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ABSTRACT

The criteria for appropriate design flows for NPDES permits in the
State of Colorado are based on the requirements of the most sensitive
water use, which in most cases is aquatic life. Alternatives to annual
7010 have been analyzed with respect to flow magnitude, level of protection,
and potential economic impact on dischargers. The choice of acute and
chronic design flows must take these factors into account in addition to
the biological requirements of aquatic'life communities reflected in water
quality criteria.

In this investigation it was found that the design flows meeting
the criteria currently recommended by the U. S. Environmental Protection
Agency were the annual 1Q10 for acute flows and 7Q10 on 7Q15 for chronic
flows. These design flows are very restrictive and do not take advantage
of the assimilative capacity of the stream.

It was 4lso found that monthly or seasonal design flows offer the
possibility to increase the use of assimilative capacity and still maintain
existing instream uses. The choice of whether to use monthly or seasonal
design flows (rather than annual) may be a compromise between increased
complexity of implementation and greater utilization of assimilative
capacity. The differences between annual and monthly design flows are
much greater than the differences between annual and seasonal design
flows. Therefore the use of monthly design flows could result in
substantially higher effluent permit limits than seasonal or annual flows,
depending on the number of flow excursions allowed. The ability of
dischargers to adjust their treatment prbcesses on a monthly basis and
the increased complexity of implementation, however, may discourage the

use of monthly low-flow criteria.



A water quality control program based on the number of streamflow
excursions is not the same as one based on the number of water quality
excursions. For example, in the case of unionized ammonia, the sensitivity
of the concentration of unionized ammonia to the combination of pH and
témperature is so strong that in many cases the streamflow has little
effect on whether or not the water quality standard is violated. A
given design flow will therefore not guarantee thatva water quality
standard will not be violated.

This report gives very good estimateé of the magnitude and frequency
of low-flow events in the several streamflow réaches.analyzed in Colorado.
With the uncertainty of these parameters thus removed, it may be prudent
for municipalities or industries in these reaches to reasses their
effluent limitations. For example, the frequency distributions of the
upstream and effluent unionized ammonia concentrations may allow the

effluent 1imit to be raised,
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CHAPTER 1 - INTRODUCT ION

The objective of this study was to Investigate al ternative design flows
to the annual 7010 statistic for use in determining dlscharge permit | Imlts
In the State of Colorado. The purpose of looking at alternative flows was
to reduce wastewater treatment costs by using the assimilative capaclty of
streams more fully, while maintaining existing downstream water qual ity.

The study research plan Included the fol lowing steps:

1) llterature review

a. federal and state regulatory requlrements and procedures used In
discharge permitting;

b. alternative approaches used in discharge permitting throughout
the pation; and

c. methodologlies used In low-flow analyslis.

2) site selection and review;

3) data acquisition;

4) flow data analysls;

5) comparison of alternatlive design flows

a. theoretical effluent | Imits;

b. cost of treatment.



An Interim report was publ Ished In January, 1986 as part of this study
to provide background information. A short summary of each of the three

parts of the interim report is given bel ow.

Review of Federal and Colorado State Legisiation and Regulatlons on Effiuent
Discharge Permitting. Water pollutlon control in the Unlted States Is based

primarily on the Federal Water Pollution Control Act of 1972 (P.L. 92-500)
(as amended In 1977 by the Clean Water Act (P.L. 95-217) and in subsequent
years). The Clean Water Act requires water qual Ity standards to be
establ Ished for the Natlon's waters and provides for the National Pollutant
Discharge El Imination System (NPDES) to enforce these standards. In
Colorado, the federal NPDES Is administered under a state version of the
program called the Colorado Discharge Permit System (CDPS).

Streams In Colorado have been divided Into specific segments which have
been assigned one or more use classifications according to exlsting or
potential future uses. Water qual ity criteria are def lned as the maximum
levels of pollutants which may be allowed In rivers and still protect
designated uses. To ensure that water qual ity criteria are met and uses are
malntalned, the CDPS regulafes the discharge of poliutants from point
sources within the state.

Water qual [ty-based permit | Imits are calculated by using a steady
state mass balance model. The model Is solved for effluent concentration
which generally becomes the permit | Imit. Factors considered In the model
Inciude upstream flow, ambient stream pollutant levels, effluent flow, and
water qual ity criterla, The upstream flow value traditionally accepted for
use In the calculation of permit effluent | Imits Is the 7Q10 (the seven-day
moving average low flow that occurs once every ten years on the average).

The Federal Clean Water Act makes no speciflc provision for the use of the



7010, but rather provides flexibil ity for the states to develop thelr own
water qual [ty management programs o meet speciflc state needs. The use of
some other |ow flow value to determine COPS permlt | imits may actually be

more cost effective while still maintalning river water qual Ity.

Permitting. The delegation of authority for water pollutlon control under

the NPDES, leaves the states with a high degree of flexibll ity to establ Ish
thelr own water qual Ity programs and discharge permit systems to meet the
goals of the Clean Water Act. Recently, the EPA's Office of Pol fey,
Planning and Evaluatlion and Individual states have sought out innovative
approaches to water pol lutlon control permitting which will malntain or
Improve existing water qual Ity with minimum construction and operation
costs.

There are two major types of Innovations in NPDES permitting. The
first type Includes variations of permitting techniques which enable a
fuller use of stream assimllative capacities while still malntalning stream
standards. Examples are the changing upstream design flow frequency/
duration statistic, water qual Ity standards, effluent flow, and timing of
effluent release. The second type Involves reallocating wasfé | oadi ngs
through discharge allocation trading to achieve the most economical
al location. Examples are point source trading, polnt/nonpoint trading, and
bankl ng.

Innovative approaches are currently Incorporated into approximately
one-fourth of all State of Colorado discharge permits (225 out of 900
total). Alternative permitting techniques have been applied in Colorado in
flve major areas: seasonal design flows, site specific water qual Ity

standards, discharge allocation frading, controlled release, and poundage



based | imits. Real time permits have been proposed, but have not yet been

Implemenféd. Conslderable potential exists for future use of alternative

techniques in NPDES permitting in the State of Colorado, particularly as

appl led to streams of environmental and economlc importance. Further
devel opment and Implementation of innovative approaches should be focused on
those techniques currently applied In Colorado and real time permitting.

S ! 1 . Based on a

review of dally and routine flow and historical water qual Ity data records,

seven stream sites were selected for study. The stream sites cover a range
of dlscharge types, hydrologic characteristics, and degree of man's Impact

(e.g., diversions). Comparisons of summary statistics, frequency/duration

statistics, and frequency of exceedance statistics were made within and

between rivers.

The description of low flow conditions allaws for better determination
of how to group months Into seasons and the importance of background water
qual Ity durlng low flow perlods. Factors that affect the use of low flows
In the permit process are: hydrologlic, diversions, flow routing,
extrapol ation of low flow statistics, and errors in estimates of low flow
data. The summary polints of the report are:

1. There were itwo types of streams In terms of the effect of changing the
annual duration/frequency statistics, one group (Blue River near Dillon,
Coal Creek near Plainview, St. Vrain at Lyons, and Cache La Poudre at
Fort Collins) showed very |Ittle change In the estimated flow value for
di fferent annual duration/frequency statistics. For these streams, the
apparent method for changing the upstream design flow would be to
examlIne and propose seasonal flow statistics. The second group (Clear

Creek near Golden and South Platte at Littleton and Henderson) did show



4,

changes In the estimated flow value for different annual duration/
frequency statistics. For these streams, changing both the annual and
seasonal flow statistics should be examined.

There appear to be three groups of months based on whether the flow In
the month Is low flow, high flav, or a transition between low and high
flow. The low flow months for all streams were December, January and
February; with the months of November and March usually low flow months.
The groupling of months Into seasons to allow the estimation of seasonal
flow statlistics should al so take Into account any seasonal patterns that
may exist in stream water qual Ity.

Most of the streams exhibited large lag one autocorrelations for both
mean annual and monthly stream flows. The annual correlation suggests
that low flow years tend to be grouped together and the monthly
correl ation suggests that for any given low flow year there may be
numerous excursions for a particular flow statistic. This pattern
resul ts In some design flow criterla to have a different |evel of
protection for dlfferent years.

The qual ity of applying low flow statistics as upstream design flow
criteria in the wasteload allocation process (s dependent not only on
choosling the appropriate flow statistic, but also on the amount of
uncertalnty In the estimated |low flow statistic. Factors that affect
the amount of uncertainty in the estimated low flow statistic are: flow
measurement errors, differences between stream gage locatlon and polnt
of effluent discharge, and statistical estimation of the low flow
statistic. Without some measure of the amount of uncertainty In design
flow crifteria there exists a state of doubt as to the level of

protection provided to the aquatic | ife community.



CHAFTER 2 - METHODOLOG IES OF LOW-FLOW ANALYSIS

FACTORS AFFECTING LOW FLOWS

Low flows are affected by a number of natural and human factors. These
factors may affect both the quantity and timing of low flows, and may
produce short- or long-term changes In low flow regimes.
Natfural Factors

The natural factors that determine low flows for a given catchment can
be grouped into four maln categories based on: climate, vegetatlon,
hy drogeol ogy, and morphology. Climatic factors Include preclpitation,
evapotransplration, and temperatures. Precipitation directly affects the
quantity of low flows. Evapotranspiration also may largely determine the
quantity of tow flows, particularly during dry periods. However, for rivers
that are fed exclusively by groundwater, the effect of evapotranspiration is
minimal (McMahon, 1985). Temperature may affect low flows during the cold
winter season in Colorado. Freezlng of water In the ground and in stream
channel s reduces discharges, causing low flows (McMahon, 1985). Vegetation
may affect low flows reducing runoff and Increasing Inflltration, or by
Increasing evaportranspiration.

Hydrogeol ogic factors Include geology and groundwater. Geology Is

considered an extremely Important factor in determining low flow regimes



(Riggs, 1976). Hlighly porous, permeable geologic formations | ike
unconsol idated sands and gravels transmit more groundwater at faster rates
than impervious formations. Infliltration capacities determine recharge and
runoff quantitles. Groundwater frequently provides the primary source for
streamfiow durlng low~-flow periods. |In general, groundwater flows gradually
decrease throughout the low-flow season as storage Is depleted. A
relatively stable minimum flow may eventually be reached, depending on the
sources of groundwater flows (McMahon, 1985). 1in some cases, rlvers
actually lose water to the groundwater system rather than belng fed by
groundwater. Influent rivers may exhliblt completely different low flow
regimes as a resul t.

The effect of geology and groundwater on low flows Is significant, yet
very difflcult to defline. Seepage runs are one technique that may be used
to detect major gains or losses to a river system (Riggs, 1972). A seepage
run Is conducted by measurling streamflow at Intervals along a glven reach
during a perfod of base flow. Increases or decreases may be attributed to
groundwater, if all other factors are held constant., Studies have been made
in Colorado at a number of specific sites to quantify the effects of
groundwater on streamflows, and have shown that flows are often Inconslstent
and difficult to predlict accurately, Lewls presented predictions of
groundwater flows Into segnent 15 of the South Platte River that ranged from
3.9-6.8 cfs/mile (1986). This study was based on six seepage readings taken
by the UGS durlngbfhe years 1966-1968. However, more studies are necessary
to better define the relatlionshlps between groundwater and stream systems In
Col or ado. |

Morphol oglcal factors that may affect low flows Include: slze, rel lef,

and water bodies. The drainage area of a stream basin Is considered by many



to be a major factor In determining streamflows, particularly In humid
environments (McMahon, 1985; Riggs, 1976, Singh, 1974). Rel lef factors,
such as basin slopes and elevations, may affect runoff and infiltration
characteristics which help to define low flows., The presence of |akes,
reservolirs, or (rrigation channels may Influence |low flows by feeding
groundwater systems or by al tering cl imate.
Human Factors

Man-Induced changes are evident in many streams throughout the Front
Range of Colorado, particularly during low flows. The major ways that human
activities have affected streamflows Include: urbanization, construction of
dams and reservolrs, agrlicultural development, and i{rrigation. Al though
changes In flow regimes are to be expected, the question of concern Is
whether or not the changes affect elements specliflcally related to |ow-flow
characteristics (Riggs, 1976).

Urbanization produces greater Impervious area which generally results
In more runoff, shorter tlme to peaks, hlgher peak discharges, and less
infiltration to recharge groundwater flows. Urbanlization may bring
Increased needs for diversion of water or pumping of groundwater for public
or Industrial uses. I|n additlon, urbanization may result in Increased
dl scharges of effluents from municipal wastewater treatment plants or
Industrial plants. The overall effects of urbanization on fow flows may be
mixed. Increased impervious area may produce lower minimun flows, while
discharges may Increase low flows, particularly If the source of the
discharge Is from deep groundwater (McMahon, 1985; Rlggs, 1976; Singh,
1974). In basins where the Impervious area constltutes only a small percent
of the entire dralnage basin area, the effect of urbanization on low flows

may be miInimal (Riggs, 1976).



The construction of dams and reservolrs may Influence low flows in a
varlety of ways. The signiflcance of the effects of a dam varles, dependlng
on the purpose of the dam and degree of flow regulation. General ly, low
flows directly downstream fram the dam are equal to the design minimum fiow
(Stngh, 1974). However, effects further downstream may be substantially
different from those directly downstream from the dam and are more difficult
to predict (Rlggs, 1976). A reservolr may reduce downstream flows below
natural levels by Increasing |osses due to evaporation, or may increase |ow
flows by feeding groundwater systems that add to the river downstream
(McMahon, 1985).

Agricul tural development and irrigation diversions affect low flows
I{ndtrectly by influencing evaporation, Infiltration, and runoff
characterlistics. These effects are particularly important along the Front
Range of Colorado. Irrigation water Is often supplled by stream diversions.
These diversions are the controlling factors for low flows during the crop
season In some streams. Frequently, water rights have been al located o the
point where a stream may legally be dried up and may have zero flows.
Return flows from Irrigated agriculfure via groundwater or surface runoff
may increase low flows to streams |ocated within a certaln dlstance.
However, |ittle water that Is appl ied to Irrigated areas is actually thought
to return to streams (McMahon, 1985). Much of the water applied to
Irrigated fields Is lost to evapotranspiration,

The greatest Influence of Irrigated agricul ture on minimum streamflows
occurs during years of |low rainfall. Durlng these periods, Irrigation is at
a maximum and |ow stream |evels may require pumplng of groundwater to supply

Irrigation, potentially lowering flows even further.



GENERAL CONCEPTS AND TECHNIQUES USED IN LON FLOW ANALYSIS
Moving Averages

Low flows may be calculated for durations of one day or longer. Low
flows of durations longer than one day are generally calculated as moving
averages of a series of daily flows. The moving average acts as a smoothing
function for a dally flow record to reduce the effects of extreme
varfabil Ity, particularly of zero or very low instantaneous flows. An x~day
mov ing average [s calculated by averaging dally flow values ‘for days 1 to x,
2 to (x+1), 3 to (x+2) etc. For an annual perlod of record, 365 dally
val ues woul d be smoothed to (365-x)+1, x-day moving averages. The date of
occurrence assigned to a given moving average 1s the middle day of all the
days Included In the average.
Acute and Chronic Design Flows

Design flow Is the term currently applied by the U.S. EPA to designate
the upstream dilution flow to be used In discharge permitting. The |imiting
factors that generally determine the design flow are the requirements of the
aquatic community belng protected. Design flows may be calculated for acute
or chronic levels of exposure of the aquatic enviromment to pollutants.

Acute design flows are generally based on maximum concentration levels,
which are Intended to protect aquatic | ife from unacceptable short-term
effects. The U.S. EPA rationale for acute and chronic design flows is glven
In the 1985 EPA Guldel Ines for Devel oping National Water Qual Ity Criterla
(Stephan, 1985). The acute concentration used by the U.S. EPA is the
Criterion Max!imum Concentration (CMC), which Is equal to one-half of the
Final Acute Value (FAV). The FAV Is a value based on |aboratory toxiclty
test results (1.e. 48~ or 96~hour LC50). The CMC Is Intended to provide a

"reasonable level" of protection for aquatlic | ife. This |level has been
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defined by the EPA as protectlion 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 avallable
on an hourly baslis.

Chronic design flows are generally based on a concentration lower than
the acute level, which Is designed to protect ecosystems from unacceptable
ef fects due to |ong-term exposure. The chronic concentration used by the
U.S. EPA Is the Criterion Continuous Concentration (CCC), which is equal to
the Flnal Acute Value divided by the Final Acute-to-Chronic Ratio. Acute-~
to-Chronlc ratios have been determined In the |laboratory and range from one
+o more than a thousand, depending on the toxiclty characteristics of the
water qual Ity varlable. The duration of the chronic design flow Is |onger
than one day, usually taken as a moving average of four to thirty days.
Four days [s the duration that has been recommended inltially by the U.S.
EPA, but longer durations (7-day or 30~day) may be Justiflied for relatively
stable flow and downstream water qual Ity conditions. The criterion used by
the U.S. EPA to justlfy the use of a 30-day average for chronic design flows
Is that the coefficlent of variation (mean discharge divided by the standard
devlati'on) based on the complete record of dally flows be approximately one
or less, Other criterla that may be more appropriate Include the
coefficlent of varlation based on low flows only, Instream water qual ity

variations or effluent quantity and qual Ity variations.
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Recurrence Intervals

The recurrence interval of a given flow event Is a measure of how often
It 1s expected to occur, and Is equal to the Inverse of the frequency of
occurrence of the event. For example, If the frequency were once in ten
years or 10 percent, then the recurrence Interval Is ten years. The
al lowable frequency of acute or chronic flow events recommended by the U.S.
EPA 1s 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 |s that It has been deemed sufficient for most aquatic
ecosystems to recover from damage caused by adverse water qual 1ty conditlons
(Stephan, 1985). The three years recommended by the U.S. EPA is actually
meant to be longer than the average recovery period so that ecosystems are
not In a constant state of recovery (U.S. EPA, 1986). Frequencies greater
than once every three years may be justified on a site-speclflic basis for
particul ar aquatic ecosystems.

In the case of a prolonged drought with many single |low-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 low-flow events occurred in a
single year, then the frequency of once In three years would require a
recovery perlod of 30 years wlthout another single |low-flow event. As an
al ternative, the U.S. EPA has recommended the use of a maximum perlod of
recovery of 15 years after a drought period. The justification for 15 years
Is that an ecosystem requires between flve and ten years to recover after a
severe stress | ke 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
"appropriate 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 requlred

12



before the next allowable low-flow events that occurred during the drought.
The maximum period required for recovery after a drought can vary and other
values can be Justifled by site-specific analysis.

Period of Record

The recommended perlod of record for low-flow frequency/duration
analysls Is 30 years or more of dally flows (McMahon, 1985). 1If 30 years Is
not avallable, a minimum of 10 years of daily flow data may be used to
produce val id results (U.S. Interagency Advisory Committee, 1982).
Frequency analysis of a perlod of record shorter than 30 years coul d produce
resul ts with larger probable errors and may Introduce bias If the short-term
record Includes a predominance of wet or dry years (McMahon, 1985; Searcy,
1959). The period of record for biological ly-based |ow~flow analysis may be
shorter than 30 years and stil! produce results with a good level of
conf ldence (U.S. EPA, 1986). Because biological ly~based analysls considers
all days within the perliod of record and not just the single extreme |ow
flow for each year, the sample size Is much larger than that of frequency
analysls, and so a shorter data record Is sufficient. Whenever possible, a
perlod of 30 years of data was utlil ized for frequency/duration and
biol ogical ly-based analysis In this study.

One important consideration in the determination of an appropriate
length of record to use Is the homogenelty of flow data. |If data are non-
homogeneous, then the advantage of a longer, more represenfative record Is
offset by the dlsadvantage of Inconsistent data. Both homogeneity and
representativeness should be welghed In the determination of the perlod of
record for analysis. These factors are dlscussed further In the section on

data assumptions,
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Perlods of Analysls

The analysis of low flows In this study was carried out for three
di fferent pertods of time - years, seasons and months. The burpose of
monthly and seasonal analysis was to more accurately reflect low flows
during all times of the year, rather than just during the lowest flow
perlods.
Annual tow Flows and the Climatic Year

Annual low-flow analysls |s based on the single |ovest moving average
flow for each year of record. Usually, the perlod of record Is broken up
Into distinct year-long segments rather than analyzing the entire continuous
perlod of record. A flow record may be separated into water years (October
1-September 30), climatic years (April 1-March 31) or calendar years
(January 1-December 31). Both the cl Imatic year and the water year are
Identifled by the year In which the period ends (e.g., the cl Imatic year
April 1, 1955-March 31, 1956 Is denoted as 1956). The period of annual |ow-
flow analysls should be chosen so as to Include the |ow-flow period entirely
within a given year. Generally, flood flow analysis Is made on the basis of
the water year. The cl Imatic year, however 1s more appropriate for low=-fiow
analysis since a low-flow period rarely occurs in late March-early April
(ASCE Task Commlttee, 1980; Riggs, 1972; Petsch, 1979). In some cases,
other annual periods may be more appropriate than the cl Imatic year,
depending on the pattern and timing of low flows at a particular site. For
this study, annual low flow analyses were made on the basis of the cl imatic
year,
Monthly Low Flows

Monthly low-flow analysis Is based on the single |owest moving average

flow within each of the 12 months of the year for each year of record.
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Thus, there would be 12 different monthly low flows (Aprii~March) as
compared to one single annual low flow. The |owest monthliy 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
substantlal ly higher than the annual Iow flow.

