 158 722 488 341 103
1970 137 308 219 169 119 126 314 2129 1461 597 220 143
1971 142 129 109 95 120 113 114 427 368 309 230 78
1972 66 75 78 84 82 70 68 17 239 153 139 65
1973 65 78 73 79 93 1RA 164 1143 981 461 268 64
1974 120 117 97 109 123 222 322 280 153 165 80 53
1975 88 75 15 76 78 79 82 186 352 531 236 119
1976 44 48 64 78 74 74 78 121 100 247 220 113
1977 89 87 88 78 60 64 102 153 60 72 122 58
1978 50 55 58 58 60 36 47 78 53 121 104 48
1979 55 49 41 46 61 63 151 253 493 226 105 51
1980 54 67 84 85 112 100 175 2155 1203 407 166 53
1981 48 71 64 54 62 64 59 115 48 69 74 89
1982 77 54 37 56 46 43 37 79 94 138 305 248
1983 141 59 59 33 48 136 405 1887 2259 845 556 92
1984 76 93 115 107 140 154 292 1393 758 312 664 265
1985 529 281 208 112 98 110 182 1214 572 393 2717 64

69
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falrly consistent basis. For example, at Englewood, the average of
monthly 7-day low flows for January Is 72 cfs and for June Is 398 cfs.
Al though flows vary fram month to month there may be even more
significant differences fram year to year. The month of June at
Englewood Is a good example, with 7-day iow flows ranging fram 34 to
2259 cfs. Flgure 4.3 provides a graphlcal Il|lustration of the
differences In frequency statistic flows fram one month to another at
Englewood. The flgure Inciudes four bars for each month of the year
which glive monthiy 7-day low flows at 2, 3, 5 and 10 year recurrence
Interval s.

Monthly low flows for this study were calculated using an
overl apping procedure as described In the methods chapter This
procedure produced values that differ from values cal cul ated wlthout
overl apping. The differences In monthly 7-day low flow frequency
statistics at Littleton with and without overl apping are [llustrated in
Table 4.10. In general, with the overl applng procedure, monthly low
flows for each year had |ower means, smaller standard dev iations and
varylIng skews when compared to low flows cal cul ated without overl appl ng.
The frequency statistic flows In Table 4.10 are similar, with values
occasional ly higher with overl apping but more often lower, particularly
for high flow months.

In most cases, monthly frequency statistic flows are higher than
annual frequency statistic flavs. Percent Increases of monthly 7Q10
flows over annual 7Q10 flows are given for each month at five sites In
Table 4.11. The Increases range fram 0 percent for several months at

Fort Collins to 1914 percent for the month of June at Fort Coll Ins.
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Table 4.10,

Comparison of monthly 7-day

(with and without overlapping) at Littleton.

low flow frequency statistics

7-day low flow (cfs)
Recurrence Interval (years)
Month 3 5 10

A B A B A B A B
Jan 32 32 25 25 20 20 15 16
Feb 34 36 27 29 21 23 16 18
Mar 39 43 30 34 24 25 18 19
Apr 65 76 44 51 31 35 21 24
May 162 198 97 114 62 70 39 42
Jun 154 168 94 102 62 66 40 42
Jul 157 164 107 112 75 79 50 53
Aug 130 145 87 103 61 70 40 47
Sep 52 54 38 40 28 29 20 21
Oct 40 39 28 27 21 20 15 15
Nov 38 38 31 30 24 25 21 21
Dec 34 35 26 27 21 21 17 17

A calculated with overlapping.

B calculated without overlapping.

¢L



73

Table 4.11. Comparison of monthly to annual 7Q10 flows.,

Month ) Increase of monthly over annual 7610'51
Englewood Boulder Longmont Fort Colllins

Jan 46 31 42 0
Feb 50 90 58 0
Mar 57 114 42 21
Apr 54 126 42 0
May 175 233 67 29
Jun 114 590 358 1914
Jul 125 662 358 1507
Aug 93 328 275 429
Sep 14 221 175 50
Oct 14 67 67 7
Nov 64 55 75 0
Dec 64 126 75 0

- —— -———

*Percent Increase = ((monthly) - ?annual)j_x 100 / (annual)
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Months were grouped Into seasons to cal cul ate seasonal design flows
at four sites - Englewood, Boul der, Longmont and Fort Collins. The year
was separated into two to four seasons of |aw, transition or high flow
months, depending on the speciflc flow characteristics of each site.

The statistical criteria used to group the months Into seasons at

Engl ewood are summarized in Table 4.12. The selection of flaw seasons
using these criteria Is a relatively subjective trial and error process.
Once an Initlal selection was made, seasonal flows were cal culated and
compared to check the approprlateness of the seasons. Where necessary,
months were regrouped Into more appropriate seasons.

For the sites analyzed, the grouping of months Into seasons varled.
Low season months consistently Included December, January, February, and
March. At some sites, September, October, November, April and/or May
were al so grouped with the | ow season. High season months included May,
June, July and August. The only month that was consistently high at
each of the four sites was June. Transltlion months Included March,
April, May, August, September, October and November. The defInition of
low-flow seasons Is a slte-speclfic process and should be based on
characteristics at a given site. In thils study, the grouping of months
was based on flow alone. Other factors that should be considered in the
def Inl tlon of seasons for discharge permitting include varlation fram
month to month In effluent quantity and qual ity and Instream water
qual ity.

Seasonal 7-day low-flow frequency statistics at 2, 3, 5 and 10 year
recurrence Intervals at Englewood are given In Table 4.13 with seasonal
low flows for each year glven belaw In Table 4.14. The critical

Importance of how months are grouped Is illustrated In Tables 4.13 and
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Table 4.12. Monthly 7~day low fiow statistics used to group
months Into seasons at Englewood.

