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1 BACKGROUND

Barr Lake and Milton Reservoir are two off-stream reservoirs operated by the Farmer’s
Reservoir and Irrigation Company (FRICO), and located northeast of Denver (Figure 1).
Water quality has been a concern in these hyper-eutrophic reservoirs for many years.
Both reservoirs are on the 2002 303(d) list for pH. In addition, nutrient standards are
anticipated in the future to protect all classified uses, including the recently adopted
‘water supply’ classified use.

In 2002, the Colorado Water Quality Control Division submitted a 319 grant application
on behalf of the stakeholdersin the basin. The money requested was to fund phase one of
along-term study. The goals of thisfirst phase, aslisted in the Project Implementation
Plan, were to:

Establish a permanent stakeholders group for evaluation of water quality problems
in the reservoirs and sources of pollutants in the watershed;

Develop acredible and defensible water quality database and monitoring program;
and

Evaluate tools that can be used to project the effects of potential changes on the
water quality in the reservoirs.

The project was funded and the work initiated. The acronym “BMW” was adopted to
stand for “Barr/Milton Watershed”. The focus of the work during this phase of the
project has been on surface water (as opposed to groundwater) and on eutrophication,
which is the dominant reservoir water-quality issue.

This report summarizes the work that was conducted to address the third goal. Itis
divided into sections describing the attributes of the reservoirs and watershed, the water-
quality issues and stakeholder needs, modeling implications, and analysis options. The
database and monitoring program effort are described in a separate report.

Note that a reservoir assessment is planned for each reservoir. The results from these
assessments may impact some of the conclusions of this report.
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2 BARR LAKE

2.1 Overall Description

Barr Lake is awarm-water reservoir located about 20 miles northeast of Denver. Its
elevation is approximately 5,100 feet above mean sealevel. Classified usesinclude
agriculture, aquatic life warm water class 2, recreation 1a, and water supply. The main
source of water isfrom Burlington / O’ Brian canal which diverts water from the South
Platte River and receives effluent from the Metro Wastewater Reclamation District at
times during the winter months. There are two outlets through the dam — the east outfall
and the west outfall.

Built in 1906, Barr Lake has historically been the recipient of significant sources of
pollution. During the early part of the century, the South Platte River was a major
conduit for industrial and raw waste (CDM, 1994). Primary treatment of Denver’s raw
sewage didn’t start until the 1930’ s and secondary treatment began in the 1960’ s.

2.2 Physical Attributes

An aerial photograph of Barr Lake is shown in Figure 2. Itslength is approximately
twice itswidth at full pool and the main source of inflow islocated on one end, while the
outflow is at the other end. There are no other significant surface water tributaries.

Figure 2: Barr Lake
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2003 Globexplorer, AirPhotoUSA (www.GlobeXplorer.com) via MapQuest.com

Hydrosphere Resource Consultants




Evaluation of Approaches and Tools
Page 4

The morphometry of Barr Lakeis described in Table 1.

Table 1. Barr Lake Morphometry

British Units Metric Units

SWE at Full Pool (above MSL) 5,096 ft 1,553 m
Surface Area at Full Pool 1,879 Acres 760.7 HA
Contents at Full Pool 31,652 AF 39,043,000 m3
Mean Depth (at full pool) 16.9 ft 51m
Maximum Depth 34 ft 10.4m

The surface water elevation (SWE) of the reservoir varies dramatically. Between the
years of 1968 and 2000 the maximum SWE (relative to the bottom of the reservoir) was
34 feet while the minimum SWE was 2.45 feet. The typical change over the course of
one year isover 18 feet. From avolumetric standpoint, this equates to a change from
100% full to 23% full. The most dramatic change occurred in 1977 when the reservoir
SWE dropped over 30 feet which resulted in the reservoir going from being 100% full to
0.66% full.

The reservoir does stratify but intermittently and weakly. The degree of stratification
varieswith SWE. Stratification can become less pronounced or non-existent when the
reservoir becomes more shallow — resulting in a more complete level of wind mixing
through the entire reservaoir.

Reservoir residence time varies by year and aso depends on whether it is computed
based on reservoir inflow or outflow. Residence time for Barr Lake varies between 5 and
9 months, depending on the year.