The procedure generally used to calcul ate monthly low flows 1s similar
to that used for annual flows. Each month of the year Is evaluated
separately for minimum flows. The calculation of monthiy or seasonal x-day
mov Ing average flows wlith thls approach presents certain problems because
the perlod of analysis Is short relatlive to the moving average duration.
Monthly mov ing averages calcul ated with standard techniques tend to be
blased toward flow values occurring In the middle of the month. This Is
because values In the middle of the month are Included In more moving
averages than values occurring at the beginning and end of the month.
Another problem is that the calculation of moving averages for 12 separate
months of the year using standard procedures produces fewer n;ovlng averages
for the entire year than annual analysis does. For example, the calculation
of monthly 7-day moving averages would produce 293 values in a monthly
analysis as compared to 359 flows cal cul ated on an annual basls.,

To deal wlth these problems, monthly moving averages for this study
were calculated with an overl apping procedure. Flows from the end of the
previous month and the beginning of the following month were used In the
calcul atlon of moving averages for a given month. For monthly 7~day moving
averages, three days were used from each of the previous and fol lowing

months, For 4-day averages, iwo days were used.
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Seasonal Low flows

For seasonal low-flow analysis, months can be grouped together as low,
high and transition flow seasons. In this study, months were grouped
together on basls of flows only, for descriptive purposes. Other factors,
such as seasonal water qual Ity and effluent qual ity, also determline
downstream water qual Ity and should be considered In actual appl ications.
Flow criteria used to spl it out the seasons Included statistics on monthly
7-day moving average low flows (mean, medlan, standard devlation) and
monthly 7Q3 statistic low flows. On the baslis of these criteria, the months
generally seem to separate falrly well into distinct high and low flow
seasons. Certain other months exhiblit flows that are Inconsistent from one
year to the next and are more difficult to group conclusively. These months
have been deemed as transitlon seasons.

The grouping of months Into seasons has a signiflcant effect on the
values of the seasonal flows. The Incorrect grouping of a transition month
with a high-flow season may reduce the flows drastically, particularty if
the low flows occur within the high-flow season for some years and in the
transition month for the other years. The selection of seasons may actually
require a two-stage process. The flrst stage consists of an Initial
selectlon of seasons and calculation of seasonal flows, and may be followed
by a second stage if it Is necessary to adjust the seasons. The initial
selection |Is somewhat subjective, but can be verifled with the actual
cal cul ation of seasonal flows.

The selectlon of seasons requires slte-specific analysis because the
patterns of low-flow events may differ signiflcantly from one site to
another. |In addition, flow patterns may even differ fram one duration flow

to another (l.e. the ldeal 1~day low-flow seasons may not be the same as
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Ideal 7-day low-flow seasons). For practical purposes, one set of seasons
shoul d be chosen for each site by balancing all the factors invol ved.
Zero Flows and Missing Data

| Analysis of dally flow records with zeros is problematic because It is
difficult to fit log-distributions to sets of data with zeros (Jennings,
1969). For this reason, zero flows should be replaced by non-zero val ues.
Two approaches may be used to transform zero flows. The flrst Is to add a
smal | amount (e.g. 0.1 cfs) to each of the discharges In a given flow record
(Tasker, 1972; Jennings, 1969). One disadvantage of this method Is that the
arbitrary addition of a constant value may change the characteristics of the
flow distribution. A preferred, though more complex, approach Is to use
conditional probability to determine appropriate values to replace zero
flovs. This method Involves fitting a distribution to events greater than a
glven base flow and predicting values based on a ratio of the number of

events greater than Qb to the total number (Jennings, 19%69). None of the

sites in this study actually exhibited zero flows so that neither approach
described here was required.

Flow records with missing data may be completed by estimating the
missing values. One approach to estimating missing data Is to Interpolate
between the surrounding values Just preceding and just following the missing
value(s). If the duration of missing data Is |onger than several days,
Interpol ation may not be an approprlate method and another method may be
requlred.

Extension of Short Period of Record/Ungaged Sites

The estimation of low flows at a speciflc point of Interest (an

effluent discharge point) for use In discharge permitting |s of ten very

difflcult. Rarely Is there a set of dlscharge data of sufflicient |ength
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avallable In the viclnity of the outfall that can be utilized. The problem
Is compounded In the western U.S. where the nearest gaging station may be
many mlles away from a dlscharge polnt and where there may be many
unmeasured 'rrlbu;rary streams and Irrigation diversion points between. In
additlion, the role of groundwater is usually not well deflined.
Determinations of whether a stream Is Influent or effluent as well as
quantitative estimates of groundwater flows are difflicult to make. Changes
over time of flow characteristics further compl icate the analysis. For this
study, the majority of the sites were selected at existing USGS gages with
long records. Three sites, however, did not have |long gage records nearby,
and required signlficant effort to develop a flow record appropriate for
analysls,

A number of methods have been used to extend short perlod of record or
to develop flows at ungaged sites for analysis of low-flow characteristics.
Methods Include: regression analysits, water bal ance procedures, and
reglonal lzed analysis (McMahon, 1985; Salas, 1980; Riggs, 1972; Searcy,
1959).

Regression analysls can be used to extend a short period of record at a
site by developing a rel ation between flows at the point of interest and
flows at one or more nearby gage sites with longer periods of record. The
relation can be used along with the records at other sites to predict flows
at the polnt of Interest for ungaged perfods.

One of the assumptions Inherent In regression analysis Is normal 1ty of
the data set. Frequentiy, flow data used In regression analysis Is
transformed to a normal distribution through a log-transformation, though
this Is not always necessary. Certain blases may be Introduced with |og-

fransformations, which may result in low estimates. The effect of this
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bias, however, Is very small for low-flow estimates and Is generally
considered insignificant for low flows (Beauchamp, 1973). For regression
analysis of low flows It may be desirable to | imit the analysis to low flaws
below a certaln cut-off level, rather than using a |og-transformation. This
approach would help to remove bias Introduced by high flows, though 1t may
not strengthen the normal ity assumption,

Regression equations can be developed for flows of durations ranging
from one to several days, or for specific monthly or annual flows of glven
durations (e.g. monthly 7-day low flows). A regression equation for dally
flows may be used to generate a dally flow record at a site which can
subsequently be analyzed statistically as a gaged site would be. One
weakness of regressfion analysis based on dally flows or flows of sl lightly
longer durations Is that the events are not independent fram one another and
may Introduce some bias due to serial cross correlation. To avold thls
error, regression analysis may be made for monthly or annual low flows which
exh1bit a greater degree of Independence. However, regresslions of monthly
or annual low flows may be more difficult to make because of the | imited
number of data polnts avallable. For example, If a three-year period of
concurrent record Is avallable, then a regression of annual 7-day low flows
would be based on oniy three data polnts. 1In thls case, It may be that the
violation of the assumption of Independence using dally flows 1s offset by
the added benefit of many more data polints upon which to base the
regression,

if regressions are to be made for monthly or annual flows, It is
Important that the flows belng predicted correspond to the flows used to
generate the regression equation belng appl ted. For example, to deflne a

monthly 7Q10, a regresslon equation devel oped to predict monthly 7-day {ow
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flows may be used to generate values for each month of record, which could
In turn be analyzed statlistically (using a fIt to a Log-pearson type |1
distribution or other method) to determine the 7Q010. However, the same
equatlion should not be used to take a monthly 7Q10 from one site to predict
the monthly 7Q10 at the polint of Interest.

A measure of the ablllty of a regression equation to predict flows

accurately Is given by the coeffliclent of varlation, or rz value. This

value Is generally calculated for each regression equation as part of the

analyslis. The minimum r2 val ue recommended to Indlcate a reasonable flit of
the equation to the data set is approximately 0.65, which Is based on a
correlation coefflicient, or r value, of 0.80 (McMahon, 1985; Riggs, 198).
Other measures of the accuracy of estimated flow records can be made
for sites with short periods of record. One method Invol ves F and t-testing
to compare predicted to actual flows. As will be described In the following
sectlon on homogenelity of flows, F~test results indlicate significant
dlfferences between the variances of two sets of data, and t-tests show
significant differences In the means. Another way to evaluate the accuracy
of predicted flows Is to compare summary statistics for actual and predicted
flows, statistics may Include: mean, median, standard devlations, minimum
and maximum values, confldence Intervals, skewness, and Kurtosis
(definitions of terms are given In the glossary). Perhaps the most rel lable
evaluation of the accuracy of predicted flows Is a consideration of their
physical sligniflcance and thelr relation to flow conditions observed at the
slte. For low-flow analysls, the results predicted by a regression equation
should be val Id particularly at iow fltows Including a flow of zero at the

gage belng used for predictions.
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A water bal ance procedure can be used to route flows fram a gaged site
to a site that s ungaged or has a short perlod of record. All sources and
losses between the gaged site and the point of Interest must be quantified
and accounted for in the analysis. Sources may Include tributary flows,
effluent discharges, returns from Irrigation, or groundwater recharge.
Stormwater runoff may also act as a source, but [s generally insignificant
in low-flow analysis. Losses may Include dlversions, or groundwater
outflows. Dally flow data are rarely avallable for all of these factors and
estimates must often be made from monthly or even less frequent data.

A third approach, reglonal analysis, has been used with | Imited success
to predict low flows at ungaged sites. The reglonal ization method Is based
on the premise that low flows can be predicted through an analysis of the
regional factors affecflng streamflows including: basin dralnage area,

precipltation, geology, groundwater flows, rel lef, and vegetation.

FREQUENCY ANALYSIS

Frequency analysis and frequency curves are tools used In hydrologic
analystis to relate the magnitude of flows to their frequencies 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 defined statistically by the probabfil ity of occurrence each
year and is equal to the Inverse of the recurrence Inferval. The recurrence
Interval Is deflined as the period of time In which one occurrence Is
expected or the inverse of the frequency of occurrence. For example, a flow
with a 10 percent probabll ity of occurrence has a frequency of 0.10 per year
and a recurrence Interval of 10 years. Frequency statistics for varlous

duration flows are often denoted as (duratlon) Q (recurrence Interval).
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Thus the 7Q10 Is def ined as the |awest 7-day moving average flow that occurs

on the average once In every ten years. Flow values derived from frequency

analyses are most frequently plotted versus recurrence Interval to produce
frequency curves.

Low-flow frequency analysis may be made on the basis of elther annual
serles or partial-duration series. Annual serles are generally used unless
frequencles of events longer than 12 months duration are required. Annual
serlies frequency analysls Is based on the minimum flow event of a gliven
duration for each year of record. Frequency analysis may al so be based on
minimum flow events for shorter periods such as seasons or months. There
are several methods used to calculate annual low flow frequency values. Two
methods are graphical and mathematical.

Craphical Procedure

The procedure used with the graphlical method Is as fol lows:

1. Rank low flows. Moving average flows are calculated for glven 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 |owest flow
being ranked one.

2. Asslgn plotting positions. Plotting positlons are assigned to each flow
value using one of a number of avallable plotting positlon formul ae.
The formul a most widely used and recommended Is the common or Welbull
ptotting position (Riggs, 1974; McMahon, 1985) glven as:

_o—m. 1
PP=n+ 1 T 1

where pp = the plotting position and an estimate of the probability, P,
of occurrence of an x-day flow that Is less than or equal to

a given ranked flow,
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the estimate of the recurrence interval or the average perfod
of fime between years with an event less than or equal to the

glven x~day flow.

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

n the number of years of dally flow data.

3. Plot polnts., Plot observed flows versus plotting position (probabil ity
of inverse of the recurrence Interval) to show the magnitude and
frequency of occurrence. DIifferent types of probablil ity paper may be
used, Including normal, log-normal or |og-extreme value paper.

4, FIt equation. A smooth curve may be drawn through the polnts to fit the
data and estimate the model error.

Flgure 2.1 provides an example of graphlcal analysis of frequency
statistic flows.

Mathematical Procedure
The mathematical procedure for determlining nonexceedance probabil lties

consists of estimating the parameters for a theoretical dlstribution from a

set of low flows and using the estimated distribution to generate flow

magnl tudes for gliven recurrence Intervals. A number of dlfferent
distributions have been discussed for use in low-flow analysls, Including:
normal, log-normal, Gamma, Pearson Type 111, log-Pearson Type 111, Kritsky-

Menkel, Extreme Value Type 1 (Gumbel), or extreme Value Type 1!} (Weibull)

(McMahon, 1985).

Lomparison of Graphical and Mathematical Procedures
Of the itwo methods discussed, the graphical method has been recommended

In a nunber of papers (McMahon, 1985; ASCE Task Committee, 1980; Riggs,

1974)), particularly for determining flows of recurrence Intervals less than

n/3 years, The graphical method |s considered by some to be superlor to the
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mathematical method for ftwo reasons: 1) a graphlical 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 pul;ely statistical analysis may be misleading and provide Iess
Information than a'graph (McMahon, 1985; Riggs, 1974). However, the
mathematical method is more widely used for frequency analysls, probably

because of Its reiative simpliclty and consistency of results between

dlifferent investigators.
Estimate of the Frequency Dlstribution

To identify an appropriate distribution function which would describe
the distribution of low flows a three step procedure was followed. Four
possible dlstributions were selected to be evaluated. They Inciuded the
normal, the log-normal, the Pearson Type Ill, and the Log-Pearson Type 1[I
distributlions. Appropriate fransformations of the original low flows were
selected which corresponded to the above mentioned distributlions.
Transformations used In thls analysis were the logarithmic, the Wilson-
Hil ferty, and the Log-Wilson-HIl ferty. To quantify how well the assumed
distributions fit the low flow data, the Chi-square Goodness of Fit test and
the Shapiro-Wilk test for normal ity were appl ied to both non-transformed and
transformed low flows. The criterla used for selecting potential
distributlons was based on the relative scores of elther passing or failing
the Chi-square and the Shapiro-Wilk tests. A flve percent level of
signiflicance was chosen for passing in the tests for normal ity.
Distribution testing was done on both annual and monthly seven day low flows
for the perliod of record at each station., Hence, for annual flows the
entire record elther passed or falled the tests for normal Ity, i.e., a total

score of one., However, when testing monthly low flows, the scores of each
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month passing or fall Ing were recorded, l.e., total passing and failing

equalled 12, The following Is Intended to be a brief description of the

three transformations used In this study.
1) Logarithmlc Transform:
The origlnal low flows Y were transformed by

X = log (Y)

This transformed serles was then transformed Into the standard form of the
normal density function with a mean equal to zero and a variance equal to

one. The calculation of the normal deviate is given by the equation:

7 - X =X
S(x)
where X, X, and S{(x) were the log transformed flows, the mean log flow, and
the standard deviation, respectively. If the logarithms of the flows were
normal ly distributed, then the original flows themselives will have a
lognormal distribution.

2) Wil son-Hil| ferty Transformation:

The original low flows Y are standardized by

X = Y=Y
S(y)
where X, Y, S(y) represent the Pearson Type l|1 standard devlate, the mean

low flow, and the standard dev!ation, respectively. The Wilson-Hi|ferty

transformation was appl led as fol lows (Matalas, 1967):

6 XX /3 _ G(x)
z ‘{e(x) =7+ 1] T *+7% }

where Z Is the normal standard deviate, G 1s the skewness coeffliclent, and
X' Is glven by (McGInnis and Sammons, 1970)

X! = {maXEX.-Z/G(x)] If 6(x) 20
<0

min[x,=-2/6G(x)] If G(x)
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The above form of the Wilson~Hil ferty equation is val id when G(x) # 0.
However, If G(x) =0 , then no transformation Is necessary because X = Z,

3) Log-Wlison-Hil ferty Transformation:

This transformation is essentially a combination of the |ogarithmic and
Wilson~Hilferty transformations that were previously described. The
original low flows were flrst |ogarithmical ly transformed by

W= log_ (Y)

These transformed flows were then standardized to X, the Log-Pearson Type

Il standard devliate, using

X =ﬂ_:...w
S(w)

where W, W, and S(w) were the log flow, mean log flow, and the standard
deviation of the log flow, respectively. The Wilson-Hllferty transformation
was appl fed as given In Item 2,
Goodness of Flt

To evaluate the level of agreement between an observed sample of |ow
flows and an assumed theoretical distribution, a statistical goodness of fit
test may be used (McMahon, 1985). The Chl-Square test Is one standard test
used for this purpose. The test Is conducted by separating the range of
possible low flow values into ciass Intervals of equal probabllity based on
the theoretical dlstribution. The Intervais should be chosen so that the
expected number of observations in each Interval is five or more (Sanders,
1983). Actual law flow values are then sbl It Into each of the theoretically
determined class Intervals. The observed flows within each Interval Is
compared with the number of theoretically expected number of flows., |If

there 1s a significant difference between the observed and expected values,
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then the Initlal hypothesis that the observed data fit the theoretical

distribution is rejected.

Speciflcally, the Chi~Square statistic Is computed as follows (Sanders,

1983):
2
K (0, - E,)
2 _ N R R
X* =3 — E,
where XZ = Chi-Square statistic
El = expected val ue
0‘ = observed val ue
K = number of class Intervals

The computed Chi~-Square statistic may be compared to a table value for the
Chi-Square statistic, glven a certaln confldence level (usually 95 percent)
and degrees of freedom (equal to the number of class Intervals minus the
number of estimated distributlon parameters). |If the computed value Is
greater than the table value, then the null hypothesis Is rejected and the
- data appear not to be of the same distribution with a given level of
conf Idence, For this study, the Chi-Square test was used to determine the
goodness of fit of the data to the log-Pearson Type 111 Distribution.

One problem with the use of any goodness of fit test is that the test
focuses on how well the entlre distribution fits all of the data. This sort
of test Is not heavily Influenced by the tails of a distribution and thus
may not be able, to accurately defline the level of agreement speciflcally for
minimum flows (McMahon, 1985). Two other criteria have been used to
evaluate the appl icabll Ity of varlous probabil ity distributlions to flow
data. The first Is to compare observed minimun flows with the lover | Imit

of the theoretical distribution, and the second is to compare the relation
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between skewness and kurtosis of the observed to the theoretical
distribution (Matalas, 1963).

The Shapiro-Wilk test was al so used to test for normal Ity in the non-
transformed, and the three transformed |ow flows, This test has been shown
to be an effective test for normal ity even with smal | sized samples (n<20)
(Shapiro and Wilk, 1965). the maximum perlcd of record In this study was 30
years, while two slites (Boulder and Fort Colllins) covered 11 and 9 years,

respectively. Therefore, the Shaplro-Wilk test meets the constraints of the

flow records.

A
The test statistic, Wn, Is computed by

Wo =112y Cmar = X1 A e (n=1)§

where Z are the ordered flows (Z1 < 22 < vee < Zn), An—l+1 are coefflclents

given by Shaplro and Wilk (1965) and 82 Is the varlance of the Z ordered

flows. The null hypothesis of normal Ity Is accepted if the calcul ated wn >

wa X where wa p ore tabul ated percentage polnts given by Shapiro and Wilk
’ » ’

(1965) for a given level of significance and sample size.
Log-Pearson Type |1l Distributlon

For the purposes of this study, the mathematical method of defining
frequency curves with the log-Pearson Type [l distribution was chosen. The
reason for this was primarily to maintaln consistency with current,
prevall ing practices. The log-Pearson Type |Il distribution is widely used
by various agencies for low=flow analysis Including the USGS and the EPA
(U.S. EPA, 1986; Petsch, 1979).

The Pearson Type Il dlstribution Is based on three statlstical

parameters - mean, standard deviation, and skewness coefficlent. The
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distribution has a | Iimited range In the left direction (zero) and unl Imlted
In the right direction. Thls distribution Is frequently fitted to the logs
of flaw and Is thus called a log-Pearson Type |1l distribution. The most
common way to fit this distribution Is to calcul ate frequency factors for

given recurrence intervals and then to use the fol lawing equation.

log x = >‘<l°g + K(Slog)
where x = flow for a given recurrence interval T
;Iog = the mean of the logarlithms of low flows
Slog = the standard deviation of the logarithms of low flows
K = a frequency factor, which Is a function of the coefflicient of

skewness of the logarlthms of low flows and tThe probabil ity
level and can commonly be found In tables (U. S. Interagency
Adv isory Committee, 1982).