Flow (cfs) Monthly Seasonal
Month Season Mean Medl an SD#® 703 703
Jan L ow 72 75 29 56 45
Feb Low 76 71 34 58 45
Mar L ow 84 70 41 61 45
“Apr Transition 146 102 116 8 78
May  HIgn 493 229 19 159 80
Jun High 434 239 511 144 80
Jul Hligh 268 195 213 137 80
Aug High 223 206 181 112 80
sep Lo 99 13 18 56 a5
Oct L ow 95 66 97 50 45
Nov Low 98 75 75 62 45
Dec Low 82 70 42 62 45

* Standard devlation
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Table 4.13. Seasonal 7-day low flow frequency statistics
at Engl ewood.

Recurrence Low flow (cfs)
Interval Low Transition High High*
(years) (Sep=-Mar) (Apr) (May-Aug) (Apr=Aug)

2 54 107 11 78
3 45 78 80 60
5 37 58 60 49
10 30 43 44 40

*Based on iwo seasons only, low and high,

Table 4.14. Seasonal 7-day low flows for each year
of record at Englewood.

Low flow (cfs)
Year Low Transition High High*
(ending) (Sep=-Mar) (Apr) (May-Aug) (Apr=Aug)

1956 37 42 39 39
1957 15 62 270 62
1958 71 217 53 53
1959 44 121 82 82
1960 33 483 43 43
1961 36 132 130 130
1962 119 286 72 72
1963 32 35 26 26
196 4 46 105 72 72
1963 36 87 204 87
1966 66 99 72 72
1967 47 50 86 50
1968 72 97 154 97
1969 46 73 158 73
1970 103 314 220 220
1971 95 114 230 114
1972 66 68 117 68
1973 65 164 268 164
1974 64 321 80 80
1975 33 82 186 82
1976 44 78 100 78
1977 60 102 60 60
1978 50 47 53 47
1979 41 151 105 105
1980 3 175 166 166
1981 48 59 48 48
1982 43 317 79 37
1983 48 405 556 405
1984 76 292 312 292
1985 98 182 277 182

*Based on two seasons only, low and high,
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4,14, Seasonal flows for two different sets of seasons were cal cul ated
with the first set Including | ow (September-March) and high (Aprii=-
August) seasons and the second set adding a transition season (April).
When Aprii Is grouped in the high flow season, the high season flows are
much |aver than when April Is not Included In that season (e.g. 7Q2 of
78 cfs compared to 111 cfs). The reason for this signiflcant difference
Is lllustrated In Table 4.14. The lowest flows for the high flow
seasons (Aprll=August) may occur In elther April or May-August,
depending on the year. When April Is grouped with May-August, the
lowest flow In elther season is chosen. Comparison of the |ast three
col umns of Table 4.14 [|lustrates this polnt.

A comparison of monthly, seasonal, and annual frequency statistic
low flows shows that annual flows are consistently less than or equal to
seasonal flows which are consistently less than or equal to monthly
flows (Figure 4.4). This pattern Is due to the varlation of flows fram
one month to another and to the occurrence of minimum flows In different
months, for varlious years. The reasoning for this Is simllar to that
given above for seasonal flows. The |owest values occurring In a year-
long period are used to calculate annual statistics and will almost
always be |lower than any single monthly |low=-flow statistic which Is

based on the |lowest flows occurring within a much shorter period.

BIOLOG ICALLY-BASED DESIGN FLOWS

Design flows were calculated with the U.S. blologlcal ly~-based
method for acute (1-day duration) and chronlic (4~ and 30-day durations)
concentrations at all the sites. The values are given In Tables 4.15-

4.17 along with comparable frequency statlistic flows and percent



Flow (cfs)

80
— Monthly 7QIOdesign flow

- === Seqasonal 7QIO design flow

— .= Annual 7Ql0design flow
“F
40

ey i —— U G s
20}
0 N 1 1 [ [ [ '} [ . 1 [
JAN FEB MAR APR MAY JUN JUL AUG SEP ocT NOV OEC
Month

Figure 4.4, Comparison of monthly, seasonal, and annual 7Q10 flows for Englewood.
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Table 4.15. Blologlically-based acute design flows and comparison to

1010 flows,
Blo-based
Site 1010 Number of 1=-day Number of § DIfference
(acceptabile flow 1-day 3-yr tlow 1-day In flows®
no of excs) (cts) excurslions (cts) excurslons
Littleton 10 9 10.0 9 0.0
(10,17)
Eng! ewood 24 10 26.0 10 7.7
(10.17)
Henderson 17 16 12.0 9 -41,7
(10.,17)
Boul der 5 1 6.0 3 16.7
(3.49)
Lyons 0.8 19 0.5 5 -60.0
(10.17)
Longmont 10 13 9 10 =11.1
(10.17)
Plattevilie 27 11 26.0 8 -3.8
(10.172)
Fort Collins 0.9 3 1.3 3 30.8
(3.17)

® § Difterence = ((1-dey 3~yr flow) = (1Q10)) # 100 / (1~-day 3-yr flow)

Table 4.16 . Blologlcally-based chronic design flows and comparison to

7010 flows.
Blo~-based
Site 7010 Number of 4=~day Number of 3% DIfference
(acceptable tlow 4-day 3=yr tlow 4-day In flows®
no of excs) (cts) excursions (cts) excursions
Littieton 12 16.25 10.7 8.50 =-12.1
(10.17)
Engt ewood 28 10.00 29,9 10,00 6.4
(10.17)
Hender son 26 17.25 15.9 10.00 -63.5
(10.17)
‘Boul der 8 5.00 6.9 2,75 -15.9
(3.49)
Lyons 1.3 21.00 0.8 9.50 -62.5
(10.17)
Longmont 12 20.00 10.8 10.00 =11.1
(10.17)
Platteviile 31 15,50 27.9 9.50 “11.1
(10.17)
Fort Colllins 1.4 1.50 1.5 3.00 6.7
3.7