One difficulty with low-flow analyslis by the log-Pearson type 11|
distribution or any other distribution which uses the skewness as a
di stribution parameter Is the cholce of a skew value to use. Generally, In
flood flow analyslis the skew used in the |og-Pearson type 111 distribution
Is a combinatlion of the reglonal lzed skew and the station skew.
Reglonal ized skews have not yet been devel oped for low flows In the state of
Colorado. Consequently, station skews based on the hlstorical record were
used In the apalysis. An alternative approach that has been recommended Is

to use zero for a skew val ue.

EXCURSION AND RUN LENGTH ANALYSIS
Analysis of dally flows below a given threshold level, or excurslon

analysis, was conducted for each site. For the purpose of this analysls, an
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excursion was def ined as a single x-day flow bel ow a glven lower | Imit. The
excursion analysls focused on 1-day low-flow events to quantify the number
of days within each year with flovs belaw a given level, and to examine the
timing and lengths of low flow events, Both monthly and annual low flows
were examined. The analysls was carrled out by a computer program that
ranked dally flows for each year from law to high, and | isted the date of
occurrence for each low flow. Flows below the glven cutoff level (flow
statistic) were totaled for each flow statistic. Excursions of duration
longer than one-day were evaluated by a run length analysis. The run length
of a low-flow event was def ined as the number of consecutive days with flows
below a given level. Run lengths were calculated and tallled for the |ow-
flow events below a range of frequency statistic low flows at each of the
sites. The number of excursions occurring within a given low-flow event can
be calculated as the run length of the event divided by the duration of the
excursion. For example, the number of 30-day excursions occurring In a run

length of 35 days would be 35/30 or 1.17 excursions.

EPA BIOLOG ICALLY-BASED DESIGN FLOW CALCULATION

A blol ogical ly-based method for determining design flows was recently
devel oped by the Offlce of Research and Devel opment of the U.S. E.F’.A. The
btol ogical ly=based method 1s.an empirical, distribution-free approach that
utilizes historlical records of dally flows. The method Is emplrical;
because It Is based on the actual flow record, rather than on flows
predicted by a statistical distribution. Design flows for both acute and

chronlc levels of aquatic | ife protection are calcul ated with this method.
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Design Flow Criteria

The design flow calculated with the blologlical ly-based method Is
def Ined as the highest flow of a glven duration that will not cause a glven
Instream concentration to be exceeded wlth greater frequency than is
allowable. The blologlical rationale for this new EPA method Is found In
1985 EPA guldel Ines for derliving natlional water qual Ity criteria (Stephan,
1985). The current national criterlia are expressed as two levels, acute and
chronic rather than the traditional one level, to reflect actual
toxicol oglcal condltlons more accurately as described earl ler. Three major
factors are consldered, in design flow criteria: frequency (linverse of the
average recurrence interval), intensity (concentration), and duration
(length of averaging perlod).

The allowable frequency of low-flow events used by the U.S. EPA is once
every three years. The concentrations used are the Crlterion MaxImum
Concentration for acute fiows and the Criterlon Continuous Concentration for
chronic flows. Durations are 1-day for acute flows and 4~day or [onger for
chronic flows. As mentioned prevliously, longer durations may be justifled
for relatively stable flow and water qual Ity conditions. The U,S. EPA has

used a low coefficlient of variation (Cv) of dally flovs as an indicator of
stabtl ity. Generally, a Cv of one or less Is consldered adequate

Justiflication by the EPA.
Methods

The general approach of the blologically-based technique Is to look at
the number of |ow-flow excursions (low flows below a lower |imit) that have
occurred In the past to galn an understanding of how many excursions are
| lkely to occur in the future. A dally flaw record Is split Into low-flow

periods and low flow excursions are counted for varlous low flow limits,
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The flow that Is chosen for the design flow 1s the maximun flow that resul ts
in no more than the allowed number of excursions for the entire perlod of
record, or no more than one excurslion every three years.

Low-flow perlods used for analysis by the U.S. EPA blol oglcal ly-based
method are 120-day periods, rather than the more traditional annual perlod.
According to the U.S. EPA, low flows are expected to occur In a certain
pattern grouped within a 120~-day low flow period followed by a 120-day
perlod of few, If any, low flows (U.S. EPA, 1986). Each law-flow period
begins with a low~flow excursion (a low flow below a lower 1 imit or design
flow) and lasts exactly 120 days. Depending on the pattern of |ow-flow
excurslons, the number of days between low-flow periods may vary.

Within each 120 day low-flow perlod, there may be one or more |low-flow
excursion events, An excursion event Is defined 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, |f three 4-day mov Ing
averages of a consecutive six day perlod are less than the design flow, then
those six days belong to a low-flow excursion event. The number of
excursions In an excursion period Is calcul ated as the total nunber of days
In the perlod divided by the duration (e.g. one day for the CMC and four
dayé for the CCC). The maximum number of excurslons to be counted for any
given {ow-flow perfod Is five. Glven an alfowable frequency of one
excursion every three years, this provides for no more than 15 years, on the
average, for ecosystems to recover from severe stress caused by a drought.
Procedure

The blological ly-based design flow calculations Is an Ifterative
convergence procedure that consists of five basic parts (U.S. EPA, 198).

The parts are:
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1. Determination of the allowed number of excursions, the number that will
produce an average of no more than one excursion every three years,
glven by the equation:

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

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

3. Calculaﬂon' of the total number of excursions of a specified flow for a
glven flow record.

4. Determination of Initial |lower and upper | imits on the design flow with
the corresponding number of excurslions fram Part 3, and an Inltial trial
flow.

5. Calculation of the design flow by successlve [terations using the method
of fal se posltion.

6. Note - In certaln cases, values other than the standard ones glven for
durations (1-day or 4-day) or frequency (once In three years) may be
used to calcul ate speclal user-defined flows.

The above procedure Is carrled out by computer program (EPA's DFLOW or
DESCON) used in conjunction with direct access to STORET dally flow record
flles. For the purposes of thls study, an IBM PC version of DFLOW was
converted for use on the Cyber 205 and was used in conjunction with data

flles with USGS dally flow records.

DATA ASSUMPT IONS AND ERRORS IN LOW-FLON ANALYSIS

Certaln assumptions about flow data must be achleved for most
statistical analyses to be val Id. The assumptions are as follows: 1) the
record Is a representative time sample, 2) flow events are random and

[ndependent, and 3) the record |s homogeneous (U.S. Interagency Adv isory
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Committee, 1982). The violation of these assumptions may produce
statistical results that are tess rel iable or even inval Id, depending on the
degree of violation. One of the first steps In low flow analysls should be
to check the adequacy of the flow data and the appl icabil ity of specific
statistical analyses.

Representative Time Sample

A representative time sample requires that the flow record I's complete
and Is long enough to Include the full range of a characteristic flow
regime. An adequate length of record has been recommended as 30 years or
more (McMahon, 1985).

Random and_Independent Events

Statistlcal analysis Is usually based on a subset of measurements of
the entire popul ation, called a sample. For a sample of flows to be random,
each member of the population (or each flow for a given day) must have an
equal and Independent chance of belng selected. Independent events requlre
that the occurrence or nonoccurrence of one event has no bearing on the
chance that the other wlill occur.

Dally streamflows form a time series, a sequence of events arranged In
order of occurrence (Rlggs, 1977). Usually these flows are positively
correl ated, meaning that a low flow one day Is followed by another low flow
on the next day. Ser!af correl ation tests provide an Indication of the
degree of correlation of flows. Annual minimun low flows may be considered
to be a sample of random and Independent events (U.S. Interagency AdvIsory
Commlttee, 1982). Annual events are generally not as highly correl ated as
dally events, al though long-term persistence of drought may occur and upset

this assumptlion. Monthly minimum flows may exhiblt a higher degree of
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serlal correlation than annual values and thus may not strictly be
considered random and |ndependent.
Hamogeneous_Record

Homogenelty of a flow record impl ies that data are taken from the same
popul ation, or that the flow regime has remalned relatively constant over
the entire period of record. Non-hamogenelty may often result from man-made
devel opments or by the movement of a gaglng statfon. It Is recommended that
only records that represent relatively constant watershed conditions be used
for frequency analyslis (U.S. Interagency Advlisory Committee, 1982; Searcy,
1959).

A variety of techniques are avallable to test homogeneity of flow
records. Double-mass analyslis evidences non-homogenelties as changes of
slope In the plot of massed flow at the polnt of Interest agalnst massed
flox at an unaffected gage or gages In the general vicinlty or agalnst
massed preclpitation (Pltman, 1978). Other ways to detect non-hamogenei ties
Include examination of plots of annual 7-day low flows versus time, or
comparison of annual 7-day low flows at the polnt of Infterest to a reference
flow record (Riggs, 1976). One problem with these techniques is the
possibll Ity that the timing of wet and dry perlods may Introduce blas
(Pltman, 1978). For example, If a flow record begins with a dry period
(lower than average flows) and ends with a wet perlod (higher than average
flows), then there will be a bias toward a trend of Increasing flows.

Another approach to detecting non-homogenelty of a flow record Is to
spl It the record Into two groups def Ined by a suspected change In the flow
regime, and to test for dlfferences between sample statistics such as the
vartances and between the means of each group. The groups should be chosen

so as to reflect a suspected change In the flow reglime, such as that
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resul ting fram the construction of a dam upstream from the gage. I|f both
groups have the same varlance and the same mean, then there is suffliclent
Justification that the perlod of record may be sald to be hamogeneous.
Differences between the variances of two different segments of a given
flow record may be tested using a varlance ratio test, or F test (Zar,

1974). The F statistic Is calculated as follaws:

where F = F statistic

(31)2 and (52)2 = varlances for samples 1 and 2

The cal cul ated F-statl stic may be compared to a table of values for a given
level of signiflcance and degrees of freedom (a function of the number of
data) for each sample. |f the calculated value Is less than the table
val ue, then the hypofhesls that the two varlances are not signiflcantly
different Is accepted. The variance ratio test assumes that the popul ations
bel ng sampled are normal ly distributed, and may be adversely affected by
nonnormal populations., Data iransformations (such as a log transformation)
may be made to make skewed flow data more normally di stributed.

Differences In the means of two samples may be detected with a two-

sampl e t~test (Zar, 1974). A T statistic Is calculated as follaws:

R M S
S~ =
(x1~ x2)
where 21 - §2 = the difference beiween the iwo means
S(x.- %) = the standard error of the difference between the
X1= X2 means
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If the calculated + statistic is less than a comparable table vai ue, then
the two means are not signlficantly different as deflned by this statistical
test. The assumptions required for the t+ test to be val Id are for the
sampl es to have equal varlances, to be random, and to be derived fram normal
popul ations. In many cases, these assumptions are not always correct.
However, the t test has been shown to be robust enough to remaln val Id even
with viol ations of these assumptions. In other words, the assumption of
normal Ity Is not absolutely necessary (Zar, 1974).

In this study, homogenelity 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 flow regime was suspected, F and t+ tests were
conducted. Homogenelty testing using these tests was conducted at the
LIttl eton and Engl ewood sites. The operation of Chatfield reservolir on the
South Platte River beglnning on May 29, 1975 was suspected to produce a
detectable change In the flow reglmes at these sites which are located Just
downstream. The log transformed val ues of annual low flows at Littleton and
Englewood for the perlod 1956~1975 were tested agalnst those for 1976-1985.
The Statistical Package for the Soclal Sciences (SPSS, Nie, et al., 1975)
was used on the Cyber malnframe computer at CSU to complete this analysls.
Values for the two-tall probabll ity were calculated and compared to a
reference level of 0.05. Values greater than 0.05 were considered +o show
no significant difference In varlances or means.

Bel fabi) ity of Low-Flos Analysis

Errors may be introduced to low-flow analysis from a number of

dlfferent sources to produce estimates which may dlffer from the true

values. The degree of rel labll Ity of flow estimates depends on the qual Ity
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of the flow record and also on the appl icabll ity of various statistical
analyses.

The qual Ity of a flow record for use In low~flow analysis may be
affected by two major types of errors, measurement errors and rating curve
errors (McMahon, 1985). Measurement errors may be elther systematic, due to
Instruments of measurement methods, or accidental, due to observers. Rating
curve errors may result fram lnaccurate rating curves based on Insufficient
low flow discharge measurements, or from changlng stage-discharge rel atlons
due to shifting controls. Errors are generally considered a random process
with a relatively small varlance (U.S. Interagency Advisory Committee,
1982).

Errors In statistical analysis of low flows can result fram a number of
sources. Whenever necessary statistical assumptlions are violated, error is
Introduced. The magniftude of the error will be related to the degree of
viol ation of given assumptions, Fitting a given flow record to some sort of
underiying probabii ity distribution to predict frequency statistic flows may
al so Introduce errors. Parameter estimates may Include errors, and a
~dlstribution may not always provide a good fIt and may make [naccurate

predictions of fow flows.
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CHAPTER 3 - FLOW DATA ANALYSIS FOR OOLORADO STREAMS

SITE DESCRIPTIONS

Flown data at eight sites on four different rivers In Colorado including
the South Pl atte River, Boul der Creek, St. Vraln Creek, and the Cache la
Poudre River were analyzed In thls study. Flon analysis of the South Platte
River was made at three sites - Littleton and Englewood In segment 14, and
Henderson In segment 15. Boulder Creek analyslis was made just above the
City of Boul der wastewater treaiment facll ity near 75th Street. Flows of
the Saint Vraln Creek were analyzed at Lyons, Longmont, and Platteviile.
The Cache |a Poudre River was analyzed at Lincoln Street in Fort Coll ins.
Analysls of theoretical effluent |imits based on various design flows was
made for four dlfferent wastewater treatment facilities administered by:
the Cities of Littleton and Englewood, the Clity of Boulder, the City of
Longmont, and the City of Fort Collins. Speclfic descrlpﬂons of each of
the sites follow below.
South Platte River (segment 14)

The South Platte River s classified for the fol lowIng uses In segment
14: class |l recreation, class | warmwater aquaﬂc'llfe, water supply, and
agricul ture, Chatfield dam and reservolr began regulation of the river

upstream of Littleton and Englewood on May 29, 1975, The U.S. Geol ogical
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Survey (USGS) gage at Littleton (06710000) has a dralnage area of
approximately 3069 square miles and a period of record fraom 1941 to current.
The perlod of record analyzed at Littleton Included the years 1955-1985.
The USGS gage at Englewood (06711565), located about four miles downstream
of LIittleton, was recently Installed and has a record fran 1982 to current.
A water bal ance technique was used to extend the flow record at Engl ewood by
using the record at Littleton and accounting for gains and losses to the
river between L1ttl eton and Englewood. Three major tributaries enter the
South Platte River downstream fram Littleton and upstream fram Engl ewood.
Bear Creek |s gaged (USGS at Sheridan 06711500) and has a dralnage area of
260 square miles. The other itwo creeks are not gaged. Two major diversions
are made from the river between LIttleton and Englewood. Flgure 3.1 glves
the location of these features.

The wastewater treatment facil ity of the Cities of Littleton and
Engl ewood conslsts of two plants that dlscharge Into the South Platte at a
single poln'r.' The Joint Use Plant has a rated design capacity of 27 MGD
(milllon gallons per day), and uses an actlvated sludge process with
chlorination and dechlorination. The Englewood plant uses a frickling
fllter, chlorination, and dechlorination and [s rated for elght MsD. Total
discharge for both plants based on the actual record for 1982-1985 averaged
22 MGD on an annual basis and varied from 19.6 to 24.1 MGD on a monthly
basl s,

South Platte River (segment 15)

Segment 15 of the South Platte River Is classified for the same uses as

segment 14, except that It Is class || warm-water aquatic | i1fe, rather than

class |. The US3S gage at Henderson (06720500) has a long record, fraom 1895
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to current, and drains 4713 square miles. Flow data for the perfod 1955~
1985 was analyzed at Henderson. The Denver gage at 64th Avenue (06714215),
nine mlles upstream fram Henderson, drains 3829 square mlles and has a very
short record, 1982 to current, The prediction of flows at 64th Avenue Is
compl icated by a number of fa&crs. The Burl Ington Ditch diverts water from
the South Platte River just upstream from 64th Avenue at an average of about
200 cfs. Water that Is diverted at the Burl Ington headgate In excess of the
al located right Is returned to the South Platte River via Sand Creek, Ju§+
downstream from the gage at 64th Avenue. Major tributaries Include Sand
Creek (ungaged) and Clear Creek (US5S 06720000) which flow Into the South
Pl atte River downstream of 64th Avenue. Two major ditches divert flows fram
the river below 64th Avenue and upstream fram Henderson. Figure 3.2 shows
the locations of these features.

The wastewater treatment facll ity for Metro Denver (MDSDD) consists of
two treatment complexes., The north complex uses a conventional activated
sludge process and the south complex uses a hligh purity oxygen process. The
two plants together are rated for 185 MGD design capaclty flow. Average
annual flows based on actual records for 1981 to 1985’ were about 140 MGD,
while monthly flows ranged from 126 to 157 MGD, Discharge fram the Meiro
Denver sewage plant may be routed to two different locations - the South
Pl atte River or the Burl ington Ditch, depending on water right requlrements.
Boul der_Creek

The segment of Boulder Creek that was analyzed In this study Is
classified for the following uses: class | recreation, cl éss | warm water
aquatic | 1fe, agricul ture, and water supply. Flows in Boulder Creek were
analyzed at a polnt Just upstream fram the 75th Street Bridge and above the

outfall from the City of Boul der wastewater treatment facll Ity. There is

43



147

Metro Denver outfall

Brantner Ditch

Clear Creek

Chatfield l
Reservoir |
t South Platte River
| 84—} 60 Sp———~~ 15— 80 .
7'\ A Sand Creek A
USGS Gage at USGS Gage at 64th. Ave. USGS Gage at
Denver Henderson

Burlington Ditch Fulton Ditch

NOTE = Not to scale,distances are approximate values
given in miles.

Figure 3.2 Straight-Tine diagram for the South Platte River (segment 15).



currently no UGS gage at this site, al though future plans call for a gage
at 75th Street. The closest gage |s approximately 10 miles upstream,
located near Orodel! (06727000). A number of major diversions and Inflows
occur between this gage and the 75th Street location. The nearest
downstream gage Is located at the mouth of the creek near Longmont
(06730500) approximately 14.5 miles away. These features are ll{ustrated in
Figure 3.3.

The wastewater treatment facll ity of the City of Boulder Is a frickl ing
filter type with a rated capacity of 15.6 MGD. Average annual flows based
on actual records for 1983 to 1985 were approximately 15.3 MGD with monthly
averages rangling from 13.1 to 16.9 Ms5D.

St. Vraln Creek

Use classiflications for St. Vrain Creek In the area analyzed in this
study are as follows: class || recreation, and class | warmwater aquatic
| Ife. Three sltes at streamfl ow~gaging stations along the St. Vraln were
analyzed. The flirst site Is at Lyone (UGS gage 06724000), with a dralnage
area of 212 square mlles and a perfod of record beginning In 1895. Flows at
Lyons were analyzed for the period 1955-1985, Approximately 16 miles
downstream Is the next site, the USGS gage bel ow Longmont (06725450). More
than 30 diversions for irrigation water take water fran the creek beiween
Lyons and Longmont. The St. Vraln drains an area of 424 square miles at
Longmont gage which has a seven year perlod of record which Includes 1977-
1982 and 1985. The gage bel ow Longmont Is located approximately four mlles
downstream from the outfall fram the City of Longmont wastewater treaiment
factllty. Major tributary inflows Include Spring Guich and South Dry Creek
which enter the St. Vraln between the gage and the outfall. The third site

on the St, Vraln Is Platteville (USGS gage 06731000). This gage has a
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dralnage area of 976 square miles and a perfod of record from 1927 to
current. Flows from 1955-1985 were analyzed at Plattevilie. Figure 3.4
shows the features described here,

The wastewater treatment facll ity for the City of Longmon+ Is a
trickl ing fllter plant. The current rated design capacity for the plant Is
11.55 M5D. |
Lache 1a Poudre River

Flow analysis on the Cache |a Poudre River was | imlted to one site,
Fort Colllns. The river In that area Is classifled by use for class 1|
recreation, class || warm~-water aquatic | ife, and agriculture. The specliflc
slte analyzed was the USG5S gage at Lincoln Stree in Fort Colllins (06752260)
which has a drainage area of 1127 square miles and a 10 year record from
1976-1985. A correlation of the flows at Lincoln Street with flows at
another site on the Poudre with a longer record was not feasible because of
the high level of regulation of the river. The gage at Lincoln Street Is
located less than one mile upstream fram the City of Fort Collins wastewater
treatment plant number one. Flgure 3.5 [llustrates the major features of
the Cache |a Poudre River Important 0 this study.

The City of Fort Colllins has two treatment facilitles, number one and
number two. The plant In proximity to the Lincoin Street gage, number one,
was used for effluent analysis In this study. Fort Colllns plant number one
Is a trickiing filter plant with chlorine dlisinfection and Is rated for
seven MiD flow. Actual annual flows for the period 1982-1985 averaged 4.7

MGD with monthly averages ranging from 4.0 fo 5.6 MGD,
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FLOW DATA RECORDS

The data base used for flow analyslis In this study conslsted of USGS
dally records for five of the elight sltes (Litti eton, Henderson, Lyons,
Platteville, Fort Colllns). Two of the other sites (Englewood and Longmont)
had periods of record too short to analyze and a third si+e (Boul der) was
ungaged. Flow records of approprlate length for these three sites were
devel oped using three different techniques. The techniques Included a water
bal ance used at Englewood, a streamflow model used at Boulder, and
regression analysls used at Longnont. These techniques wlll be discussed in
detall.

UGS Gages

Flow data collected at the USGS stations used In this study consist of
mean dally flows. The dally averages are based on stage helght measurements
that are taken on a contlnuous basis or at 5, 15, 30 or 60~minute intervals.
Stage height measurements are converted into discharges through the use of
rating tables, which are prepared by the UGS fram stage-discharge relatlion
curves, Correctlion factors may be appl led to discharges by using the
shifting-control method to account for changes In stage-discharge relatlons
over time (Duncan, 1984).

USGS stream-gagling stations are checked on a regular basls to see that
equipment Is functioning correctly and that readings are accurate.
General ly, thls occurs once or twice a month. In a number of cases, the
USGS cooperates with another agency, such as the Colorado State Department
of Natural Resources (DNR), to administer a gage. At a cooperatively
admInistered gage the DNR Is responsible to take gage readings and the UGS

reviews and publ Ishes the flow record.
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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 daily discharges
are within 5 percent of the true value; "good" means within 10 percent,
"falr" means within 15 percent, and "poor" means greater than 15 percent
(Duncan, 1984). Dally mean discharge Is glven to the nearest hundredth of a
cfs for dlscharges |less than 1.0 cfs, to the nearest tenth for discharges of
1-10 cfs and to the nearest whole for discharges of 10-1000 cfs. All of the
gages used In this study were rated "good" by the UGS, except for the gage
at Littleton, which Is rated "falr" during the winter perlod, and the gage
at Fort Collins, which Is rated "poor" for certain periods with no gage-
helght record. It should be noted that these gage ratings apply to the
dally flow record as a whole. Typlcally, extreme low and high flows are
more difficul t to measure accurately than average flows. As a result, (ow-
flow gage data probably are |ess accurate than gage ratings would Indicate,
Englewood Fiow Record

A dafly reconstructed flow record for the USSS station at Engl ewood
(06711565) was developed for the period 1955-1985 using a water bafance
procedure. Anofher'valld approach at thls site would be to use regression
analysis to correlate flows at Englewood to flaws at Littleton. The water
bal ance method was used here for [llustrative purposes since regression
analysis was appl fed at another site. Flows were routed from the USGS
statlion at Littl eton (06710000) approximately four miles downstream to
Engl ewood by accounting for six factors which affect flow In the South
Platte River (Figure 3.1). These factors Include four sources - Bear Creek,
Big Dry Creek, Little Dry Creek, and groundwater Inflow; and two | osses -

Englewood Fllter Plant and Arapahoe Power Plant.
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Dally flow records were not avallable for any of the above | isted
factors except for Bear Creek (USS station 06711500). Flows for Big and
Littie Dry Creek were based on regressions using four data points for each
creek and on average monthly flows at Littleton.

Data on groundv)afer recharge in the South Platte Basin are | Imited to
one section of a study made on segment 14 of the South Platte River (Lewlis,
1986). However, groundwater plays an Important role in the low-flow
hydrol ogy of the river and should not be Ignored. The above-mentloned study
was used as a basls for assuming that the South Platte recelves an average
of five cfs per mile for the four miles between Littl eton and Engl ewood.
Al though thls assumption Is without a strong basis, It does provide an
Initial estimate of groundwater flows until further studles can be
conducted.

Diverslon records for the Engl ewood Filter Plant and Arapahoe Power
Plant were based on monthly averages for the years 1975-1985. It was
assumed that flows for both diversions are relatively constant fram day to
day throughout a given month. With thls assumption, dally flow values
within a glven month were assigned the average monthiy flow for the entire
month. A second assumption was made that diversion flows for the perlod
1975-1985 are fairly representative of flows which might occur In the near
future. To achleve a longer period of record that is consistent with
exlsting condlitlions, monthly average diversion flows were used to predict
dally flows for the period 1955-1974.

The goodness of flt to actual data of the dally flow record predicted
by a water bal ance procedure at Englewood was evaluated In two ways = by
using F and t~tests, and by comparling summary statistics for actual and

predicted flows for 1982-1985. The results of the F test at a 5 percent
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level of significance showed no signiflicant difference In variances. The 1=
test showed no significant difference In means.

A second evaluation of the goodness of fit Is glven In the oomp.arlso'n
of summary statistics calculated for both sets of daily flow data. the
results are listed In Table 3.1. Both the mean and median are higher for
the water balance record as Is the minimum flow. The standard deviation is
somew hat higher for the water balance record meaning that the flows vary
more from the mean. Kurtosis and skewness values are qulte close, which
Indicates that the distribution shapes are quite similar. The 95 percent
conf idence Intervals overl|lap one another, with the water bal ance record
belng sl Ightly higher.

In general, the flow record derived fram the water bal ance method seems
to represent actual flows falriy well, though there are some difficul ties.
The water bal ance may produce flows greafer than the actual, particularly
lower flows, as Indicated by the summary statistics. The addltion of a
constant groundwater recharge factor to a stochastic process may have caused
the predicted low flows to be sl ightly higher than actual flows., Flow
predictions for Blg Dry Creek and Little Dry Creek were made on a very
Iimited data base and may al so Introduce errors into the analyslis.

Assumptions made about diversion data may have caused Inaccuracles as
well. The assumption of consistent flaws fraom day to day throughout a given
month may be a reasonable one for the power plant which consumes
approximately one cfs, but may be |ess reasonable for the fllter plant which
dlverts average monthly flows ranging from 7-21 cfs. The second assumption,
that flows for the perlod 1975-1985 are representative may also be
Inaccurate, al though flows do seem to vary less over the years than from

month to month.
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Table 3.1. Comparlson of actual! flow record
to flow record derlived from water bal ance
at Englewood for the perlod 1982-1985
(973 observations).

Engl ewood
Summary usGs Water
statistics* statlion balance
Mean 754 ' 792
Median 418 425
Std dev 780 849
Minimum 28 45
MaxImum 3910 3716
95% Conf Idence 705 738
Interval to 803 to 845
Skewness 1.4 1.5
Kurtoslis 1.2 1.2

¥ Units = cfs (except skewness and kurtosis)
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Even with al| the above-mentioned sources of Inaccuracy there appears
to be no signlficant difference in varlances or means of the monthly 7-day |
low flows and summary statistics of dally flows are relatively consistent.
The accuracy of the flow data set Is sufficlent for the needs of this study,
which Is focused on a comparison of varlious design flows and not on def Ining
flows without a gaglng record at given points. However, further work on
groundwater and other ungaged factors could be done to refine the accuracy
of dally flow estimates at Engl ewood.

Boul der Flow Record

The flow record at Boul der was estimated using a model of daily flows
that was run for a 12-year period from 1959 to 1970, The model was
developed by a consul tant for the Clity of Boulder (Harding, 1986).
Diverslon records, UGS gages and varlous methods to estimate ungaged flows
were incorporated Into the model. The 12-year daily flow record at Boul der
Includes 364 values for each year with the 365th value dropped. Leap years
are the same as all other years with no value for February 29, A more
compl ete description of the model Is Included in a memo given In Appendix A.
Longnont. Flow Record

Flows at Longmont were estimated on the basis of multiple regression
analyses. The analyses were made wlith the Statlistlcal Package for the
Soclal Sclences (SPSS) (Nie, et al., 1975) on the CSU Cyber mailnframe
computer. Flow data at the UGS station bel ow Longmont for the years 1977~
1982 and 1985 were used along with data from USGS statlons at Lyons and
Plattevilile for the same period to deflne the regression equations.

Three dlfferent approaches were used for the regression analysis at
Longmont., The first regression was based on dally flows., Multiple

regression analysis was made to regress dally low flows at Longmont wlith
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flows at Lyoris and Platteville. The flaws eval uated were restricted to low
flows, defined by a flow occurring on a day when the flow at Lyons was | ess
than 100 cfs., An equation was developed for flows at Longnont and was used
to extend seven years of actual data at Longmont to a 31-year record for
1955-1985. The equation produced Is as fol lows:

Longmont = (0.32 Plattevilie) + (0.53 Lyons) ~ 4.47.

The coefficlent of varlation (r2 value) for the equation Is equal to 0.77,
which Is Indicative of an acceptable fit of the date to the equation., A
second measure of the accuracy of the predicted data Is gliven by a
comparison of summary statistics calculated for predlicted and actual records
for a seven-year perlod (Table 3.2). From these statistics, it appears that
the predicted values based on a regression of dally flows are reasonably
accurate. The medians of the two sets of data are quite close, though the
predicted mean Is higher than the actual. The predicted standard deviation
Is higher than the actual, Indicating greater varliabll Ity In predlcted than
actual values. The ranges of the two data sets overlap, but the minimumn and
maximum of the predicted values are both |ower than actual. |1 could be
that the low values of the predicted data record are sl ightly |lower than the
actual. This would tend to produce |awer than actual frequency statistic
low flows.

One weakness of a regression of dally flows is that the assumption of
Independent events is violated. This violation may 1imit the accuracy of
the analysis. In addition, the assumption of normal ity of the data may not
be met,

A second regression at Longmont was similar to the flrst except that
the dally flows were transformed to log values before an equation was

devel oped and all the data were used. This fransformation was made 1n an
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Table 3.2. Comparison of actual flow record to flow
records based on two different regressions
of dally flows at Longmont for the perlod
1977-1982,1985 (1095 observations).

Summary USGS Regression of Regression of
statistics* station daily flows log-transformed
dafly flows

Mean 72 88 111

Medl an 51 52 62

Std dev 78 97 157
Minimum 24 19 15
~Maximum 663 584 1634
95¢ Conf idence 55 67 105
Interval to 89 to 109 to 117
Skewness 5.6 3.2 4.8
Kurtosis 40.4 11.9 29.9

¥ Units = cfs (except skewness and kurtosis)
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effort to normal ize the data. The equation from this analysis Is as
fol lows.

log Longmont = (0.7518 log Platteviile) + (0.2418 log Lyons) - 0.2171,
The coeffliclent of variation for the equation is 0.90. Summary statistics

on the predicted flows based on thls regression of log-transformed val ues

are given In Table 3.2, Even though the rz value Is higher for this second
equation, the statistics show that 1+ provides |less accurate predlcted
values than the flirst regression. The values are much more variable, and
appear to be generally higher than actual values.

A third approach at Longmont invol ved regression analysis on |og-
iransformations of specific monthiy or annual frequency statistic low flows.
Six separate regression equations were devel oped for month{y 1-, 4~ and 7-
day flovs and for annual 4-, 7- and 30-day flows as glven in Table 3.3. No
equation was devel oped for annual 1-day flows since they were not

significantly correlated. The range of coefficients of determination

(rzval ues) for all of the equations was fram 0.80 to 0.91. These val ues
indicate that each of the equations should be able to predict monthiy or
annual low flows at Longmont with reasonabl e accuracy.

One strength of this third approach to regression analysis at Longmont
Is that the assumption of Independence of events Is more val id with monthly
or annual flows than with dally flows. The |log=-transformation shoul d make
the assumption of normal Ity more val Id as well. A weakness of the approach
Is the | Imited number of data polnts to correlate for regresslon equations
(7 for annual flows, 84 for monthly). Another dlsadvantage Is that since a
dally flow record ls not developed, certaln analyses | lke the blologlcally~

based cal cul atlon of design flows and excursion analysis are not possible.
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Table 3.3.

Regression equations for annual

and monthly |ow

flow frequency statlistics at Longmont.

Low flows

Equatlon¥*

Coefficlent of
determination

Annual :
4-day
7-day

30-day

Monthly:
1-day
4~day

7-day

Y
Y

]

0.228 +
0.133 +

0.016 +

0.427 + 0.459
-0.057 + 0.686 X + 0.232 Z

0.671
0.726

1.031

0.691

>

>

X + 0.185 Z

X + 0.155 Z

0.88
0.89

0.91

0.88
0.80
0.90

¥ Definition of variables In equations:

Y
X
z

no oM
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log (Lyons moving average flow)



The two regression equations for daily flows at Longmont were used to
generate a dally flow record for the period i955-1976 and 1983-1984, thus
extending the actual record to cover a 30-year period. These generated flow
data records were treated just as a record framn a USGS gage In the remainder
of the analyslis. Monthly and annual low flows for each year of record
generated from the six equations which were developed In the third approach
to regression analysls. Frequency statistic flows were calculated fran this
set of data using Log-Pearson Type Il analysls.

The resul ts of the analysls by each of the three regression methods are
given In tables A1.11~A1.16 and figures Al1.16-A1.18 for annual flows and
tables A2.3-A2.5 and A2.24-A2.32 for monthly flows. A comparison of the
values Indicate that the two regressions of dally flows produce frequency
statistic flows that are very similar., The flows calculated with the set of
six different regression equations do not seem to be as val Id as el ther of
the other two results. This Is well evidenced by the odd pattern of the
annual frequency curves In Figure Al.18 and the Inconsistency of values In
the tables of annual and monthly flows (e.g. 4-day flows frequently smaller
than 1-day flavs). These Inconslstenclies can probably be atirlbuted to the
fact that a serfes of regression equations, each with Iits own errors, was
used rather than a single equation,

I+ appears, that at Longmont the most val Id approach to the regresslion
Is a simple | inear regression of dally flows below a given level. This
resul t may not hold true at other sites, however. Each of the methods may

be val 1d, but should be checked for approprlateness In a speciflic Instance.
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Hamogenelfy of the Flow Record

Many of the streams along the Front Range have been heavily Influenced
by man's actlvities and may exhibit changes In the low-flow regime or non-
homogenel tles, as a result. Two approaches were used In this study to
fdentify changes in low-flow characteristics - plots of annual 7-day low
flows versus time, (Flgure 3.6 and A1.1-Al1.8) and F and t-testing for
changes In mean and varlance. The plots show a variety of patterns in
annual low flows. Same sites seem to exhibit a trend, while others appear
to have cycles In low flows. The causes for these patterns are unknown,
though they are not necessarily Indicative of non-hamogenelties and have not
been conf irmed statlstically.

For most of the sites there seems to be a distinct period of Iou-er than
average flows fram 1956-1965. This is particularly well lllustrated In the
tables of one-day excursions, whlich show many more excursions for the

period, than for the remalnder of the record (Tables 3.17 and A4.1-A4.8). 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 from 1956~
1965. This could well be Indicative of a dry low flow period throughout the
state of Colorado durling that decade.

Tests for the homogenelity of flow records at Littleton and Engl ewood
showed no significant difference In variances or means of low flows at
el ther 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 hamogeneous at
each of the sites and a 30 year perlod of record was util|ized where
avallable. More work could be done to Iimprove detection of non-

hamogenel ties and methods to deal wlth non-hamogeneous recor ds.
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Figure 3.6 Annual 7-day low flows versus time at Littleton.



The resull'rs of the low-flow analysis show that the classic 7Q10 was
hardly ever experienced during the wet years of the record Indicating that
this partlicular statistic may be too stringent at times, while during the
dry period it was experienced quite a number of times indlcatling that this
statistics may be too high. |

The treatment of cycles and trends Is an important Issue In the
generation of low flow statistics. For analysis of data that exhibits a
trend, 1t Is reasonable to select a subset of the total data set from the
most current data for analysis. This subset should be sufficiently large to
provide a reasonable basis for |ow-flow statistical analysis (l.e., at |east
10 years long). For data that appears to be cyclic, it Is more reasonable
to use a longer data set (l.e. 30 years) with the assumption that the |onger
perlod of record Is hamogeneous 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 indicative of a trend or cycle. This makes the cholce
of an appropriate perlod of record for analysis difficult. As mentioned, a
nunber of the sites in this study seem to exhibit a “dry"™ perlod for the
flrst ten years of analysis (1956-1965).

On the one hand, It would be easy to el Iminate the earl ler data, since
1T appears to be dissimilar to the more recent data (non-homogeneous), and
determine the {ow flow statistics with the more recent “"wet" years. On the
other hand, for the "dry" period since the |low flow period could occur
agaln, calculating the low flow statistics using the dry year data will

provide a margin of safety for the enviromment.
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Distribution of Annual and Monthly Low Flows

Resul ts of distribution testing on annual 1 day, 4 day, 7 day and 30
day flows, monthly 7-day low flows and seasonal 7 day flows are shown In
Table 3.4A. The results Indicate that the |og-Pearson type {1l distribution
reasonably fit the various flow statistics at all the sites. |f the number
in the table Is less than the Chi-square statistic of 6.0 then i+ would be a
reasonable assertion that the flow data are |og-Pearson type ||
distri bufed;

The results of distribution testing for annual 7-day low flows are
glven In Table 3.4B, these results indicate that, with the exception of
Henderson, annual 7-day low flows were normally distributed at all sites
using the Chi-square and Shapiro-Wilk test. Henderson flows failed the
Shaplro-Wilk test at 5 percent level of significance when no data
transformations were utilized. Annual 7-day low flows at Henderson appeared

to have had a |ognormal distribution.

RESULTS OF FREQUENCY STATISTIC FLOW ANALYSIS

Low flow analysis was made for flovs of various durafions to correspond
to Instream aquatic | ife criteria based on acute and chronic concentrations.
Design flows were calculated with two different methods - dlstribution-based
frequency statistics, and the EPA biologlcally-based empirical method.
Annual, seasonal, and monthly design flows were calculated and compared.
Low flow events were analyzed for 1-day excursions (moving average flows
below a given level), and for run lengths. The results of each type of
analysis follow, with specific Illustrations given throughout the chapter

for various sites (primarily Englewood). Complete low-flow analysis results
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Table 3.4A. Chi-square statistics for goodness of fit to the |og-Pearson type 111

di stribution.

Annual Flows

Monthly 7-day flows

Seasonal 7-day flows

Site 1-day 4-day 7-day 30-day Mar _Jun __Sep _ Dec Low Tran High
Littl eton 1.0
Engl ewood 3.7 2,3 1.3 5.8 2,7 0.8 1.1 2.4 2.3 1.8 2.7
Hender son 1.0
Boul der 4.0 4.6 2.8 2.2 1.3 4,0 5.8
Lyons 1.3
Longmont 3.7 1.4 5.3 59 2.4
(dally reg.)
Longmont 1.7 0.4 3.0 2.9 3.4
Platteville 1.7 1.7 3.7 43 6.9
Fort CollIns 6.0 3.0 7.0 5.0 6.0 2.0 0.0 0.0 3.8 1.5
*Reference Chi-square statistic = 6.0
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Table 3.4B. Relative scores of normality testing using the Chi-square
Goodness-of-Fit and the Shapiro-Wilk Test on annual 7-day

lTow flows for the period of record at each site.

Log-
No trans- Logar~ Wilson- Wilson~
Site formation Ithmic HIl ferty Hil| ferty
Ax B* % A B A B A B

Littieton

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

Passed 1 g 1 1 1 1 1 1

Failed 0 1 0 0 0 0 0 0
Boul der

Passed 1 1 1 1 ] 1 1 1

Failed 0 0 0 0 0 0 0 0
Lyons

Passed 1 1 1 1 1 1 1 1

Failed 0 0 0 0 0 0 0 0
Longmont

Passed 1 1 1 1 1 1 1 1

Fatled 0 0 0 0 0 0 0 0
Platteville

Passed 1 1 1 1 1 1 1 1

Falled 0 0 : o] 0 0 0 0 ]
Fort Colllns

Passed 1 1 1 1 1 t 1 1

Falled 0 0 0 0 0 0 0 0
* A Chi-square goodness~of-fit test.