® 4 Difference = ((4-day 3-yr flow) = (7Q10)) * 100 / (4-day 3-yr flow)
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Table 4.17 . Blologlicaliy-based chronlic design flows based on a 30-day
mov ing average and comparlison to 30010 flows.
Blo-based
Site Coefficlent 30010 Number of 30-day Number of $ Difference
(acceptable of flow 30~-day 3-yr flow 30-~day In tlows®
no of excs) varlation {cts) axcurslons (cfs) excurslons
Littleton 1.84 17 11.07 16,3 10.17 =3.1
(10.17)
Englewood 1.77 36 4.17 38.3 10.17 6.0
(10.17)
Henderson 1.52 46 13.03 43.0 8.67 =-7.0
(10.17)
Boul der 1.38 14 3.30 14.8 3.47 5.7
(3.49)
Lyons 1.61 3.6 15.83 2.5 9.80 -44,0
(10.17)
Longmont 1.51 18 17.93 15.7 9.63 -86.2
10.17
Platteviile 1.51 43 8.57 44.5 10.17 3.4
(10.17)
Fort Collins 2.82 1.4 0.00 1.9 3.17 -27.3

(3.17)

# % Ditference = ((30~-day 3-yr flow) = (30Q10)) ®* 100 / (30-day 3-yr flow)
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differences. The flow statistic used to compare to the acute 1-day, 3-
year flow was the 1Q10. The chronic 4-day, 3-year and 30-day, 3~year
flows were compared to the 7Q10 and 30Q10, respectively. The number of
acceptable and actual excursions are also | Isted for each flow.
Excursions are def Ined differently for each type of calculatlon (acute
and chronic) as described in the methods section.

Acute 1-day 3-year design flows were similar in magnltude to the
1010 or 1Q15 frequency statistic flows. Chronic 30-day 3-year flows
were approximated by 30010 or 30015 flows. These flindings correspond
closely to the resul ts of an EPA study which analyzed 60 streams across
the nation, Including a number In this region (U.S. EPA, 1986). In four
out of elght cases, or 50 percent, the 1Q10 flow was higher than the 1-
day, 3-year flow. Thls compares to 65 percent of 60 streams tested In a
recent EPA study (U.S. EPA, 1986). The 7010 flasr was higher than the 4-
day, 3-year flow at six out of elight sites or 75 percent, as compared to
77 percent In the EPA study. The 30010 flow was higher than the 30-day,
3~year flow In filve out of elght cases or 62 percent, as compared to 0
percent In the EPA study.

Coefficlents of varlation based on the complete daily flow record
were calcul ated at each site and are | Isted in the first column of Table
4.17. The values range fram 1.51 to 2.82 and are within the range of
values for the 60 rivers In the EPA study (U.S. EPA, 1986).

Coefficlents of variation as mentioned previously have been used as
criteria for determining whether or not 30-day flows may be used in
place of shorter duration flaws for chronic flow calculations. A low
coeffliclent of varlation Is considered Indicative of a relatively stabie

flow regime. |In the EPA report, a coefficient of varlation of
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approximately 1.0 or below was used to define sets of flaw data
appropriate for a 30-day averaging period Instead of the four day
averaging period. According to this criterion, none of the sites in

this study had a flow regime approprliate for a 30-day averaging period.

EXCURSION AND RUN LENGTH ANALYSIS

The analysis of low-flow events based on 1-day flows below a given
annual or monthly flow (1-day excursions) was used to help def ine the
patterns and durations of such events for various | ow-flow statistics.
Four- and thirty-day excurslons were al so calculated for comparison at
one site. The analysis of one~day excursions may be used to hel p sel ect
an apprpriate acute design flow (1-day duration). The one-day
excurslons are not as useful for selecting a chronic design flow, which
Is of a longer duration (e.g. 4-, 7~, or 30-days). Four- or thirty-day
excurslions may be used to help select an approprlate chronic design
flow, but run lengths, which are discussed in the next section, provide
more Information and are thus more useful for that purpose.

The resul ts of the 1-day low-flow excursion analysis are summarized
for Englewocod In Table 4.18. The number of excursions for each year of
record Is given for six different annual flovrs, iwo acute and four
chronic. Total numbers of years and days wlth excursions are | [sted at
the bo1'_1'cm of the table. WIth reference to Table 4.18, 1t can be seen
that the flow of the South Platte at Englewood did not go lower than any
of the various design annual flows in the years 1984 and 1985. However,
In 1964 there were seven excursions belaw the 1Q10 of 24 cfs, and 100

excursions the 3003 of 53 cfs, almost one In every three days.
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Table 4.18. One-day low~flow excurslions at Englewood.

Number of excurslons for a glven annual flow®

Climatlc Acute flows Chronlc flows
Year 19010 1Q3 7010 30010 7Q3 300Q3

(4/1-3/31) (24 cfs) (35 cfs) (28 cts) (36 cfs) (43 cfs) (53 cfs)
1956 0 12 2 16 74 145
1957 41 63 47 69 169 232
1958 0 0 0 0 0 0
1959 0 0 0 0 4 40
1960 0 9 1 9 15 22
1961 0 5 0 6 19 33
1962 0 0 0 0 0 0
1963 0 18 0 18 36 79
1964 7 26 17 28 41 100
1965 0 4 0 8 46 96
1966 0 0 0 0 0 0
1967 0 0 0 0 3 38
1968 0 0 0 0 0 2
1969 0 0 0 0 2 11
1970 0 0 0 0 0 0
1971 0 0 0 0 0 0
1972 0 0 0 0 0 1
1973 0 0 0 0 0 0
1974 0 0 0 0 0 2
1975 0 0 0 0 4 9
1976 0 0 (1] 0 5 29
1977 0 0 0 0 0 3
1978 0 0 0 0 0 11
1979 0 0 0 0 9 76
1980 0 0 0 0 0 11
1981 0 0 0 0 0 24
1982 0 0 0 0 8 48
1983 0 1 0 4 6 24
1984 0 0 0 0 0 0
1985 0 0 0 0 0 0