% B Shapiro-Wilk fest for normal lty.
Passed = 5% signiflicance level.
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for each of the sltes are given In the form of tables and flgures In
Appendix A.
Annual Design Flows

The resul ts of the annual low flow frequency analyses are presented in
two formats - as a table and as a set of frequency curves for each site
(Table 3.5, Figure 3.7 and Tables Al.1-A1.20, Flgures A1.11-A1.20). Low-
ftov frequency statistlcs are given 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 moving average {ow flow occurring once every 10 years on the average
(7010) from Table 3.5 for Englewood is 28 cfs. Below the annual frequency
statistic table Is a table of the annual {ow flows (Table 3.6). An annual
low flow may be deflned as the lowest moving average of a given duration for
any glven year. The values in Table 3.6 were fi{t to a |og~Pearson Type 11
distributfon to produce the frequency statistic flows glveﬁ In Table 3.5.

Frequency curves, which are plots of flow magnltudes versus recurrence
Intervals for 1=, 4~, 7~ and 30-day durations, are glven for each site
(Figures 3.7, A1.11-A1.20).. As the recurrence interval increases, the
slopes of the curves flatten out In every case. This Is an Indication that
the difference In magnitude between a 7Q2 and a 7Q3 low flow Is much greater
than the difference beitween a 7010 and 7Q15.

The frequency curve may be used with (nterpolation to approximate
frequency statistic flows of dlfferent recurrence Intervals than those
previously calculated. For example, a 30Q4 for Englewood may be
approximated as 48 cfs (Figure 3.7). In addition, frequency curves may be
used to define comparable annual frequency statistlics, by drawing a

horizontal |Ine through the graph at a glven flow value. For example, a
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Table 3.5. 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 3.6. Annual low flows for each year of
record at Engl ewood.

Cl imatic Low flow (cfs)
year Duration

(4/1-3/31) 1~day 4-day 7-day 30-day
1856 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

68



69

65

LOW FLOW DURATION
60 h 8] 1—-DAY
+ 4—-DAY
85 o 7—DAY
A 30—~DAY
. 50
n
L
O
~ 45
= ]
(@]
|
i 40
=
(@]
~ 35 -
—f
30
25 ~
H |
20 - T T T T 1 T T T \
2 6 7 8 9 10 11 12 13 14 15

RECURRENCE INTERVAL (YEARS)

Figure 3.7 Annual frequency curves for 1, 4, 7 and 30-day moving average low flows at

Englewood.



Itne drawn through 40 cfs at Englewood shows that the same flow Is
approximated by a 1Q2.4, a 405, a7(3.8, and a 30(8.

The annual frequency statistic flows for 1-, 4-, 7- and 30-day
durations and 2, 3,. 5 and 10 year recurrence Intervals were ranked fram |ow
to high for each site (Table 3.7). The 1Q10 flow statistic Is consistently
the Jowest, followed by the 4Q10 or 105. The 3002 and 3003 flaw statistics
are conslstently 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 law flaws Is given In
Table 3.8. Percent Increases In flow magniltudes varled fram site to slte.
For acute 1Q10 and 1Q3 flows the average Increase &er all the sl tes was 81
percent and ranged from 36 percent to 175 percent. The increase In
magnitude from chronic 7Q10 to 30Q10 flows average 59 percent and ranged
from 0 percent to 177 percent. Increases from chronic 7Q10 to 3003 flows
averaged 160 percent and ranged from 89 percent to 362 percent.

The perfod of record chosen for |low-fiow analysis had a significant
effecf on the annual frequency statistic flows. This was well-evidenced at
Englewood and Longmont. At these sltes, analysls was conducted for two
different periods of record - a 30-year period fram 1956-1985 and a 10-year
period from 1976=~1985. The results of the analysis are compared in Table
3.9.

The flows calcul ated with the shorter, more recent perlod of record are
consistentiy higher than the flows calcul ated with the longer record. This
dl fference averages about 30 percent and generally Increases with Increasing

recurrence Interval. The cause for this signiflicant difference in flow
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Table 3.7. Ranking of annual low flow frequency statistics.

Rank Littieton Engl ewood Henderson Boul der Lyons Longmont* Longmont®* Platteviile Fort Colllns
(t=fow} cfs stat cfs stat cfs stat cts stat cfs stat cts stat cts stat cts stat cfs stat
1 10 1010 24 1010 17 1010 5.1 1010 0.8 1Q10 10 1010 12 1Q10 27 1010 0.9 1010
2 12 105 26 4010 22 4010 6.9 4010 1.2 4Q10 12 4Qt0 13 4Q10 29 4010 1.2 1Q5
3 12 4010 28 Q10 26 7Q10 7.2 1Q5 1.3 7010 12 7Q10 14 7Q10 31 7Qt0 1.3 4Q10
4 12 7010 - 30 105 27 1Q5 8.4 7010 1.4 1Q5 12 105 14 105 35 1Q5 1.4 7010
5 13 4Q5 33 4Q5 36 4Q5 9.0 405 2.1 405 15 103 17 103 8 405 1.4 30010
6 14 103 35 103 40 103 9.6 1Q3 2.2 103 13 4Q5 17 405 40 705 1.5 103
7 15 705 35 705 41 705 10.4 705 2.4 705 16 705 18 7Q5 42 103 1.5 405
8 16 30010 36 30Q10 46 30010 11.5 403 3.3 4Q3 18 30010 19 30010 43 30010 1.6 703
9 17 1Q2 40 4Q3 51 4Q3 11.7 1Q2 3.6 102 19 102 20 493 47 4Q3 1.8 4Q3
10 18 403 43 1Q2 60 102 12.7 7Q3 3.6 30010 19 4Q3 21 7Q3 50 7Q3 1.9 102
1" 19 7Q3 43 703 61 7Q3 14.3 30Q10 3.8 7Q3 20 703 21 102 53 102 2.0 703
12 22 4Q2 44 30Q5 67 3005 14.7 4Q2 4.7 3005 22 3005 22 30Q5 55 3005 2.0 30Q5
13 22 3005 48 4Q2 76 4Q2 16.1 792 5.2 402 23 4Q2 24 4Q2 59 402 2.2 402
14 25 702 52 702 89 7Q2 17.1 3005 5.9 702 25 792 26 3003 64 792 2.4 702
15 27 30Q3 53 3003 89 30Q3 20.1 30Q3 6.0 30Q3 26 30Q3 26 7Q2 67 3003 2.9 3003
16 34 3002 61 3002 126 30Q2 24,1 3002 7.8 30Q2 30 3002 bR 30Q2 83 3002 4.8 3002

% yajyes based on regression of jog-transformed daily flows.



Table 3.8. Comparlson of annual frequency statistic low flows.

Percent Increase in flow magni tude*

1010 7Q10 30010 7Q10 7Q3 7010

Site to 1Q3 to 703 1o 3003 +to 30Q10 to 30Q3 +o 30Q3
Littleton 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 Collins 67 43 107 0 45 107
* Percent Increase = (larger flow - smaller flow) / smaller flow
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Table 3.9, Comparison of annual
different perlods of record at Englewood and Longmont.

a. Englewood

low flow frequency statistics using two

Recurrence
Interval 1-day 4~day 7-day 30~-day
(years) A% B* 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 (based on a regression of dally flows)
Recurrence - T
Interval 1-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 period of record 1956-1985
*¥B perlod of record 1976-1985
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records can be related to elther natural dry and wet cycles (dry years
occurring in the first 10 years of record), or to a trend In the flow 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
homogenelty of the flow record.

Monthly Design Flows

Monthly frequency statistic lov flovs are summarized In Table 3.10 for
Englewood. The table Includes daksign flows for each month of the year for
1-, 4-, and 7-day durations at 2, 3, 5 and 10 year recurrence Intervals. As
an exampl e, the monthly 7Q5 for August at Englewood is equal to 79 cfs. On
the average, percent increases from one monthly design flow to another (l.e.
fromn 1Q10 to 1Q3) are comparable to percent Increases for annual flows glven
In Table 3.8. However, percent Increases are greater for high flow months
(e.g. June) than for annual flows and less for low flow months (e.g.
January) .

Monthly 7-day low flows for each water year of record at Englewood are
presented In Tabie 3.11. The values in this tabie are the lou.flqus that
were fit to a |log-Pearson Type !l distribution to define the frequency
statistics given In Table 3.10. Examination of Table 3.11 and similar
tables In the appendix for other sites shows how flows may vary from one
month fto another on a fairly 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. Although flows vary from month to month there may be even more
significant dl'fferences fram year to year. The month of June at Engl ewood
Is a good example, with 7~-day tow flows ranging from 34 to 2259 cfs.

Figure 3.8 provides a graphical Illustration of the differences In

frequency statistic flows from one month to another at Englewood. The
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Table 3.10. Monthiy

fow flow frequency statlstics at Englewood.

7-day low flow (cfs) 4~day low flow (cfs) 1-day low flow (cfs)
Month Recurrence Interval (years) Recurrence l!nterval (years) Recurrence interval (years)

2 5 10 3 5 10 2 3 5 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 71 58 50 42 67 5% 47 40
Apr 107 78 58 43 101 74 56 4% 93 67 50 37
May 246 159 110 77 230 148 102 70 204 130 89 60
Jun 234 144 94 60 212 130 85 52 188 113 73 45
Jul 186 137 95 63 162 120 84 55 133 98 69 47
Aug 159 112 79 54 150 101 7t 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 13 62 52 46 70 60 51 45 66 55 48 43
Dec 70 62 52 46 69 59 51 45 66 56 49 43
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Table 3.11. 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 65 61 71 94 483 485 245 222 43 36
1961 50 75 83 717 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 55 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 83 83 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 68 117 239 153 139 65
1973 65 78 75 79 93 111 164 1143 981 461 268 64
1974 120 117 97 109 123 222 322 280 153 165 80 53
1975 88 75 75 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 56 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 T 64 54 62 64 59 115 48 69 74 89
1982 77 54 57 56 46 43 37 79 94 138 305 248
1683 141 59 59 53 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
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Figure 3.8 Graph of monthly 7-day moving average low flows for 2, 3, 5 and 10 year recurrence
intervals at Englewood.



flgure Includes four bars for each month of the year which give monthly 7-
day low flows at 2, 3, 5 and 10 year recurrence Intervals.

Monthiy tow flows for this study were calculated using an overl appling
procedure as described In the methodology chapter. This procedure produced
values that differ from values calculated without overlapping. The
differences In monthly 7-day low flow frequency statistics at Littl eton with
and without overl apping are Illustrated in Table 3.12 (see also Tables A2.10
and A2.11). |In general, with the over|apping procedure, monthly low flows
for each year had | ower means, smaller standard deviatlions and varying skews
when compared to low flows cal cul ated without overlapping. The frequency
statistic flovs in Table 3.12 are similar, with values occasionally higher
wlth overlapping but more often lower, particularly for high flow months.

In most cases, monthly frequency statistic flows are higher than annual
flows. Percent Increases of monthly 7Q10 flows over annual 7010 flows are
glven for each month at five sites In Table 3.13. The increases range from
0 percent for several months at Fort Collins to 1914 percent for the month
of June at Fort Coll Ins.

Seasonal Design Flows

Months were grouped Into seasons fto cal cul ate seasonal design fiows at
four sltes - Englewood, Boul der, Longmont and Fort Collins. The year was
separated Into two to four seasons of low, 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 3.14 (see also Tables A3.1-A3.4). The selectlon of flow
seasons using these criteria Is a relatively subjective trial and error

process. Once an initial selection was made, seasonal flows were cal cul ated
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Table 3.12.

Comparison of monthly 7-day

low flow frequency statistlics
(with and without overlappling) at Littleton,

7-day low flow (cfs)
Recurrence interval (years)

Month 3 5 10
A% B* A 8 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 3 30 24 25 21 21
Dec 34 35 26 27 21 21 17 17

*A calculated with overlapplng.

B calculated without overlappling.
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Table 3.13. Comparison of monthly to annual 7Q10 flows.

Month % lncré;se of monthly over annual 7010'52
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
Obf 14 67 67 7
Nov 64 55 75 0
Dec 64 126 75 0
¥Percent Increase = ((monthly) - (annual)) X 100 / (annual)
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Table 3.14. Monthly 7-day low flow statistics used to group
months Into seasons at Engl ewood.

Flow (cfs) Monthly Seasonal
Month Season Mean Med! an SD#* 703 7Q3
Jan Low 72 75 29 56 45
Feb Low 76 71 34 58 45
Mar Low 84 70 41 61 45
“Apr Tramsition 146 102 116 78 78
May  High 493 220 19 159 80
Jun High 434 239 511 144 80
Jul High 268 195 213 137 80
Aug High 223 206 181 112 80
sep Lo 9 13 18 56 45
Oct Low 95 66 97 50 45
Nov Low 98 75 75 62 45
Dec L ow 82 70 42 62 45

* Standard devliation
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and compared to check the appropriateness of the seasons. Where necessary,
months were regrouped Into more approprlate seasons.

For the sites analyzed, the grouping of months into seasons varied.
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 low season., High season months included May, June,
July and August. The oniy month that was consistently high at each of the
four sltes was June, Transition months included March, April, May, August,
September, October and November. The defInltion of Iow-fld seasons Is a
site-specl flc process and should be based on characteristics at a gliven
site. In this study, the grouplng of months was based on flow alone. Other
factors that should be considered In the def initlon of seasons for discharge
permitting Include variation from month to month In effluent quantity and
qual fty and [nstream water qual ity.

Seasonal 7-day low-flow frequency statistics at 2, 3, 5 and 10 year
recurrence [ntervals at Englewood are given In Table 3.15 with seasonal |ow
flows for each year given below In Tabie 3.16 (see also Tables A3.5-A3.12).
The critical Importance of how months are grouped Is illustrated In Tables
3,15 and 3.16. Seasonal flows for ftwo dlfferent sets of seasons were
calcul ated with the flirst set Including |ow (September-March) and high
(Aprii-August) seasons and the second set adding a fransition season
(April). When April Is grouped in the high flow season, the high season
flovs are much tower than when April Is not Included In that season (e.gq.
7Q2 of 78 cfs compared to 111 cfs). The reason for thls signlflcant
difference Is illustrated in Table 3.16. The lowest flows for the high flow
seasons (April-August) may occur In etther April or May-August, depending on

the year. When April Is grouped with May-August, the Iowest flow In elther
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Table 3.15. Seasonal 7-day low flow frequency statistics
at Englewood.

Recurrence Low flow (cfs)
interval Low Transition High High*
(years) (Sep~Mar) (Apr) (May-Aug) (Apr-Aug)
2 54 107 111 78
3 45 78 80 60
5 37 58 60 49
10 30 43 44 40

*Based on twc seasons only, low and high.

Table 3.16. Seasonal 7-~day low flows for each year
of record at Engl ewood.

Low flow (cfs)

Year L ow 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
1964 46 105 72 72
1965 36 87 284 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 53 82 186 82
1976 44 78 100 78
1977 60 102 60 60
1978 50 47 53 47
1979 41 151 105 105
1980 51 175 166 166
1981 48 59 48 48
1982 43 37 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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season s chosen. Comparison of the |ast three columns of Table 3.16
illustrates this polnt.

A comparlson of monthly, seasonal, and annual frequency statistic low
flows shows that annual flows are consistently less than or equal to
seasonal flows which are conslstently less than or equal to monthly flows
(Figure 3.9). This pattern is due to the varlation of flows fram one month
to another and to the occurrence of minimum flows In dlfferent months, for
various years. The reasoning for this Is similar to that given above for
seasonal flows. The lovest values occurring In a year-long period are used
to cal cul ate 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.

ANALYS IS OF LOWN-FLOW EVENTS
Excursion Analysls

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 define the
patterns and durations of such events for varlous |low~flow statistics.
Four- and Thir‘fy-;day excursions were al so cal cul ated for comparison at one
slte. The analysis of one~day excursions may be used to help select an
appropriate acute design flow (1-day duration). The one~day excursions are
not as useful for selecting a chronlic design flow, which Is of a |longer
duration (e.g. 4~, 7=, or 30-days). Four— or thirty-day excursions may be
used to help select an approprlate chronlc design flow, but run lengths,
which are dilscussed In the next sectlon, provide more Information and are

thus more useful for that purpose.
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The resul ts of the 1-day low-flow excursion analysls are summarized for
all the sites in Tables A4.1-A4.10. The analysis of 4-day and 30-day
excursions at Englewood (Table 3.17) Is summarized In Tables A4.9 and A4.10.
The number of excursions for each year of record is glven for six different
annual flows, two acute and four chronic. Total numbers of years and days
with excursions are | Isted at the bottam of the table. With reference to
Table 3.17, 1t can be seen that the flow of the South Platte at Engl ewood
did not go lower than any of the various design annual flows in the years

1984 and 1985. However, In 1964, the 1010 of 24 cfs was not exceeded seven

times. While the 3003 of 53.cfs was not exceeded 100 times, in other words,
al most one day in three the river flow was less than the 30Q3.

Summaries for one-day excursions for all the sites are glven in Tables
3.18 and 3.19 as percent of total years and total days with excursions,
respectively. The number of years wlth excurslions ranges fram 3 to 82
percent. The average number of years with excursions over all the sites
are: acute flows - 1010 average 11 percent, 103 average 31 percent; chronic
flows - 7Q10 average 20 percent, 30010 average 47 percent, 7Q3 average 49
percent, and 3003 average 74 percent. The number of days wlith excursions
varies fram 0.1 to 13.4 percent with the follawing averages: acute fiows-
1010 average 0.25 percent, 1Q3 average 1.1 percent; chronic flows - 7Q10
average 0.5 percent, 30Q10 average 1.9 percent, 7Q3 average 3.2 percent, and
30Q3 average 9.0 percent.

An analysis of excurslons below monthly frequency statlistic flows for
each month of the year showed many more excurslions bel ow monthly flows than
below annual flows (Tables 3.20 and 3.21). The increase In the number of
excurslons ranged from 500 percent to 850 percent. Thls Increase Is the

result of a narrowed range between annual mean flows and monthly design
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Table 3.17. One-day low-flow excursions at Engl ewood.

o

Number of excursions for a given annual flow*
Cl Imatic Acute flows Chronic flows

Year 1010 103 7Q10 30010 7Q3 3003
(4/1-3/31) (24 cfs) (35 cfs) (28 cfs) (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
1670 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 0 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 wlth

excursions 2 8 4 8 15 22

(30 total)

Days with

excurslions 48 138 67 158 441 1036

(10958

total)

¥Excurslion = single 1-day flow below a given level.
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Table 3.18.

Percent of years with one-day

low flow
excursions for the period of record.

it

Percent of years with one-day excursions¥

Site Acute flows Chronic flows

1010 - 1Q3 7Q10 30010 7Q3 3003
Littleton 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 Collins 11 44 22 22 56 78

*Excursion =

single 1~-day flow befz; a glven level.

Table 3.19. Percent of days with one-day low flow
excursions for the period of record.
T Percent of days w 1 th one~-day excurslons¥
Site Acute flows Chronic flows

1010 103 7010 30010 703 3003
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
Piattevitie 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

¥Excurslion =

sTBgIe 1-day flow below a gliven level.
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Table 3.20. One-day low flow excursions below monthly 7Q10 fiows.

Jotal number of excursions#®

Month Engl ewood Boul der SE::gmonf Platteviite Fort Colllins
(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 below a given level.

Table 3.21. Comparlison of one-day low flow excursions
below monthly and annual 7Q10 flows.

TofaT“;umber

Flow of excursions#* Percent of days

record Monthly Annual Monthly Annual

Site (years) 7010's 7010 7010's 7910
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
Platteville 30 481 58 4.4 0.5
Fort Collins 9 63 6 1.9 0.2

*Excurslion = s!ngTe 1-day fIBZ-Below a g?ven level.
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flows, The Implication of this analysis Is that a more restrictive monthly
flow statistic [s required to provide a comparable [evel of protection to
that provided by a glven annual statistic. A comparable level of risk for
excursions below an annual 7Q10 frequency statistic would be provided by a
monthly 7Q115 statistic. A monthly 70115 flow may be higher or lower than
an annualy 7Q10, depending on the month.

The use of a monthly flow statistic for dilutlion purposes may be quite
effective In using the natural assimilative capacity of a river durlng
higher flows. During high flows | ess treatment would be required at the
point of discharge while still malntaining downstream uses. However, iIn
order for the use of a monthly design flow to be acceptable [T must allow
protection of the aquatic system and stream uses. at a level of, at |east,
the conventional 7Q10 using annual val ues.

Using the concept of equal ity of risk, the recurrence interval for an
equival ent monthly flow can be determined. The assumptions made are:

1) 10 years of dally flow;

2) Monthly data are Independent; and

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

given below:

R=1-1(1- :l].“)N
R
where: R = risk of one or more excursions in N outcomes
N = number of outcomes, 10 when analyzing annual data and 120

when analyzing monthly data

TR = recurrence Interval of the flow.

For the risk of one or more excurslons of the 7Q10:
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=1 - _ 110 _
R =1 (1 10) 0.65.

This means there Is a 65 percent chance in the next ten years that
there will be one or more flows equal to or less than the 7Q10, Equating
the level of risk to monthly flows and solving for the monthly recurrence

interval

0.65

-1 - Lly120
1 - (1 TR)

TR 114.81 years

As a result of this analysis, the 7Q115 flow shouid be calculated for each
month., This would then be used as the design flow avalilable for dllution.
I+ should be noted that estimation of an 115 year recurrence Interval flow
from only 30 years of data or less will require extrapolation of the data
Increasing more uncertainty in the results as compared to estimating a 10
year recurrence Interval flow which requires interpolation of the data and
less uncertainty in the results.

The monthly recurrence [nterval could also be determined by assuming
equal risk with the annuval flow that one or l[ess excursions occur In a ten
year perlod. This risk Is equal to the probabil ity of no excursion of the
10 year flow in 10 years (0.35) plus the probabll ity of only one excursion
In 10 years (0.39). The monthly recurrence Interval which will
theoretical ly have the ldentical risk Is approximately 120 years. It would
appear that the difference of the recurrence Intervals are sufficlently
small when considering the problem of uncertainty In the data analysis that
the 115 year recurrence Interval should suffice.

Run_Length
Run | engths of low-flow events, or the number of consecutive days wlith

flows below a given level, were calculated at each of the sltes for iwo
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acute flows (1010 and 1Q3) and four chronic flows (7Q10, 7Q5, 30010, and
30Q3). The results for Plattevilie are glven In Table 3.22 and for the
other sites in Tables A5.1-A5.8. For comparison purposes, run |engths bel ow
the annual 30Q3 flow for all the sites are glven In Table 3.23. Medlan run
lengths below the 30Q3 In Table 3.22 range from two to four days, as
follows: two days - Boulder and Lyons; three days - Littleton, Englewood,
Henderson and Fort Collins; four days - Longmont and Plattevillie.

The run length analysls may be used to evaluate the approprlateness of
various chronic or acute design flows for use In discharge permitting.
Given speciflc criteria for the allowable duration of the design flow and
frequency of excurslons below the design flow, one can select a flow that
will meet these requirements, As an example, assume that the criteria allow
a chronlc deslgn flow duration of 30 days and a frequency of occurrence for
excursions below this fiow of once every three years. For a 30-year period,
30/3 or 10 excursions would be allowed. At Platteviile, the number of 30-
day excurslons 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). This exceeds the 10
excursions allowed based on an allowable frequency of once every three
years. The number of 30-day excurslons below the 30Q10 at Platteville Is
zero, and the number of 30-day excursions below the 7Q3 Is 1.57 (47/30).
This kind of analysis can be applled to other sites with various duration

and frequency criteria fto define approprlate chronic design flows.

BIOLOG ICALLY-BASED DESIGN FLOWS

Deslgn flows were calculated with the U.S. EPA blologlcally-based
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Table 3.22.. Run lengths of low-flov events for the perlod of record at Ptatteviile
(1956-1985}.,

1Q10 1Q3 7010 703 30010 3003
(27 cfs) (42 cfts) (32 cfs) (50 cfs) (43 cts) (67 cfs)

Run Number Run Number Run Number Run Number Run Number Run Number
length ot rups length of runs tength 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 1 2 10 2 4 2 1s
5 1 3 3 4 1 3 4 3 4 3 7
17 1 4 8 5 2 8 4 4 6 4 6
9 1 5 3 7 1 5 4 5 3 5 5
5 1 13 1 5 1 6 2 6 4
7 1 19 1 7 3 7 1 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 1 1 19 | " 3
25 1 12 2 25 1 12 3
26 1 13 2 26 1 13 2
17 1 ' 15 1
18 1 16 1
20 1 17 )
27 1 23 1
29 1 26 1
47 1 30 1
31 1
33 1
34 1
40 !
42 1
50 1
52 1
53 1
81 1
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Table 3.23. Run lengths of low flow events for flows below the annual 3093 for the period of record.

Littleton Englewozd Henderson Boul der Lyons Longmont Platteville Fort Colllins
(1956-1985) (1956~1985) (1956~1985) (1961-1970) (1956~1985) (1956-1985) (1956-1985) (1977-1985)
Run Number Run Number Run Number Run Number Run Number Run Number Run Number Run Number
length of runs jength of runs length of runs length of runs Jlength of runs length of runs fength of runs length of runs
(days) (days (days) (days) (days) (days) (days) (days)
1 43 1 41 1 26 1 16 1 51 y 30 1 23 1 17
2 23 2 18 2 18 2 7 2 23 2 11 2 14 2 8
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 8 4 11 4 6 4 4
5 6 5 12 5 5 5 3 5 2 5 5 5 5 5 2
6 7 6 8 6 3 6 2 6 4 6 5 6 4 6 2
7 6 7 5 7 2 8 1 7 2 7 3 7 4 7 2
8 5 8 2 8 4 9 1 8 1 8 3 8 1 8 2
9 3 9 4 9 4 10 1 9 2 9 3 9 3 10 2
10 3 10 1 10 2 11 3 10 3 10 3 10 2 12 3
1 1 n 4 1 5 13 1 11 2 1 1 1" 3 13 !
13 2 12 3 12 1 17 1 12 1 12 5 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 1
16 3 15 2 15 3 18 1 18 2 16 i 40 1
17 3 16 1 16 4 21 2 21 1 17 1 70 1
18 1 17 1 20 1 23 1 22 1 . 23 1 93 1
19 1 18 1 AR | 24 1 27 1 26 1
20 1 19 2 25 1 ) 29 1 30 1 30 1
22 1 22 1 - 29 1 50 1 32 2 31 1
28 1 34 1 33 1 38 1 33 1
35 1 55 1 37 1 43 1 34 1
46 1 71 1 78 1 45 1 40 1
50 1 137 1 87 1 111 1 42 1
51 1 108 1 e 1 50 1
129 1 138 1 52 1
203 1 53 1

81 1




method for acute and chronic conditions. This method Is based on partial-
series analysis as compared o the annual serlies analysis used to defline
frequency statistic low flow,

Biological ly-based design flows were calculated for acute (1=-day
duration) and chronic (4~ and 30-day durations) concentrations at all the
sites. The values are given in Tables 3.24-3.26 along with comparable
frequency statistic flows and percent differences. The fiow 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 7010 and 30010,
respectively. The number of acceptable and actual excursions are also
| Isted for each flow. Excursions are defined differently for each type of
cal cul atlon (acute and chronic) as described in the methods section.

Acute 1-day 3-year design flows were similar In magnitude o the 1910
or 1015 frequency statistic flows. Chronic 30-day 3-year flows were
approximated by 30Q10 or 30Q15 flows. These findings correspond closely to
the resul ts of an EPA study which analyzed 60 streams across the nation,
inciuding a number in this region (U.S. EPA, 1966).

In four out of elight 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 7Q10 flow was higher
than the 4-day, 3-year flow at six out of eight sites or 75 percent, as
compared to 77 percent in the EPA study. The 30Q10 flow was higher than the
30-day, 3-year flow in five out of elght cases or 62 percent, as compared to
0 percent In the EPA study.

Coeffliclents of variation based on the complete daily flow record were
calcul ated at each site and are |isted In the first column of Table 3.26.

The values range from 1.51 to 2.82 and are within the range of values for

95



Table 3.24.

Blologicatly-based acute design flows and compar{son to

1910 flows.
Blo-based
Slte 1Q10 Number of 1-day Number of % Difference
{acceptable flow 1~day 3-yr flow 1~day In flows#
no of excs) (cts) excursions (cfs) excursions
Littleton 10 9 10.0 9 0.0
(10.17)
Englewood 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 15 9 10 -11.1
(10.17)
Platteville 27 1 26.0 8 ~3.8
(10.17)
Fort Collins 0.9 3 1.3 3 30.8

(3.17)

* 4 Difference = ((1~day 3-yr flow) - (1Q10)) * 100 / (1-day 3~yr flow)
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Table 3.25. Blologlcally-based chronic design flows and comparison to

7010 flows.
Blo-based
Slite 7Q10 Number of 4-day Number of % Difference
(acceptable flow 4-day 3=yr flow 4~-day In flows*
no of excs) (ctfs) excursions (cfs) excurslons
Littieton 12 16.25 10.7 8.50 -12.1
(10.17)
Engl 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)
Platteville 31 15.50 27.9 9.50 -11.1
(10.17)
Fort CollliIns 1.4 1.50 1.5 3.00 6.7
(3.17)

* 4§ Difference = ((4-day 3-yr flow) - (7Q10)) * 100 / (4-day 3~yr flow)
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Table 3.26. Blologicafiy-based chronic design fiows based on a 30-day
moving average and comparison to 30Q10 flows.

Blo-based
Site Coefticlent 30010 Number of 30-day Number of ¢ Dlfference
(acceptable of flow 30-day 3-yr flow 30-~day In flows®
no of excs) var|atlion (cfs) excurslions (cfs) excurslons
Littleton 1.84 17 11.07 16.5 10.17 -3.1
(10.17) .
Engi ewood 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
Platteviiie 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)

* 4 Dlfference = ((30-day 3-yr flow) = (30Q10)) * 100 / (30-day 3-yr flow)
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the 60 rivers In the EPA study (U.S. EPA, 1986). Coefficients of variation
as mentioned previously have been used as criteria for determinling whether
or not 30-day flows may be used In place of shorter duration flows for
chronic flow calculations. A low coefficient of variation Is consldered
Indicative of a relatively stable flow regime. |In the EPA report, a
coeffliclent of varlation of approximately 1.0 or below was used to defline
sets of flow data appropriate for a 30~-day averaging perlod Instead of the

four day averagling period.
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CHAFTER 4 - DESIGN FLOWS AND EFFLUENT L IMITS

The relationship between given design flows and corresponding dlscharge
permit | imits was examined to help evaluate the appropriateness of various
flows., Theoretical effliuent |Imits were calculated on the basls of various
annual and monthly design flows to assess the potential Impl icatlons for
dischargers. Two water qual Ity variables were Included In the analyslis -

un-lonized ammonia and a conservative el ement, copper.

AMMON A

Currently In the State of Colorado, un-lonlzed ammonia Is of great
concern to water qual Ity mapagers and dischargers. The State of Colorado
Water Qual [ty Control Commission has recently revlised nltrogenous water
qual Ity standards, Including standards for ammonia. |t appears that a
nunber of municipal wastewater treatment facllitles throughout the state may
have difficulty in meeting new instream un-ionlized ammonia | imits without
the additlon of additional treatment facilities. The issue Is a multl-
millton dollar concern.
Behavior and Effects

Ammonia Is a naturally occurring substance In most stream ecosystems,

al though concentrations may be higher due to human activity, speciflically
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discharges from municipal wastewater treatment plants. Sources of ammonla
Include: organic matter decomposition, surface runoff and groundwater,
wastewater treaitment plants, and industrial processes (NRC, 1979). In an

aqueous ammonia solution, un-ionlzed ammonia (NH3) exists In equil ibrium

with the ammonium lon (NH:) and the hydroxide lon (OH ). It should be noted

that un-lonized ammonia concentrations are frequently expressed as

milligrams per |Iter of ammonla as nltrogen (NH3 mg/I=N). This means that

the welght of nltrogen alone [s considered In concentration values. The
val ue of ammonla as nitrogen Is equal to (0.822) x (ammonia as ammonla)
based on the ratio of atamic weights.

The un—lonized form of ammonia Is primarily responsible for It+s toxic
effects on aquatic | [fe (U.S. EPA, 1984a). A number of factors affect the
percent of total ammonlia that Is un-lonized, Including pH, temperature,
lonlc strength, and total dissolved sol ids (U.S. EPA, 1984a). pH and
temperature are considered the most critical factors, with percent un-
lonized ammonla Increasing as elther factor Increases. A table of values
for percent un-lonized ammonla at temperatures ranging from 0-30°C and at

pH's ranging from 6.0~-10.0 was devel oped by Emerson (1975) and Is reproduced
In Table 4.1. The percent of total ammonia (NH3 + NH:) that Is made up by

the un-lonized form ranges fram less than 0.01 to approximately 90 percent
over the range of possible pH and temperature condltions.

The toxicity of ammonia in solution Is dependent not only on the
percent un-ionized ammonla, but on a number of other factors as well.
Amblent conditions may provide factors that either increase or decrease the
overal| toxicity of un~lonized ammonia. These factors Include: dlssolved

oxygen concentration, pH, temperature, carbon dloxide content, and sal Inlty.
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Table 4.1 Percent NHj in aqueous ammoaia solutions for 0-30 C and pH 6~10.

Tewmp. pH
c) 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
0 .00827 .0261 .0826 .261 .820 2.55 . 7.64 20.7 45.3
1 .00899 .0284 .0898 .284 891 2.77 8.25 221 47.3
2 00977 0309 .0977 .308 .968 3.00 8.90 21.6 49.4
3 .0106 0336 .106 335 1.05 3.25 - 9.60 25.1 51.5
4 0115 .0364 .115 .363 1.14 3.52 10.3 26.7 53.5
5 0125 .0395 125 .394 1.23 3.80 11.1 28.3 55.6
6 .0136 .0429 .135 427 1.34 4.11 11.9 30.0 57.6
7 0147 0464 147 462 1.45 ’ 4.54 12.8 31.7 59.5
8 - .,0159 .0503 .159 .501 1.57 4.79 13.7 33.5 6l.4
9 0172 Q544 172 542 1.69 5.16 14.7 35.3 63.3
10 0186 .0589 .186 .586 1.83 5.56 15.7 37.1 65.1
11 .0201 0637 .201 .633 1.97 5.99 16.8 38.9 66.8
12 .0218 - .0688 .217 .684 2.13 6.4h 17.9 40.8 68.5
13 0235 0743 235 .738 2.30 6.92 19.0 42.6 7C.2
14 0254 .08Q02 .253 796 2.48 7.43 20.2 44 .5 71.7
15 .0274 L0865 .273 .859 2.67 1 7.97 21.5 46.4 73.3
16 .0295 .0933 294 .925 2.87 8.54 22.8 48.3 74.7
17 .0318 .101 317 .996 3.08 9.14 25.1 50.2 76.1
18 .0343 .108 .342 1.07 3.31 9,78 25.5 52.0 77.4
19 .0369 117 .368 1.15 3.56 . 10.5 27.0 53.9 78.7
20 .0397 .125 .396 1.24 3.82 11.2 28.4 55.7 79.9
21 0427 .135 425 1.33 . 4,10 11.9 29.9 57.5 81.0
22 .0459 .145 457 1.43 4.39 12.7 31.5 59.2 82.1
23 .0493 158 491 1.54 4.70 13.5 33.0 60.9 83.2
24 .0530 . 167 .527 1.65 5.03 14.4 34.6 62.6 84.1
25 0569 .180 .566 1.77 . 5.38 15.3 36.3 64.3 85.1
26 .0610 .193 .607 1.89 5.75 16.2 37.9 65.9 85.9
27 0654 207 5851 2.03 6.15 17.2 39.6 67.4 86.8
28 .0701 .221 .697 2.17 6.56 18.2 41.2 63.9 87.53
29 .0752 237 747 2.32 7.00 19.2 42.9 70.4 88.3
30 .0805 .254 . 799 2.48 7.46 20.3 44 .6 71.8 89.0

(from "Ambient Water Quality Criteria for Ammonia," U.S. EPA, 1985)

102



in addition, accl imation of populations to ammonl a, changl ng periods of
exposure, and varlous levels of physical activity may influence toxlc
effects on fish (Subcommittee on Ammonia, 1979; U.S. EPA, 1984a).

The effects of un-lonized ammonla on aquatic species has been widely
researched for a variety of conditions. Many of the results have recently
been complied In the EPA document, "Ambient Aquatic Life Water Qual ity
Criteria for Ammonla" (U.S. EPA, 1984a). Acutely toxic effects have been

detected in Invertebrate species at levels of 0.53-22.8 mg/| NH3, and In
fish species from 0.083-4.60 mg/| NH3. Acute effects on fish may Include:

loss of equllibrium, hyperexcltability, Increased breathing, cardiac output,
and oxygen uptake and In extreme cases ~ convul slons, coma and death.
Chronic effects In Invertebrates have been detected at levels of 0.304-1.2

mg/l NH, and In fish at 0.0017-0.612 mg/ | NH3. These effects Include:

3
reduction In hatching success, reduction in growth rate and devel opment, and
pathol ogical changes.
Hater Qual ity Models

A number of models have been devel oped for predicting concentrations of
water qual [ty varfables, Including fotal and un-lonlzed ammonla, A general
description of five different approaches to mode!l | Ing ammonia are presented,
with emphasis on the method used In thls study.

The QUAL2E model, developed for the U.S. EPA, Is capable of simu}at! ng
15 different water qual ity constituents In a dynamic or steady state. The
mode! Is based on a one-dimensional advection-dispersion mass transport
equation that Is numerical ly Integrated over space and time for each water
qual ity constituent. Analysis by the model Includes the effects of

advection, dispersion, dilution, constituent reactions and Interactions, and
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sources and sinks (Brown, 1985). Although, total ammonia may be analyzed,
the model does not cal cul ate percent un-lonized ammoni a.

The USGS has used another mode! developed by Bauer (1979), called a
one~dimension steady-state water-qual Ity model. It Is based on the Streeter
Phel ps oxygen-sag equation with additional considerations for nltrogenous
and conservative compounds. The mode! was used In a recent study of the
effects of wastewater effluent on the South Platte (Spahr, 1985). In the
South PJatte study, un-lonized ammonia concentrations were calculated uslng
a method reported by Skarheim (1973). Values simulated by the model for
Temperature, pH, fotal ammonla, and dissolved sol 1ds were used with
equll Ibrfum dlssoclation constants for ammonia to predict un-fonfzed ammonla
level s downstream of an effluent discharge. To account for variations in
pH, a range of values was used to represent worst and best cases for cold
and warm water conditions. The pH cases were defined by using various
values for: 1) pH depression caused by the wastewater effluent, and 2) pH
recovery downstream (Spahr, 1985).

Another model has been devel oped by the EPA to calcul ate present un-
lonized ammonia, and allowable discharge concentrations. The model Is
called WLANH3 and was developed by Willingham (1985). Inputs to the model
include Information about upstream and effluent water qual Ity (temperature,
pH, upstream ammonla alkal inity, and total dissolved sol ids) and fiovs., An
admixture pH value for the combined upstream and effluent flows Is
determined on the basis of the alkal Inity and total carbonate carbon levels,
using a modlfled graphical procedure (Stumm and Morgan, 1981). Combined
values for the other water qual Ity varliables are computed using a simpie

mixling equation for upstream and effluent flows.
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Al though the model does account for the four major factors affecting
the percent un-lonized ammonla, accuracy of the results may be | Imited due
to the models inabll ity to Incorporate pH changes downstream. It appears
that pH In some streams Is highly varlable both spatially and over time due
to blologlcal activity and buffering capaclties (Spahr, 1985; Lewls, 1966).
As a result, pH and. percent un-lonized ammonia at the end of the mixing zone
may be very different from those values predicted by the model.

The recent recommendations of the Colorado State Nitrogen Cycle
Committee (Nitrogen Cycle, 1986) provide a new approach to the determination
of ammonia effluent |imits. The method requires three maln steps to go fram
Instream ammonia criteria to permit {Imits. The first step Is to calculate
total ammonia allowed Instream for various pH-temperature pairs and
corresponding percents un-ionized ammonia, The equation to be used Is as

follows:

Total Anmonla Allaved = NH; mg/1 = N (1 + 10P<™PH)

where pK = ~0.03242T + 10.063

T

temperature at °C

The second step takes the range of total ammonia values and appl les a
statistical evaluation to determine a single value for total ammonia
allowed. If the set of values for total ammonia values Is normally

distributed, then the followling equation 1s appl ied.

Single Total Ammonia Value = X - s

where X = mean of total ammonia values

standard deviation of total ammonfa val ues

n
[}
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If the set of ammonia values Is skewed to the right (with more low values),
then only the values below the 15th percentile should be used In the

fol towing equation.