Years with

excurslons 2 8 4 8 15 22

(30 total)

Days wlith

excurslons 48 138 67 158 441 1036

(10958

total)

*Excursion = single 1-day flow below a given level.
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Summarles for one-day excursions for all the sites are given In
Tables 4.19 and 4.20 as percent of total years and total days wlith
excursions, respectively. The number of years wlith excurslons ranges
from 3 to 82 percent. The average number of years with excursions over
all the sites are: acute flows - 1010 average 11 percent, 1Q3 average
31 percent; chronlc flaws - 7Q10 average 20 percent, 30Q10 average 47
percent, 7Q3 average 49 percent, and 30Q3 average 74 percent. The
number of days with excursions varies fram 0.1 to 13.4 percent with the
following averages: acute flows- 1Q10 average 0.25 percent, 1Q3 average
1.1 percent; chronic flows - 0.5 percent, 30010 average 1.9 percent, 703
average 3.2 percent, and 30Q3 average 9.0 percent,

An analysis of excursions below monthly frequency statistic flows
for each month of the year showed many more excursions bel ow monthly
flows than below annual flows (Tables 4.21 and 4.22). The Increase In
the number of excursions ranged fram 500 percent to 850 percent. The
reason for the Increase [s that the cumul ative probabil Ities of iaw
flows occurring within each of 12 months are much greater than the
single probabll ity of a law flow occurring within a given year. The
Impl lcation of this analysis Is that a more restrictive monthly flow
statistic I's required to provide a comparable level of protection to
that provided by a glven annual statistic. A comparable level of risk
for excurslons below an annual 7Q10 frequency statistic would be
provided by a monthly 7Q115 statistic. A monthly 7Q115 flow may be
higher or laver than an annual 7Q10, depending on the month.

The use of a monthly flow statistic for dilutlon purposes may be
qul te effective In using the natural assimilative capaclity of a river

during higher fiows. During high flaws |ess treatment would be required
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Table 4.19, Percent of years wlth one-day low f!low
excurslons for the period of record.

Percent of yea;s wlth one-day excursions®
Slte Acute flows Chronic flows
1010 1Q3 7Q10 30Q10 7Q3 3003

Littieton 3 33 17 73 57 73
Engl ewood 7 27 13 73 50 73
Henderson 10 30 27 30 50 70
Boul der 18 27 27 54 36 82
Lyons 17 27 20 43 43 70
Longmont 13 27 20 47 50 77
Platteville 10 30 13 33 47 67
Fort ColllIns 11 44 22 22 56 78

*Excurslon = single 1-day flow below a glven level.

Table 4.20. Percent of days with one-day low flow
excurslions for the perliod of record.

Percent of days wlth one-day excurslions®*
Site Acute flows Chronic flows
1Q10 103 7010 30010 7Q3 30Q3

Littleton 0.3 1.7 0.6 2.5 3.5 8.8
Engl ewood 0.4 1.2 0.6 1.4 4.0 9.4
Henderson 0.3 1.1 0.6 1.6 4.2 12.9
Boul der 0.1 0.6 0.3 2.9 1.6 6.3
Lyons 0.3 0.9 0.7 1.7 1.8 5.0
Longmont 0.2 1.5 0.5 2.9 4.0 8.5
Platteville 0.3 1.7 0.5 1.8 3.4 8.0
Fort Collins 0.1 0.3 0.2 0.2 3.5 13.4

*Excursion = slnglg 1-day flow below a glven level.
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low flow excursions below monthly 7Q10 flows.

Total number of excurslonst®

Month Engl ewood Boul der Stzzgmonf Platteville Fort Coll Ins
(30 Years) (11 Years) (30 Years) (30 Years) (9 Years)
Jan 46 11 54 53 0
Feb 31 14 39 35 0
Mar 27 28 54 60 0
Apr 30 13 41 22 0
May 29 4 23 31 0
Jun 30 17 47 20 9
Jul 47 8 26 35 22
Aug 26 2 32 36 14
Sep 41 16 43 66 10
Oct 30 12 50 38 7
Nov 15 10 25 37 0
Dec 47 13 36 48 1
*Excursion = single 1-day flow beiow a glven level. T
Table 4.22. Comparlison of one-day low flow excurslons
below monthly and annual 7Q10 flows.
Total number
Fl ow of excurslions® Percent of days
record Monthly Annual Monthly Annual
Site (years) 7Q10's 7010 7010's 7010
Engl ewood 30 397 67 3.6 0.6
Boul der 11 148 25 3.7 0.3
Longmont 30 470 52 4.3 0.5
Ptatteviile 30 481 58 4.4 0.5
Fort Collins 9 63 6 1.9 0.2

*Excurslon =

single 1-day flow below a glven level.
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at the point of discharge while still maintalning malnstream uses.
However, in order for the use of a monthly deslgn flow to be acceptable
It must allow protection of the aquatic system and stream uses at a
level of, at least, the conventlional 7Q10 using annual val ues.

Using the concept of equal Ity of risk, the recurrence Interval for
the monthly flow can be determined. The assumptions made are:

1) 10 years of dally flow;

2) Monthiy data are Independent; and

3) Equal Ity of the risk of one or more excursions In a 10 year
perlod.
The risk for one or more excursions of the 7Q10 Is found using the

equation given below:

R=1-(1-%-)N
R

risk of one or more excursions In N outcomes

where: R

=
]

number of outcomes, 10 when analyzing annual data and
120 when analyzing monthly data
TR = recurrence [nterval of the flow.
For the risk of one or more excursions of the 7Q10:
R=1-(1-1910-0.5.
10
This means there Is a 65 percent chance in the next ten years that
there will be one or more flaws | ess than the 7Q10. Equating the level

of risk to monthly flaws and solving for the monthly recurrence interval
1= -2

R
TR = 114.81 years

0.65

As a result of this analysis, the 70115 flaw should be calculated for

each month to malntain equal risk of excursions. This would then be
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used as the design flow avallable for dllution. [t should be noted that
estimation of an 115 year recurrence Interval flow fram only 30 years of
data or less will requlire extrapolation of the data Increasing more
uncertalnty in the resul ts as compared to estimating a 10 year
recurrence interval flow which requlres Interpol ation of the data and
less uncertainty In the resul ts.