Single Total Ammonia Value = 7(15

where 3‘(15 = mean of total ammonia values below the 15th percentile

The single total ammonia value calculated In this manner represents the
maximum 1-day (acute) or 4-day (chronic) total ammonla concentratlion al lowed
Instream at the end of the mixlng zone,

The third step In the procedure is the calculation of a permit | Imit
using the folilodlng mixing equation.

A(Q + Q) = (Q * Ay)
O

Permit Limit =

where AT = single total ammonia values downstream from dlscharge point

O
<
I

= upstream flow (design flow)

effluent flow

O
m
"

AU = ypstream ammonia concentration

Permit | Imits may be calculated with this method for elther acute or chronic
level s of protection, depending on the Instream criteria and design flows
used. One drawback of the method Is that It does not account for changes In
pH downstream of the discharger.
EPA Un-lonlzed Ammonia Program

The EPA Region VIl Offlce Is currently using a simpl ifled computerized
approach to determining ammonla effluent limits for varlous pH and
temperature conditions. The method requires the Input of upstream un-

lonized ammonia levels, Instream criteria, upstream flow and effluent flow.
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Given these values, the program produces a matrix of effluent ammonia | Imits
for a specifled range of pH and temperature values. The cal cul atlions made
by the progream apply to the point of mixing, near the effluent discharge and
do not apply to points downstream where variable pH and ammonia decay may
need to be considered. The equations used In the EPA program are Included
{n Appendix B. Calculations are made on the basis of a weighted mixture of
the effluent flow and streamflow.

The simpl Ifled EPA ammonia program was used In thls study because It
allows a relatively direct focus on the effect of design flows on ammonia
effluents. pH and temperature effects may be analyzed separately by
examining the matrix for a given design flow, rather than belng Incorporated
directly into a single effluent | Imit that masks the effect of various
flows,

The analysis of effluent ammonia | imits was carried out at four study
sites, with wastewater treatment facli| Ities nearby. The sltes Included:
Engl ewood, Boul der, Longmont, and Fort Collins. For the purposes of thls
study, upstream un-fionized ammonia level s were set equal to zero. A few
program runs wlth more real Istic upstream concentrations were run for
comparlson purposes. Effluent flows from the four municipal wastewater
treatment facilities In the analysls were set equal to the rated design
capacity flow for each plant., This Is the value generally used In writing a
discharge permit. In some cases, actual or predicted future effiuent flows
are used In permitting. For comparlson, runs were made at a few of the
sites with actual effluent flows.

Effluent analysis was made for both chronic and acute condl+ions.
Three dlfferent chronic upstream or design flows (7Q10, 30Q10, 30Q3) were

analyzed at each slite. For each of these flows, two values for chronic
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Instream ammonia {Imits were used (0.06 and 0.10 mg/ =N of un-Tlonized
ammonia). These are values currenﬂy belng considered for future use within
the State of Colorado. Acute flows (1010, 1Q3) were analyzed with an
Instream acute criterion of 0.20 mg/I-N. The value for an acute criterion
may vary greatly depending on the given condi+ions, and 0.20 was chosen only
as a value within the range of possible values.
Besults of Ammonia Effjuent LImit Analysls

The resuits of the analysis of ammonia effluent |imits by the EPA
program are presented as a set of tables In a matrix format (Table 4.2).
Ammonla effluent |Imits within the matrix correspond to specific pH and
temperature pairs (for combined upstream and effluent) for values ranging
from 6.5-9.0 pH units and 3.0-25.0 degrees centigrade. Each print-out |lsts
the inputs used: stream, discharger, upstream flow, upstream ammonl a
concentration, un-lonized ammonlia Instream criterla (or standard) and
effluent or discharge flow. All ammonia values are glven as mg/1-N.
Efftuent ammonia iimits that are below 15.0 mg/I-N follow a stalr-step
pattern that Is del Ineated In Table 4.2. Advanced treatment requlrements
are | lkely for pH-temperature condltions 1-6 the right of this 15.0 mg/I=N
fine. Typical effluent and upstream values for pH and temperature at three
of the sites are glven In Table 4.3 to provide a framework for the analysls.

To aliow for a better comparison of various design flows, pH-
temperature matrices have been drawn from the original tables to [nclude
effluent |Imits for three different chronic flows or two dl fferent acute
flovs at a single site (Flgures 4.1-4.4 and Appendix B flgures). Flgure 4.1
Is shaded to show the pH-temperature condl+ions which would requl re advanced
treatment given an Instream standard of 0.06 mg/l-N. The area within the

flgure that has no shading at all represents condltlons where secondary
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Table 4.2 Ammonia effluent limits for the Cities of Littleton and Englewood given in a pH-

temperature matrix as calculated by the EPA ammonia program.

DISCHARBER: ENGLEWLGD STREAM: SIUTH PLATTE

LFSTRERM FLOW IN CFS: #8.0

UPSTR2AM AMMONIA IN wg/ls 0.0

UN-IGNIZED ANAONIA STANDARD IN mg/l X 10 0.6

DISCHARGE FLlWd IN M3D: 28.0

oH
65 6.6 6.7 68 69 7.0 7.1 7.2 7.3 7.4 1.5 7.6 7.7 7.8 7.3

DEGREES

CENTIGSADE
3.0 EREREEERRREROHORROERRRd3 S 74,3 59,1 46.9 37.3 29.6 23.6
4,0 FHERE R R IR R NEREE, 2 68,0 Sh.4 43.2 34.4 ¢7 3 21.7
5.0 EraReERcckaesccbrbrbeeee79.4 63,1 50,2 39.9 31.7 25.2 20.0
6.0  ERERRERERBRERERRERINR.Q 73,3 56.2 46,3 36.8 29.2 43.2 18,5
7.0 FHERREREH O EREEES, | 67,6 53,7 42.7 33,9 27.0 BL.4 171
8.0 wxrExwveakxeadxS8, 9 78,5 €54 49.6 33.4 31,3 24.9 19.8 15
9,0 sexEEEXEReERRE»31,4 72,6 57,7 45,6 36.4 29,0 23.0 18.3 |1

46
10,0 sx¥xekeenraxssnb4,5 67,1 53.3 42.4 33.7 26.8 21.3 1B.9)i3.5
11,0 *exesbebe33,3 78,1 62.1 49.3 33.2 31.2 24.8 19.7 15.7H2.5
12,0 seeeEeenadd],0 72,3 57.4 45,7 36.3 28.8 2.9 18.2[14.5 11.5
12,0 sexrxdrse04,2 66,9 53,2 42,3 33.6 26.7 2.2 16.9(13.4 10.7
14,0 *x%¥%98,2 78.1 62,0 49.3 39.2 3.1 24,7 19.7 jo.7)e5 5.9
15.0  wx*xx31,1 72,3 57.5 45.7 36.3 28.9 22.9 18.2]14.5 il.5 %2
16.0  *#x#xB4.4 67,1 53,3 40,4 33.7 6.8 21,3 16.5}13.3 0.7 B.5
1.0 98,6 7B.%4 62.3 43.5 33.3 31.3 24,8 13.8 15. 7125 16,0 7.9
18.0  91.6 7.7 97.8 45.9 36.5 £5.0 23.1 18.3§14.6 11.6 32 T.4
1.0  B5.0 67.6 53.7 42.7 33.9 27.0 21.4 {7.0J13.6 10.8 8.6 ©.8
20.0 79,0 B2.8 43.9 33.7 31.5 25.1 19.9 15.8]12.4 10,0 8.0 6.4
71,0 73.5 58.4 46.4 35.9 &3.3 23.3 18.5]14.7 1.7 9.3 7.4 3.9
22,0  EB.4 94,3 43.2 34.3 27.3 21,7 17.213.7 1.9 B.7 6.3 5.5

£3.0  63.F 50.6 40.2 31.9 25.4 20,2 16.1]12.B 10.2 &1 B.5 Gl
24,0 5%.2 47.1 37.4 29.7 23.6 18.8 15,0)i1,9 9.5 7.5 6.0 4.8
25.0  55.7 43,9 34,9 2.7 22,0 17,5139 1.1 BB 7.0 5.6 43
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Historlcal pH and ftemperature values for efftuent and upstream qual ity at three sl tes
(based on data for 1983-1985).

Table 4.3.
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Figure 4.3 Ammonia treatment requirements for Englewood based on the
7Q10 design flow and chronic instream ammonia standards
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Figure 4 4 Ammonia treatment requirements for Eng]ewood based on the
7Q10 design flow, a chronic instream ammonia standard of
0.06 mg/1-N, and effluent flows based on design capacity

and actual historical use,
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treatment only Is required. The area shaded with the first pattern Includes
any pH-temperature condltions that would require advanced treatment, I(f
limits were based on a design flow equal to the 7Q10 or less. For exampl e,
at Englewood glven the use of the 7Q10 fiow of 28 cfs and a temperature of
15°C, advanced treatment would be required at any pH of 7.4 or more. The
area overiain with the second pattern Includes conditlons that would requlre
advanced treatment If |imits were based on the 30Q10 design flow. The area
shaded with all three patterns Includes those conditions that would require
advanced treatment If |Imits were based on the 30Q3 design flow.

Savings In advanced treatment requlrements Is evidenced by the areas of
The shaded boxes within the matrix. The larger the box, the greater the
savings netted by the use of a higher design flow. The pH-temperature
matrices show that advanced treatment requirements are highly variable with
di fferent pH-temperature conditlons. In many cases, I+ appears that acute
or chronic design flow Is a less critical factor than pH. A comparison of
the chronlc flows at Englewood in Figure 4.1 provides a good exampie of
this. Glven a temperature of 15°C, advanced treatment would be triggered at
pH 7.4 for a7Q10 flaw. Changing the design flow to a 30Q10 would shift+ the
condltions for advanced treatment over one-tenth of a pH unit, to 7.5 or
higher. A 303 flow would require advanced treatment at pH 7.6 or more.
Thus, lIncreasing the design flow frdm the 7010 to the 30Q3, by 89 percent,
shifts the condltions for advanced treatment requlrements over by only two-
tenths of a pH unit (3 percent).

Temperature also plays an Important role In defining treatment
requlrements. Given a pH of 7.4 at Englewood, advanced treatment would be
required at temperatures of 15°C or higher using a 7Q10 design flow.

Changing the flow to a 30Q10 would shift the requirement for advanced
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treatment up to temperatures of 17°C or h_lgher. A30Q5 flow would shift the
requirement up to 19°C. The total change In temperature conditions
requlring advanced treatment achieved by Increasing the design fiow from a
7010 to a 3003, would be 4°C,

A comparison of two acute design flows (1010 and 1Q3) at Englewood al so
show mlnor savings In advanced treatment requlrements with an Increase in
the design flow. The matrices of effluent | Imits based on chronic and acute
design flows at Boulder, Longmont, and Fort Collins show similar results.
Changes‘ in the chronlc design filow have a minor effect on treatment
requl rements rel ative to the effect of pH and temperature.

The effect of using a chronic Instream un-lonized ammonia standard of
0.10 versus 0.06 mg/I-N In the effluent analysis are shown In Figure 4.3.
Advanced treatment requirements are shifted over an average of about two-
tenths of a pH unlt, and up 2-4°C when a standard of 0.10 mg/!-N s used,
rather than 0.06. This same effect occurs at the other sites as seen by a
comparison of the Tables in Appendix B. Effluent |Imits based on an
Instream standard of 0.08 mg/1-N can be Interpolated between the |Imits
based on 0.06 and 0.10 mg/l-N, The effect of changing the effluent flow
value from design capaclty rating to actual flows at Englewood Is shown In
Figure 4.4, A 21 percent decrease In effluent flow produced relatively

minor savings In advanced treatment requl rements.

COPPER

Equation Used to Determine Effluent Limits
The analysis of a conservative el ement, such as copper, Is included In
this study to examine the relationship between design flows and effluent

IImits more directly than the un-lonized ammon! a analysls permits, For the
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analysis of copper, a simple mass balance equation was used (Interim Report,

1986). Solving the equation for the permit |Imit gives the following:

) (CD)(QD) - (QU) (CU)
E Qe

C

ef fluent permit | Imit

E3
>
]
)
o
mO
i

downstream concentration (water qual Ity criteria)

S’

CU = upstream ambient concentration
QU = upstream flow (design flow)

QD = downstream flow (QU + QE)

QE = ef fluent dilscharge

For this analysis, a single water qual ity criteria for copper was
arbitrarily chosen as 0.01 mg/l. Thls value Is based on Class 1 cold and
warm-water requirements for alkal inlty of 100—300 mg/1 as found In current
water qual Ity criteria documents of Colorado (Colorado WQCC, 1984). The
val ue used for upstream copper concentration was arbitrarily chosen as zero
since Instream copper data are | imited and also to reduce the influence of
other factors on the analysls. Effluent discharge values were generally
taken as design capaclties, al though a few tests were made with actual
di scharges for comparison.

Results of Copper Effluent Limit Analysls

The results of the copper effluent | Imit analysis are presented in
three tables. The first table (Table 4.4) gives theoretical effluent | imits
for copper based on flve different annual design flows (1Q10, 7Q10, 103,
3003, and 30Q10). A change from the 1Q10 to the 3003 chronic design flow at
Englewood (89 percent increase) provides a 50 percent Increase In the copper

effluent | imit., The effect of changlng the acute design flow fram a 1Q10 to
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Table 4.4.

Theoretlical

tlve different annual

copper effluent | Imits based on

flows.

Effluent | Imit

Site
1010 7010 1Q3 30010 30Q3
Engl ewood
(mg/ 1) 0.023 0.026 0.029 0.030 0.039
(Ibs/day) 5.5 6.0 6.8 7.0 9.2
Boul der
(mg/1) 0.012 0.013 0.014 0.016 0.018
(lbs/day) 1.6 1.7 1.8 2.1 2.7
Longmont
(mg/ 1) 0.016 0.017 0.018 0.02 0.024
(lbs/day) 1.5 1.6 1.8 1.9 2.4
Fort ColllIns
(mg/1) 0.012 0.013 0.013 0.013 0.016
(1bs/day) 0.70 .76 0.78 0.76 0.96
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a 103 (46 percent Increase) Is a 26 percent increase In the copper effluent
limit. Simllar results are given for the other sites.

Theoretical copper effluent |imits based on monthiy 7Q10 design flows
are glven [n Table 4.5. Effluent |Imits at Englewood range from a minimum
of 0.028 mg/| In September and October to a maximum of 0.053 mg/| In May.
in this example, an Increase In monthly 7Q10 flows of 141 percent produced
an Increase I[n effluent | Imits of 89 percent.

In Table 4.6, total allowable copper loads are compared for monthly
versus annual 7Q10 design flows. The use of monthly 7Q10 design flows at
Engl ewood produced a 31 percent increase In the total allowable |oad over
the annual load. The increase In allowable loads resulting from the use of

monthly design flows ranged from 31-80 percent cver the four sltes analyzed.
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Table 4.5. Theoretical copper effluent | Imits based on monthly 7Q10 flows. /

Effluent | Imlt
Site Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Engl ewood
(mg/1) 0.033 0.033 0.034 0.034 0.053 0.043 0.045 0.040 0.028 0.028 0.035 0.035

(Ibs/day) 7.7 7.7 7.9 7.9 12.4 10.0 10.5 9.3 6.5 6.5 8.2 8.2
(Ibs/month) 237 221 248 237 381 303 324 289 194 201 248 248
Boul der

{mg/1) 0.014 0.017 0.017 0.018 0.022 0.034 0.036 0.025 0.021 0.016 0,015 0.018

(ibs/day) 1.9 2.2 2.3 2.3 2,8 4.4 4.8 3.2 2.8 2.0 2.0 2.3
(Ibs/month) 59 61 70 70 87 133 147 100 83 64 60 72
Longmont

(mg/1) 0.018 0.019 0.019 0.019 0.024 0.057 0.052 0.040 0.027 0.022 0.022 0.021

(lbs/day) 1.8 1.9 1.9 1.8 2.4 5.5 5.0 3.9 2,6 2.1 2.1 2.0

(ibs/month) 55 53 58 55 73 164 157 120 79 65 63 62

Fort CollliIns
{mg/ 1) 0.013 0.013 0.014 0.013 0.014 0.072 0.060 0.026 0.015 0.013 0.013 0.013
(lbs/day) 0.76 0.76 0.82 0.76 0.82 4,20 3.50 1.52 0.87 0.76 0.76 0.76
(Ibs/month) 24 22 25 23 25 127 109 48 26 24 23 24




Table 4.6, Comparlison of theoretical allowable copper
|l oads based on monthly and annual 7Q10 flows.

Total Ibs. of allowable copper/yr Percent

Slte Monthly 7Q10 Annual 7Q10 Increase*
Engl ewood 3130 2173 31
Boul der 1006 641 57
Longmont 1003 588 71
Fort Colllns 498 278 80
* Percent Increase = ((monthly) - (annual) x 100)/ annual
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CHAPTER 5 - CONCLUSIONS

METHODOLOG IES OF L OW-FLOW ANALYSIS
Perlod of Record

The perlod of record for frequency/duration analysis that has been
recommended In the | iterature Is 30 years of dally flovs. Periods of record
as short as 10 years may also be used for frequency/duration analysis, but
could tntroduce larger errors. Because the data set for blological ly-based
analysls Is larger, using all the flow data Instead of the annual low flows,
a period of record shorter than 20 or 30 years can be used to produce
results with good conflidence. Two major problems |imit the length of
avallable data sets - man-Induced changes In the flow regime cause non-
hanogenel ties and records at many gaging stations close to discharges are
of ten short. To avold probiems with non-homogenelties and short data
records it s recommended that 10 years of the most recent dally flow data
available be used to calculate design flows and that the design flow values
be updated every flve years wlith NPDES permit renewals.
Extension of Flow Records and Predlctlons at Ungaged Sltes

Two methods were appl fed o extend short periods of record or predlct
flows at ungaged sltes ~ regression analysls and a water balance procedure.

Other methods may al so be appropriate. The use of one method over the other
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to generate flow records at the point of Interest Is both site and data
specific. |[If there are a number of diversions, unmeasured tributaries and
Interaction with groundwater, water balance methods may be Inappropriate, as
was the case for estimating flow at the Denver STP outfall. Regression
analyslis can be quite useful If long perlods of record exist nearby and
there Is a short perlod of record at the site to verlfy the models.
However, when there Is a cholce of one model over another and different
measures of goodness of f1t appear equivalent then reasonableness of the
model at a zero upstream flow condition should prevail In the choice of the
most approprlate model.
Ll imatic Year

The cl Imatic year (April 1-March 31) rather than the water year is the
recommended perlod for frequency/duration analysis of low flows. The
cl imatic year Is used because It does not usually break up the l|ow=-flow
period. In some cases where low flows occur In March or April, a dlfferent
period of analysis may be more appropriate.
Frequency Analysls

There are a number of drawbacks to the use of mathematically def ined
frequency/duration statistics to calculate deslign flons. First, the
estimate of a distribution function that fits low-flow data 1s difficult.
The log-Pearson Type |1l distribution has been appl ied widely by the U.S.
Geol oglcal Survey and the U.S. EPA in both flood and |ow-flow frequency
analysis. It was used In this study to malntain consistency with prevall ing
practice. However, the results of this study have shown that the log-
Pearson Type Il!l distribution did not fit annual low-flow data at any of the
sl tes tested and f It monthly data at only a few of the sites., Normal or

| og~normal distributions were more approprliate In a number of cases. It
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should be noted that for every site selected In this study, the 7Q10
determined using the normal distribution was |ess than the 7Q10 using the
Log-Pearson Type || distribution (Table A5.9). No one distributlon was
adequate to cover all the sites for both annual and monthiy flows. The use
of an Incorrect distribution function to analyze the flow data can Introduce
significant errors, but I+ may require extensive statistical analysis to
avold such problems.

Another source of error In frequency analysis is the violation of
necessary statlistical assumptions of randomness and independence of events.
These assumptlons are often violated by serially correlated annual or
monthly low flows. Errors In parameter estimates may al so affect the
analyslé. As an example, the frequency factor used in the |og~Pearson Type
Il equation may be Improved and based on a combination of the reglonal ized
and station skews of low~flow data as In the case when estimating skew
coefficlents for distributions of flood events. However, regional ized skews
have not been deflned for low flows In the state of Colorado. This
potentlal source of error has not been addressed previously, but couid have
a élgnlflcanf effect on the outcome of low-flow analysis. Estimates of
sampl e means and variances may al so Introduce additional errors due to |ack
of data.