The monthly recurrence Interval could al so be determined by
assuning equal risk with the annual flow that one or |ess excurslons
occur In a ten year period. This risk Is equal to the probabli Ity of no
excursion of the 10 year filow In 10 years (0.35) plus the probabll Ity of
only one excursion In 10 years (0.39). The monthly recurrence Interval
which wiil theoretically have the Identical risk Is approximately 120
years, It would appear that the difference of the recurrence intervals
are sufficlently snall when considering the problem of uncertainty in
the data analysis that the 115 year recurrence Interval should sufflice.

Run lengths of |low-flow events, or the number of consecutive days
with flovs below a given level, were calculated at each of the sites for
two acute floaws (1Q10 and 1Q3) and four chronic flaws (7Q10, 7Q3, 30010,
and 30Q3). The results for Platteville are given In Tablie 4.23. For
comparison purposes, run |lengths below the annual 30Q3 flow for all the
sites are glven In Table 4.24. Median run lengths belaw the 30Q3 In
Table 4.24 range fram two to four days at each of the sltes as fol laws:
two days - Boul der and Lyons; three days - Littleton, Engl ewood,
Henderson and Fort Collins; four days - Longmont and Plattevillie.

The run length analysls may be used to eval uate the approprlateness
of varlous chronlc or acute design flows for use In dilscharge

permitting. Glven specific criteria for the allowable duration of the
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Table 4.23 . Run lengths of low-flow events for the period of record at Platteviile
(1956-1985) .

1010 103 7Q10 7Q3 30010 30Q3
(27 cts) (42 cts) (32 cts) (50 cts) (43 cfs) (67 cts)

Run Number Run Number Run Number Run Number Run Number Run Number
fength of runs length of runs Jength of runs length of runs length of runs length of runs

(days) (days) (days) (days) (days) (days)
1 2 1 5 1 2 1 9 1 7 1 23
2 2 2 7 3 | 2 10 2 4 2 14
5 1 3 3 4 1 3 4 3 4 3 7
17 1 4 8 5 2 4 4 4 6 4 6
19 1 5 3 7 1 5 4 5 3 5 5
6 1 13 1 6 1 [ 2 6 4
7 1 19 i 7 3 7 ! 7 4
8 1 8 1 8 2 8 1
9 1 9 2 9 2 9 3
13 1 10 2 13 1 10 2
15 1 i ! 19 1 11 3
25 1 12 2 23 | 12 3
26 1 13 2 26 1 13 2
17 1 15 !
18 1 16 1
20 1 17 1
27 1 23 1
29 1 26 !
47 1 30 1
31 1
33 1
34 1
40 1
42 1
50 1
52 1

53 1
81 !




Table 4.24, Run lengths of low flow events tor fiows below the annual 3003 for the perlod of recora.

Littiston Engl ewcod Henderson Boul der Lyoans Longmont Pliatteviile Fort Collins
(1956-19085) (1856-1985) (1956-1983) (1961-1920) (1956-1985) (1956-1985) (1856~-1985) (1927-1983)
Run Number Run Number Run Number Run Nuaber Run Nusber Run Number Run Number Ren Nusber
length of runs length of runs length of rurs length of runs I(ength of runs length of ruas length of runs length ot runs
(days) t{deys) {days) (days) (days) (days) {days) toeys)
1 43 1 41 1 26 1 6 ] 51 1 30 t 23 1 17
2 21 2 18 2 18 2 7 2 23 2 " 2 14 2 ]
3 17 3 15 3 12 3 3 3 14 3 7 3 7 3 3
4 8 4 7 4 7 4 2 4 [} 4 " 4 6 4 4
3 6 5 12 H H] 5 3 5 2 H) 5 H 5 5 2
6 7 [ 8 6 3 6 2 6 4 6 H [ 4 [ 2
7 6 ? H 7 2 [} ] 7 2 7 3 7 4 7 2
] 5 8 2 8 4 9 1 8 1 [] 3 8 1 8 2
9 3 9 4 9 4 10 1 ® 2 9 3 ] 3 10 2
10 3 10 1 10 2 " 3 10 3 10 3 10 2 12 3
1 1 13 4 1 5 13 1 " 2 1" 1 1" 3 13 1
13 2 12 3 12 1 17 1 12 1 12 H 12 3 17 1
14 1 13 6 13 2 43 1 15 1 13 1 13 2 23 1
15 1 14 3 14 2 16 2 16 1 15 1 24 ]
16 3 15 2 15 3 8 1 18 2 16 1 40 1
7 3 16 1 16 4 2 2 2 1 k) ] 70 1
8 1 17 1 20 1 23 1 22 1 23 ! 93 )
"9 1 18 1 20 1 24 1 27 1 26 ¥
20 ] 19 2 25 1 29 1 30 1 30 1
22 ' 22 1 29 L} 50 1 32 2 31 1
28 1 34 1 33 ] 30 1 33 1
33 1 55 1 37 1 43 1 34 1
46 1 kAl 1 78 1 45 1 40 1
50 1 137 ] 87 1 m 1 42 1
51 1 51 1 108 1 116 1 50 1
129 1 129 1 138 1 52 1
203 1 53 1

06
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design flow and frequency of excursions below the design flow, one can
select a flaw that will meet these requirements. For example, at
Platteville, the number of 30-day excursions below the 3003 is equal to
14.87 (81/30 + 53/30 + 52/30 + 50/30 + 42/30 + 40/30 + 34/30 + 33/30 +
31/30 + 30/30). |f the criterla were for a chronic design flow duration
of 30 days and a frequency of occurrence of once every three years, then
for a 30-year period, 30/3 or 10 excursions would be allowed. In thls
case, the 3003 flaw would not be acceptable. If the criterla were once
every two years, however, 15 excurslons would be alloved over a 30-year
and the 3003 would be sufficlient. Thls kind of analysis can be appl ied
to other sltes with varlous duration and frequency criteria to define

appropriate chronlc design flaws.