The graphical method of frequency analysis may be a viable al ternative
to the mathematlcal method because It el iminates some of the problems just
described. No assumption as to a theoretical distribution function and no
parameter estimates are required for the graphlcal method. However, there
remain two major drawbacks to frequency statistic design flows. The flirst
Is that frequency/duration flows do not provide equal levels of protection

fram one site to another. As Illustrated in this and other studlies, the
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number of one day excursions below a glven flow statistic, llike the 7Q10,
may vary by a factor of two to three fram stream to stream, even along the
Front Range in Colorado. In addition, frequency statistics do not rel ate
directly to aquatic | Ife criteria because they are based oh the extreme |ow
flow event for each year and do not account for any other low flows
occurring during that same year. |

LS. EPABlological ly-Based Design Flows

The biological ly-based method Is an empirical, distribution-free
approach to calculating design flows. The method is based on the actual
historical flow record rather than on flows predicted by a statistlcal
distributlion. Belng an empirical method utilizing only past flows, the
biol ogical ly-based method does not require the stringent assumptions that
the data has a specific distribution, that the parameters of the
distribution such as the skew can be estimated with a smal| sample size, and
that Independence exlsts and correl atlon does not exlist.

Biol ogical ly-based design flows relate to aquatic | Ife criterla more
directiy than frequency/duration statistics. The reason for this is that
biol ogical ly~-based analysls considers all flows that fall below a given
threshold level, whereas frequency/duration analysis Is based on the
extreme |ow-flow event for each year. Bliologlically-based analysis may be
used to deflne design flows of acute or chronlic durations that will occur at
glven allowable frequencies. The criteria for allowable duration and
frequency recommended by the U.S. EPA are 1-day for acute and 4-day for
chronic durations, and a frequency of once In three years. However, site
specl fic conditions may be used to justify other criteria (e.g. longer
chronic durations or greater frequencies of occurrence). Implementation of

the blological ly-based approach on an annual basis Is relatively simpie with
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exlsting programs devel oped by the U.S. EPA and STORET data flles. The
appl Ication of this analysis to monthly or seasonal design flows, however,
will requlre some adaptation of exlsting programs. |

Bel fabl1 Ity of Low~Flow Analysis

Major sources of error In |low-flow analysis Include: [naccurate gage
measurements, Insuffliclent data (short record or long distance from site),
non-hamogeneous data, violations of assumptions In statistical analysis, and
poor flts to probability distributtions. These errors were not quantified,
but may be significant for |ow-flow analysis.

Al though all flow data used were from USGS gagling stations with
approprlate rating of the qual ity of data, these ratings were based on all
the data and not Just low flows . Unless the flows are measured at some
sort of control device, a spiliway or welr, the low flow measures will be
very Imprecise and In many cases not measured but estimated. Conventlional
gaging techniques (depth of flow and a rating curve) without a control
structure probably cannot measure flows accurately below 10 cfs and

certainly cannot measure flows to the nearest tenth of a cfs.

FLOW DATA ANALYSIS
Monthly and Seasonal Flows

Monthly and seasonal deslgn flows have been applled In a number of
states to more fully utilize stream assimilative capacities. A major Issue
that has recelved | Ittle attention thus far Is the significant Increase in
the number of excursions that occur below monthly or seasonal frequency
statistic flows than below annual flows. This Increase was well evidenced
by the results of this study. The Implication of this analysis Is that a

more restrictive monthiy flow statlstic Is required to provide a comparable
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level of protection to that provided by a given annual statlistic. As an
exampl e, It was shown that a comparable level of risk for an annual 7Q10 Is
def ined statisticaliy by a monthly 7Q115. However, a comparable level of
risk méy not be appropriate. [t makes more sense to define an allowable
frequency of excurslons occurring In each month or season and choose monthly
or seasonal flows to achleve those criteria. The allowable number of
excursions 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 capacity and more
excurslons could be al Ioued'durlng non-critical periods.

A new technique was developed in this study to deal with the
calcul atlon of moving averages for monthly design flows. The technique,
termed an overlapping procedure, Is used to el Iminate blas of the analysis
toward the middle values of the month. In this study, overlapplng was used
only to calculate monthly frequency statistic flows, but could also be
appl led to biological l[y-based or excursion analysis. Use of the overlapping
procedure compl Icates the analysls, but it should be recognized that wlithout
overl applng a blas 1Is Introduced. Thls blas becomes more Important as the
duration of the moving averages increases. The results of this study showed
that the blas tended to produce higher monthly frequency statistic flows

without the over! applng procedure.

EFFLUENT LIMIT ANALYSIS
JAmmonia

The concentrations of ammonla used in this project were based upon
existing criteria or recommendations by the U.S. EPA and were not subject to

analysls as to the adequacy or appropriateness of the criteria to affect
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existing riverine blology. Un-lonized ammonia was chosen because of {ts
known Impact on flish, because It Is not conservative and is In the eff]uent
of every sewage outfall. Problems dlid arise, hovever, due to the dependence
of un-lonized ammonla concentrations on temperature and pH. This depeﬁdenoe
was so large as to make the assessment of the relationship of design flow,
ef fluent | oad, and downstream concentr att ons very difficult to present. On
one hand, for a given combination of pH and temperature, regardless of the
difution fiow avall able, advanced treatment processes would be required. On
the other hand, a sl ight decrease In temperature and/or pH would negate
treatment beyond secondary.

I¥ was found using Englewood flow and water qual Ity data that during
low flow excurstons the calculated concentrations of un-lonized ammonia
varied fran a low of 0.018 mg/l for a flow of 53 cfs and a high of 0.074
mg/1 for a flow of 28 cfs. There was a question whether there could be a
rel attonship between duration of excursions, concentration of un-lonlzed
ammonla and the flow statistic. However, using the |imited data base a
rel ationship could not be found. Thls was due In part to the poor water
qual Ity data avallable and the fact that the pH and temperature have a more
dominant role [n determining the downstream un~ionized ammonia concentration
than dilution effects; probably only more conservative varlables such as
copper would show this effect,

Lopper

Copper was chosen to be used as an example Illustrating the
relationship between design flows and the concentration of a conservative
water qual Ity varlable. [t Is a heavy metal, can be toxic, can be found In

sewage effluents and there are criteria assocliated with it. The Increased
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loading Into streams that resul ted In the analysls did not take Into account
the possibll Ity that It could settie out downstream.

It was found that changing the design flows could affect the allowable
copper effluent concentrations signiflicantly. A 26 percent Increase In the
ef fluent concentration is allowed 1f the design flow were changed from a
1010 to a 1Q3 at Englewood. Using a monthly 7Q10 versus an annual 7Q10 at
Englewood al lowed an increase of 31 percent of the total annual dlscharge of

copper.

SELECT ION OF APPROPR IATE DESIGN FLONS FOR DISCHARGE PERMITT ING

The criteria for the selection of appropriate design flaws In the state
of Colorado are based on the requlrements of the most sensltive water use,
which is aquatic | 1fe In most cases. Economic Implications of various
deslign flows may temper the selectlion, but current water qual Ity regul atlions
require that priorlty be given to the malntenance of existing Instream uses.
To protect aquatic | 1fe, the U.S. EPA has recommended that dual design flows
be used to reflect acute and chronic conditions, and has recommended 1-day
for acute and 4-day or 30-day for chronlc. The recommended allowable
frequency of occurrence Is once In every three years. Alternative duration
and frequency criterla may be justitied as long as instream uses are
protected.

Glven a set of duration and frequency criteria, the selection of annual
design flows Is a relatively stralghtforward process. Historlical |ow=flow
data can be evaluated by elther the biologlically~-based method or by
excursion analyslis to define flows that meet the criteria,

Frequency/duration statistics can be used to approximate the flow values
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def ined by this analysls at a glven site, but do not provide conslstent
level s of protection fram one stream to another.

In this study, it was found that the design flows meeting the criteria
recommended by the U.S. EPA were the 1Q10 for acute flows and 7010 or 7Q15
for chronic flows. These design flows are very restrictive and provide no
rel lef for dischargers from current | Imits, However, based on the
recommended criteria, these flows maintain the required level s of protection
for aquatic | Ife. |If the ecbnomlc Impl Ications of such stringent design
flows warrant a change, then the flrst factor to adjust must be the
criteria. |f the allowable frequency were switched to once every two years
or If the chronic duration were switched fram 4-day to 30-day, the effect on
the design flow could be signiflicant.

Monthly and seasonal design flows can be used effectively to increase
the use of assimilative capacity and stlll malntaln existing instream uses.
The appl Ication of monthly or seasonal design flovs will require further
research in a number of areas, Includling the adaptation of blologlcally-
based analysis and the definitlon of allowvable excursions on a monthly or
seasonal basis. It Is recommended that seasonal variations in water qual Ity
and effluent qual Ity also be reflected In the calculation of seasonal
effluent | ImIts. The cholce of whether tfo use monthly or seasonal design
flows may be a compromise between Increased complexity and greater
utll lzation of assimilative capacity. The results of this study have shown
that the differences between annual and monthly design flows are much
greater than between annual and seasonal design flows. The use of monthly
design flows could result In substantially higher permit | imits than
seasonal flows, depending on the number of flow excursions allowed. The

abll Ity of dischargers to adjust thelr treatment processes on a monthly
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basls and the Increased complexity of Implementation, however, may restrict
fhe use of monthly limits,

The selection of design flows for use In discharge permitting In the
state of Colorado Is a multi-miliion dollar fssue. A number of the
municlpal ities throughout the state currently may face advanced treatment
requirements to achleve ammonia effluent | Imits based on annual 7Q10 design
flows. Alternatives to annual 7Q10 have been analyzed with respect to flow
magnitude, level of protection, and potential Impact on dischargers. The
choice of acute and chronic design flows must take these factors into
account as well as the bliologlcal requlrements of aquatic | Ife communities
reflected in Instream water qual ity criteria.

It should be noted that basing a pollution control program on the
nunber of streamflow excursions Is not the same as the number of water
qual Ity excursions. If a flow below the 193 flow were to occur on a
specific day, 1t does not necessarily follow that an Instream standard is
violated. In fact, in the case of un-lonlized ammonla, the comblination of pH
and temperature must also be above threshold values before a standard Is
viol ated. The sensitivity of the concentration of un-lonized ammonla to
these variables is so strong that In many cases the Instream flow has | Ittle
effect on whether or not the standard is violated. Until a more
quantitative method Is avallable to account for all the factors that affect
downstream water qual Ity, a given design flow may be used as an Indlcator
for pollution control rather than an indication that a standard has been
vliol ated.

It 1s worthwhile to note that the analyses presented In this report
glve very good estimates of the magnitude and frequency of |low-flow events

for the respective municipal itles and since much of the uncertainty of these
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estimates are diminished, it may be prudent to reassess other factors which
Include the frequency distributions of the upstream and effluent un-lonized
ammonia concentrations. Under the existing instltutional framework of
regul ation and enforcement using only Englewood data, If the ammonia
standard (un-lonized) were enforced at 0.02 mg/!| or 0.06 mg/l, many

communities In the state will be looking at MT at |east part of the year.

RECOMMENDAT IONS
The recommendations that fol low are those of the authors only, based

upon the interpretation of the hydrologlc data available and the analysis

procedures utll lzed. Extrapolation of the recommendations beyond condltions
experlenced in the research or assuming that these recommendatiosn have the
consensus support of the steering committee are both not justified at this

Time.

1) Follow the guidel ines to compute the design flows given at the end of
this chapter.

2) Develop a data base of actual conditions of pH, temperature, upstream
ammonia concentration and downstream ammonia concentrations,
particul arly during periods of low-flow excursions to see if in fact
water qual Ity concentrations are: 1) violating the existing stream
standard, and 2) diminlshing downstream beneficial uses.

3) A monthly flow statistic may be quite beneficlal as a means to better
use stream assimilative capaclity. However, Intermittent AWT may be
necessary during periods of fow flows. |If a monthly statistic Is to be
used, a monthly frequency criterla s recommended.

4) Both regression methods and mass bal ance are appl icable for generating

flov data, but the cholce of one over the other will depend on the site
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5)

6)

7)

8)

9)

10

and data available. Regression methods appear qul te adequate for

predicting flow at a glven outfal|l where | Imited streamflow data exist,
but they are slite and data specific requiring sound judgement by the
practitioner.

Because mass bal ance for predicting flow at an outfall area was a
problem due to |ack of knowledge of the many small ungaged streams and
the effect of groundwater it |s recommended that more research be
undertaken to estimate flows from ungaged watersheds, and return flows
varlation in time and space. Develop a data base speciflcally to
estimate the relationship between groundwater flow and surface discharge
during perlods of low flow.

The present method of using streamflow excursions as a means of
protecting downstream uses Is not adequate In the case of un-ionized
ammoni a; pH, temperature and background ammonla must al so be conslidered.
Devel op better procedures for estimating the skew coefficient used In
the statistical dls‘rrlbuﬂonAfor estimating | ow=-flow statistics.

The Log-Pearson Type |1l distribution may not be the best distribution
for frequency/duration analysis of low flows. Other distributions
shoul d al so be Investigated.

There may be sufficient justiflication to |loosen the stream standard If
the recommended fliow statlstics are used In the future for discharge
permitting since there will be much fewer flow excursions.

The state must foresee future water qual Ity problems and regul atlons and
collect data and research to prove/disprove efficacy of the
Instltutlional procedures to amel lorate the water qual ity problems before

the fact, not after.
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RECOMMENDED GUIDEL INES TO COMPUTE DESIGN FLOWS

The following Is the procedure recommended to be used to estimate
design flows In Colorado.
1) Select data set.

Use 10 years of the most recent dally flow data available, and update
design flow values every flve years with the permit renewal. This approach‘
shoul d reduce problems with non-hamogeneity and short data records. |f data.
are not avallable upstream of the polnt of dlscharge, use regression
analysls or a water bal ance analysis to transfer flows to the correct
location.

2) Defline selection criteria,

First, determine whether the design fiows are to be calculated on
annuat, monthly, or seasonal basls. Then define duration and frequency
criteria to protect the most sensitive stream use, which Is usually aquatic
life.

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 conditlions are
relatively stable. Check coefficlents of variation for low flows (flows
less than the mean annual flow) and for major water qual Ity varlables to see

If a longer duration Is warranted. Relatively low Cv val ues, fram 0.8 to

1.0 can be used to Justify longer durations.

b) Frequency. Select an allowable frequency of excursions that wllil
protect Indigenous aquatic populations on a site-speciflc basis. The U.S.
EPA has recommended once In three years to allow populations to recover
fully after periods of stress. However, once In two years may be

sufficient, depending on the characteristics of the specles present.
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Scl_enﬂflc rationale for the selectlon of a frequency other than once In
three years should be provided. If monthly or seasonal flows are to be
used, choose seasonally varying frequencies that reflect critical or non-
crlfléal condltions for aquatic | ife, Durling critical periods, use once in
three years or a more restrictive frequency, and during non-critical periods
use less restrictive frequencies. Account for cumul atlve effects of
excurslions during the course of several seasons within a year. The use of
seasonal frequencies will require further research into acceptable levels of
protection for particutar uses.

3) Calculate design flows with the blol ogl cal |y-based method.

Use the program developed by the U.S. EPA for personal computers, or a
simll ar version, along with STORET data flles to calculate blologically=-
based design flows. Calculate flows on an annual, monthly, and seasonal
basis Inltlally to see which Is the most effective. Monthly flows will
provide for the greatest use of streams' assimilative capaclty, but may be
difficult to Implement on such a short-term basis. Seasonal flows are
recommended as a practical compromlise between annual and monthly val ues.
Seasonal variations In water qual 1ty and aquatic | Ife requlrements should
al so be Incorporated Into the analysis.

a) Annual flows. Use exlisting programs and annual frequency criteria.

b) Monthly flows. Adapt programs to a monthly baslis and use monthly
frequency criteria. |If a moving average is used in the analysls, use the
over| apping procedure to calculate averages for longer duration flows (l.e.,
7-day or longer). Overlapping Is not required for {-day or 4~day durations.

c) Seasonal flows. Group months Iinto low, high, and transition
di scharge seasons based on flow, water qual Ity and effluent qual 1ty. Flrst,

make the initlal selection of seasons based on flows. Use basic statistics
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(mean, medlan, and standard devlatlon) on moving averages of acute or
chronic durations for each month to separate the seasons. Next, look at
seasonal variations In the controllIng water qual ity varlables (e.g., pH and
temperature for un-lonized ammonla levels). At thls stage, al so |ncorporate
consideration of critical seasons (e.g., spawning perlods) for aguatic | ife.
Finally, check for large variations In effluent qual ity or quantity and
adjust the selection of seasons [f necessary. These l|ast two steps may help
to group transition flow months with high or low discharge seasons, or may
actual ly change the deslgnations of high or law given In the first stage of
flow analysis. |f water and effluent qual Ity data are | imited, base the
selection of seasons on flows alone. Calculate seasonal design flows with
programs adapted to a seasonal basls and with seasonal frequency crlterla.
Apply overlapping To longer duration flows, especially within short, one or
two month long, seasons.

4) Evaluate potentlial sources of error. Consider potential errors based
on the qual Ity of the data set and the analysis. Factors to consider In the
qual Ity of data include: accuracy and completeness of the flow record,
specifically during |ow-flow periods; the proximity of the gage to the point
of Interest; and the homogenelty of the data. Further research may be
required to evaluate data errors quantitatively, but errors should be
accounted for qual itatively at the least. Errors stemming fram the analysls
should be less when applyling the blological ly-based approach versus the

frequency/durati on methodol ogy.
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APPENDIX A
Memor andum from Ben Harding of WBLA, Inc., Boulder, Colorado
To the City of Boulder; Re: Wastel{oad Al{ocation on Boulder Creek
Date: February 26, 1986

Estimation of Inflows and Dlilutions Flows

We have estimated ungaged inflows to Boulder Creek above the 75th
Street WHTP. Using those estimated Inflows we have model ed Boul der Creek on
‘a dally basls for the 12-year period 1959 through 1970. There are two major
types of ungaged Inflows to Boulder Creek; surface and subsurface. There
are two sources of water; precipltation, including snowmelt, and return
flows from agriculture. We have used three methods to estimate flows from
the different sources. For ungaged surface Inflows from preclpitation,
which come from the low elevation trlbutaries, we have used a correl ation
with Coal Creek. For return flows we have used an analysis of Irrigation
efficiency and flow routing. For excess flows not accounted for by these
two methods, we have used a mass balance method based on measured
dlversions.

1. Ungaged Inflows

There are three ungaged Inflows to the Boul der network. They are 1)
Four Mile Creek; 2) the small, ungaged tributaries on the north side of
Boulder Creek, Including Bear Canyon Creek, Skunk Canyon Creek, Bluebell
Canyon Creek, King's Gulch and Gregory Creek; 3) the small, ungaged
tributarles on the south slde of Boulder Creek, Iincluding Sunshine Canyon
Creek, Goose Creek, Wonderl|and Creek, Twomile Canyon Creek and Fourmile
Canyon Creek.

The dally Infiows from these three sources were synthesized by
mul Tiplying the monthly Coal Creek gaged flow (In acre-feet) by the ratio of
the particular tributary drainage area to the Coal Creek drainage area and
then dividing by 59.4 to obtain an average daily flow In cfs,

In the network, the northern tributaries come into the system at the
point of diversion of the Green Ditch. The southern tributaries come Into
the system above the confluence of South Boul der and Middlie Boul der Creeks.

2. Return Flows

A monthly dlistribution of average agricultural return flows was
calculated using the data presented In a report prepared by Rocky Mountailn
Consul tants, Inc. entitled, Analyslis of Transfer of North Boul der Farmers
Ditch Shares. 1In this report, the authors calculate an average monthly
return flow rate (using data from 1945 to 1965) attributable to 15.5 shares
of the North Boulder Farmers Ditch. Flirst, the return flow rates for each
of five separate properties which all contribute to Boulder Creek are
calcul ated using the Glover method. The resulting lag times for 958 of the
return flow to reach Boulder Creek vary from 2 to 13 months, depending on
the distance of each of these propertlies from the stream. The average
return flow rates, In cfs., for all flve propertles combined are presented
in Table t:
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Table 1.
Return Flows Fram the North Boulder Farmers Ditch (cfs)
Month Flow
Jan. 0.05
Feb. 0.04
Mar. 0.02
Apr. 0.02
May 0.21
Jun. 0.49
Jul . 0.67
Aug. 0.44
Sep. 0.32
Oct. 0.18
Nov. 0.12
Dec. 0.08

The average annual dlversion in this study was 559 acre feet. Over our
1959 to 1970 study period, the average annual diversion by the irrigation
ditches which contribute return flows to Boul der Creek above 75th St. was
Howard, Jones & Donelly, Anderson, Green, Smith & Goss, McCarty, Harden,
Wel Iman-Nichols & Hahn and the North Boul der Farmers was subtracted In order
to avold counting the contribution of its return flow twice. The ra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>