Chapter 5 -~ Proposed Guldel Ines for Computing Design Flows
The calculation of design flows should fol law a standard set of
procedures to ensure consistency and falrness in the devel opment of
NPDES permits. Thls chapter Includes an evaluation of existing
analytical methods and selection procedures for design flows, fol lowed

by a set of recommended guldel ines.

DISCUSSION OF ANALYTICAL METHODS

The methods used to calculate design flows are still in the process
of devel opment, Flood flas analytlical methods have been appl ied to | ow=
flow analysis with only |imlted success. The devel opment of analytical
methods speciflically suited to law flows and the determination of design
flows Is an area where further research Is required. The analysis of
fow flows In this study reviews saome of the exlsting | aw-flow methods,
deflnes a few new approaches and points out a number of problems and
areas requlring further research.

Sel ectlon of an adequate data set Is an important prerequisite to
val id analysis. The period of record recommended for |ow-flow frequency
analysis In the | iterature is 30 years of dally flows. Periods of
record shorter than 30 years may be suffliclent for blologlcal ly-based
analysis. The hamnogeneity, or consistency, of the data set over time Is
an Important consideration. Non-hamogeneous data sets can produce

resuj ts that are not representative of existing flow condltions.
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Unfortunately, It Is often difficuit to separate trends due to man-
Induced changes In the enviromment fram natural cycles that are Inherent
In the flow regime. Further research Is needed to define specific tests
and criterla to identify non-hanogenelties more conclusively. Where
data are nomhamogeneous or where long periods of record are not
avallable, ten years of data may be used to produce val id resul ts.

A major problem in securing an adequate data set for the analysls
of design flows Is that flow gages are not of ten |ocated Just upstream
of the point of discharge where the calcul ations must be made. The
adjustment of data records by regression analysis or water bal ance
procedures to transfer information to a polnt of interest Is an
uncertaln sclience at best. Additional research Is requlired to devel op
model s capable of transfering data to locatlions that are ungaged or have
short periods of records The work In thils study at the three sites with
Insufflclent data records has shown the critical Importance of selecting
an approprlate model to transfer data accurately. Data fram the nearest
gage may not represent flow condltions at the point of interest and the
resul Ting errors In the analysis should be considered. In some cases,
It has been shawn that the range of values for the design flows analyzed
was within the range of differences between the data sets alone. It Is
highly recommended that dischargers begin to collect flow data upstream
fram the point of dlscharge where gaging stations are missing. This
Information will enable more accurate estimates of actual flows and may
reduce the margins of safety that are factared Into a regression or
water bal ance analyslis.

Errors In the data record due to measurement and rating curve

Inaccuracies at gaging stations should be recognized In the analysis.
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At very low flows, where design flows are calculated, errors may be
signiflcant. To account for these errors, design flows should be given
as estimates only as accurate as alloved by the errors. With more
research, [t may be possible to attach error bounds to estimates of
design flows. Permit |imlts could be made more flexible to reflect
these potential ranges of error as well.

Once an adequate data set has been secured, there are a varlety of
methods that can be used to analyze the data. |In this study, three
types of analysis were appl led: frequency/duration, blologlcally-based,
and excursion analysls.

There are a number of drawbacks to the use of mathematically
def Ined freguency/duration statlistics to calculate design flaws. First,
the estimate of a distribution function that flts |ow-flow data Is
difflcult. The log=-Pearson Type || dlstribution has been appl led
widely In both flood and |aw-flow frequency analysis. However, the
resul ts of this study have shown that the | og-Pearson Type |1l
di stribution did not fit annual |ow-flow data at any of the sites tested
and fit monthly data at only a few of the sites. Normal or |og-normal
distributlions were more approprlate In a nunber of cases. No one
distribution was adequate to cover all the sltes for both annual and
monthly flows. The use of an Incorrect distribution functlion to analyze
the flow data can Introduce signiflicant errors, but It may requlre
extensive statistical analysls to avoid such probiems.

Another source of error In frequency analysis Is the viol ation of
necessary statistlical assumptions of randomness and |ndependence of
events, These assumptions are often violated by serlally correl ated

annual or monthly low flows. Errors In parameter estimates may al so
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affect the analysis. As an example, the frequency factor used in the

| og-Pearson Type 11l equation should be based on a combination of the
reglonal Ized and stations skews of low-flow data. However, reglonal ized
skews have not been defined for Iow flows In the state of Colorado.

This potentlial source of error has not been addressed previously, but
could have a signiflcant effect on the outcome of Iaw=-flow analysis.
Estimates of sample means and variances may al so [ntroduce addit!onal
errors due to |ack of data.

The graphical method of frequency analysis may be a viable
al ternative to the mathematical method because 1t el Iminates some of the
probl ems just described. No assumptlion as to a theoretical distribution
function and no parameter estimates are required for the graphical
method. However, there remain two major drawbacks to frequency
statistic design flows. The flrst Is that frequency/duration flows do
not provide equal levels of protectlon framn one site to another. As
Illustrated In this and other studies, the number of excursions below a
given flow statistic, |lke the 7Q10, may vary by a factor of itwo to
three fram stream to stream, even along the Front Range In Colorado. In
addi tion, frequency statistlics do not relate directly to aquatic | ife
crlteria because they are based on the extreme law flow event for each
year and do not acoount for any other low flows occurring during that
same year.

The other two types of analysis, blologlcal ly-based and excursion,
are more approprlate for the evaluation of design flaws than
frequency/duration statlstics because they Include the conslderation of
all filows that fail below a glven threshold value defined by the design

flow. A more complete evaluation of the potential effects on aquatic
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I1fe uses Is provided by elther of these methods than by frequency
analysis. The advantages of the biol oglcal ly-based method over
excursion analysis are that It accounts for low=flow patterns and
extended drought periods, and is relatively easy to implement with
exl sting programs developed by the U.S. EPA and STORET data flles. One
drawback of the blologlical |ly-based method Is that It provides |ess
Information than excursion analysls, which can be used to evaluate the
lengths and patterns of low-flow events at a speciflic site.

Monthly or seasonal design flows have been appl led In a nunber of
states to more fully utilize stream assimilative capaclties. A major
I ssue that has received | Ittie attentlon thus far is the signiflcant
increase In the number of excursions that occur bel ow monthly or
seasonal frequency statistic flows than below annual flaws. This
Increase was well evidenced by the results of thls study. The
Impl lcatlion of this analysis Is that a more restrictive monthly flow
statistic Is required to provide a comparable |level of protection to
that provided by a glven annual statistic. As an example, It was shown
that a compafable level of risk for an annual 7Q10 Is def ined
statistically by a monthly 7Q115. However, a comparable level of risk
may not be appropriate. It makes more sense to define an allovable
frequency of excursions occurring In each month or season and choose
monthly or seasonal flows to achleve those criteria. The allovable
number of excurslions could vary over the year to provide a high level of
protection during critical seasons for aquatic | ife In the same way that
seasonal standards have been appl led. Greater use of assimilative
capaclty and more excursions could be alloved during non=critical

perfods. Nelther the blologlcal ly-based method nor excursion analysis
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have been appl ied on a monthly or seasonal basis In this study.
Nonethel ess, elther one could be modified to define monthly or seasonal
design flows. More research, however, may be required to define
appropriate criterla.

A new technique was developed In this study to deal with the
cal cul ation of moving averages for monthly design flows. The technique,
termed an overl apping procedure, is used to el Iminate blas of the
analyslis taward the middie values of the month. In this study
overl applng was used only to calculate monthly frequency statistic
flovs, but could also be appl ied to biologlcal ly=-based or excursion
analysiss Use of the overl apping procedure compl Icates the analysis,
but 1t should be recognized that wlthout overlapping a bias Is
Introduced. This blas becomes more important as the duration of the
mov Ing averages increases. The results of this study shawed that the
bias tended to produce higher monthly frequency statistic flows without

the overl| applng procedure.

SELECTION OF APFROPRIATE DESIGN FLOWS

The criteria for the selection of approprlate design flows in the
state of Colorado are based on the requlrements of the most sensltive
water use, whlch Is aquatic | Ife In most cases. Econamic Impl Ications
of various design flows may temper the selectlion, but current water
qual Ity regul ations require that priority be given to the malntenance of
exlsting Instream uses. To protect aquatic | Ife, the U.S. EPA has
recommended that dual design flows be used to reflect acute and chronic
condltions, and has recommended 1-day for acute and 4-day or 30-day for

chronic. The recommended al |lowable frequency of occurrence Is once In
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every three years. Alternative duration and frequency criteria may be
Justifled as long as Instream uses are protected.

Glven a set of duration and frequency crliteria, the selection of
annual design flows Is a relatively straightforward process. Historical
low-flow data can be evaluated by either the biol oglcal ly-based method
or by excursion analysis to define flows that meet the criteria.
Frequency/duration statistics can be used to approximate the flow val ues
def Ined by this analysis at a given site, but do not provlide conslstent
levels of protection from one stream to another.

In this study, It was found that the design flows meeting the
crlteria recommended by the U.S. EPA were the 1Q10 for acute flaows and
7010 or 7Q15 for chronic flaws. These design flows are very restrictive
and provide no rel lef for dlschargers fram current | Imits. However,
based on the criterla, these flows maintain the required level s of
protection for aquatic | ife. |If the economlic Impl ications of such
stringent design flows warrant a change, then the first factor to adjust
must be the criteria., If the allowable frequency were switched to once
every itwo years or If the chronlc duration were switched fram 4-day to
30-day , the effect on the design flow could be signiflcant.

Monthly and seasonal design flows can be used effectively to
Increase the use of assimilative capaclity and stil| malntain existing
Instream uses. The appl ication of monthly or seasonal design flows will
requlre further research In a number of areas, including the adaptation
of bliologlcal ly-based analysis and the definition of allowable
excurslons on a monthly or seasonal basis. It |s recommended that
seasonal varlations In water qual ity and effluent qual Ity al so be

reflected In the calcul ation of seasonal effluent | Imits. The cholce of
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whether to use monthly or seasonal design flows may be a compramise
between Increased complexity and greater utilization of assimilative
capaclity. The results of thls study have shawn that the di fferences
between annual and monthly design flows are much greater than between
annual and seasonal design flows. The use of monthiy design flows could
result In substantially higher permit | Imits than seasonal flows,
depending on the number of flow excursions allowed. The abil ity of
dlschargers to adjust thelr treatment processes on a monthly basls and
the Increased complexity of Implementation, however, may restrict the

use of monthly limits,

RECOMMENDED GUIDEL INES TO COMPUTE DESIGN FLOWS
1) Select data set.

Use 10 years of the most recent dally flow data avallable, and
update design flow values every flve years with the permit renewal.
This approach should reduce problems wlith non-hamogenelty and short data
records. If data are not avallable upstream of the point of discharge,
use regression analysls or a water balance analysis to transfer flaws to

the correct |ocation.

2) Define selection criterla.

First, determine whether the design flows are to be cal cul ated on
an annual, monthly, or seasonal basis. Then define duration and
frequency criteria to protect the most senslitive stream use, which is

usual ly aguatic | ife.
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a. duration

Use two durations, 1-day for acute conditlons and 4-day for chronic
conditions as recommended by the U.S. EPA. A longer chronic duration
may be Justified If the flow and water qual ity condltions are rel atively
stable. Check coefficlents of variation for low flaws (flows |ess than
the mean annual flow) and for major water qual ity varlables to see if a
longer duration is warranted. Relatively low Cv values, fram 0.8 to 1.0
can be used to justify |onger durations.

b. frequency

Select an allowable frequency of excursions that wlll protect
Indigenous aquatic popul ations on a site~specific basis. The U.S. EPA
has recommended once In three years to allav populations to recover
fully after perlods of stress. Hawever, once In two years may be
suff Icient, dependlng ont the characteristics of the species present.
Sclientiflic rationale for the selection of a frequency other than once In
three years should be provided. |f monthiy or seasonal flows are to be
used, choose seasonally varying frequenclies that reflect caltical or
non~critical conditions for aquatic | iIfe. During critical periods, use
once in three years or a more restrictive frequency, and during non-
critical periods use |ess restrictive frequencies. Account for
cumul ative effects of excursions during the course of several seasons
within a year. The use of seasonal frequencies will require further

research into acceptable levels of protection for particular uses.

3) Calculate design flaws with the biol oglcal |ly-based method.
Use the program developed by the U.S. EPA for personai computers,

or a similar version, along with STORET data fliles to calcul ate
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blological ly-based design flows. Calculate fiows on an annual, monthly,
and seasonal basls inltlally to see which Is the most effective.
Monthly flows will provide for the greatest use of assimilative
capacity, but may be difflcult to implement on such a short-term basis.
Seasonal flows are recommended as a practical compromise between annual
and monthly values. Seasonal variations in water qual ity and aquatic
| Ife requirements should al so be Incorporated Into the analysis.
a. annual flows
Use existing programs and annual frequency criteria.
b. monthly fiass
Adapt programs to a monthly basis and use monthiy frequency
criteria. |f amoving average Is used In the analysls, use the
overl appling procedure to calcul ate averages for |onger duration flows
(l.e. 7=-day or longer). Overlappling Is not required for 1-day or 4-day
dur atlons.
c.seasonal flows
Group months Into low, high, and transition dlscharge seasons based
on flow, water qual ity and effluent qual Ity. First, make the inltlal
sel ection of seasons based on flows. Use baslic statistics (mean,
medi an, and standard deviation) on moving averages of acute or chronic
durations for each month to separate the seasons. Next, look at
seasonal variations in the control | Ing water qual Ity varlables (e.g. pH
and temperature for un-lonized ammonia levels). Group critical water
qual Ity months with the low discharge season, If they have not al ready
been grouped there by the flow anaiysis. At this stage, also
Incorporate conslderation fo critical seasons (e.g. spawning periods)

for aquatic | ife. Finally, check for |arge varlations in effl|uent
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qual Ity or quantity and adjust the selectlion of seasons |f necessary.
These |ast two steps may help to group transition flow months with high
or |ow discharge seasons, or may actually change the designations of
high or low glven In the flrst stage of flow analyslis. If water and
effluent qual Ity data are | Imited, base the selectlion of seasons on
flows alone. Calculate seasonal design flows with programs adapted to a
seasonal basls and with seasonal frequency criterla. Apply over|appling
to longer duration flows, especially within short, one or two month

long, seasons.

4) Evaluate potentlal sources of error,

Consider potential errors based on the qual [ty of the data set and
the analysis. Factors to consider In the qual ity of data Include:
accuracy and completeness of the flow record, speclifically during | ow-
flow periods; the proximity of the gage to the point of Interest; and
the hamogeneity of the data. Further research may be required to
evaluate data errors quantl|tatively, but errors should be accounted for
qual itatively at the least. Errors stemming fram the analysls should be
less when applylng the blol oglcal |ly-based approach versus the

frequency/durati on methodol ogy.



Chapter 6 - Summary, Concluslons, and Recommendations

This study addressed two major aspects of design flows: methods
used to compute design flows, and al ternative design flows for use In
NPDES permitting. Traditlonal frequency/duration statistics were
cal cul ated on an annual, monthly, and seasonal basis and were compared
to design flows calcul ated with the U.S. EPA biol oglcal ly-based method.
The approprlateness of varlous design flaws computed with these methods
was measured by duration and frequency criterla recommended by the U.S.
EPA for the protection of aquatic | ife.

The resul ts of this study have shawn that frequency/duration
analyslis is not an appropriate method to calcul ate design flows for
NPDES permits. An empirical, distributionfree approach |lke the
biol ogical ly-based method ,which rel ates directly to frequency and
duration criteria, is a better alternative. A standard set of
analytical methods should be used for design flow calculations to
malntain consistency in NPDES permitting. Recommended guidel Iines have
been proposed based on the results of this study. Further research is
requlred to better define these methods, particularly with respect to

seasonal design flows,

Recommendat]ons
1) Follow the proposed guldel Ines given here for the calculation

of design flaows.
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2) Conduct further research on seasonal water qual ity and aquatic
| ife requirements to def Ine seasonal ly varyling frequency criteria.

3) Improve techniques to quantify potential sources of error and
def Ine error bounds for design flows.

4) Collect flow data at locatlons just upstream of dlschargers to
enable better estimates of appropriate design flaws.

5) For sltes where data are not avallable, Improve techniques to
transfer flow data from dlstant gages to the point of dlscharge.

6) Develop a data base of Instream and effluent water qual ity to

verify that instream uses are protected.
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