2.3 Potential Pollutant Loading Sources

Within the Barr Lake watershed, the reservoir is downstream of a number of potential
pollution sources. These include:

Denver International Airport;

Rocky Mountain Arsenal;

Urban Stormwater Runoff;

Industry (Stock Show, Oil Refineries, Breweries, etc.);
Interstate and Other Highways;

Agricultural Non-Point Sources (e.g. turf farms); and
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Wastewater Treatment Facilities including:
Metro Wastewater Reclamation District;
Littleton — Englewood WWTP,
Marcy Gulch WWTP,
Glendale WWTP; and
Sand Creek Wastewater Reclamation Facility.

In addition, atmospheric deposition serves as an additional loading of pollutants.

The potential pollution sources described above are considered external sources. Thereis
also the potential for internal sources of pollutants (e.g. phosphorus, manganese, iron)
from the sediments.

2.4 Available Data

Water-quality of Barr Lake, itsinflow, and its outflow have been measured at various
points. There were two data collection studies conducted in 1975 — one by EPA as part
of the National Eutrophication Survey and the other by the Tri-County District Health
Department. The EPA study included chlorophyll a, phytoplankton species, as well as
algal assays. Barr Lake was determined to be nitrogen limited (i.e., nitrogen is
controlling algae growth versus phosphorus). In addition, MWRD conducted a one-year
data collection study during the 1978-1979 time frame.

More recent data collection started in 1994 by FRICO. Water-quality sampling has
occurred at various points of the Burlington / O’ Brian Canal, the reservoir inlet, the
outlets, and in the reservoir. Unfortunately, the bulk of the reservoir data were collected
from the shore (versus from aboat). In addition, chlorophyll a measurements were not
included.

Starting in 2002, MWRD started intensively sampling the reservoir. These dataare
collected at three in-reservoir locations from a boat twenty times per year. Epilimnion
(upper layer) and hypolimnion (bottom layer) samples are taken as well as standard
reservoir profiles. Chlorophyll a, phytoplankton species, and zooplankton species are
included in MWRD’ s monitoring program.

Average daily reservoir inflow and outflow data have been obtained for a period up
through December 31, 2000. These data are the results of arefined flow anaysis
conducted by one of FRICO’s consultants. In order to make use of the recently collected
water-quality data, a more up-to-date version of the analysis will need to be obtained
from FRICO.
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3 MILTON RESERVOIR

3.1 Overall Description

Milton Reservoir is awarm-water reservoir located about 50 miles northeast of Denver
and built at about the sametime as Barr Lake. Its elevation is approximately 4,800 feet
above mean sealevel. Classified usesinclude Agriculture, Aquatic Life Warm 2,
Recreation Class 1a, and Water Supply. The main source of water to thisreservoir isthe
Platte Valley Canal, which diverts from the South Platte River near Fort Lupton. The
reservoir has one outlet through the dam.

3.2 Physical Attributes

An aerial photograph of Milton Reservoir isshown in Figure 3. Its shape is more round
and shaped more like a natural lake than atypical reservoir. There aretwo inlets
although the majority of the inflow comes in through the Platte Valey Canal. The inflow
from the Beebe Draw isless significant. The Platte Valley Canal enters the reservoir near
the west end of the dam, which lies on the northside of the reservoir. The Beebe Draw
enters from the south. There is one outlet through the dam.

Figure 3: Milton Reservoir
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Complements of Weld County (http://maps.merrick.com/Website/Weld).
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The morphometry of Milton Reservoir is described in Table 2.

Table 2: Milton Reservoir Morphometry

British Units Metric Units

SWE at Full Pool (above MSL) 4,800 ft 1,463 m
Surface Area at Full Pool 2,430 Acres 983 HA
Contents at Full Pool 30,694 AF 37,861,200 m*®
Mean Depth (at full pool) 12.6 ft 3.8m
Maximum Depth 41 ft 12.5m

Milton Reservoir isvery similar to Barr Lake in anumber of ways. The surface water
elevation varies considerably over the course of ayear, although not quite as dramatically
asin Barr Lake. Thetypical changein SWE is approximately 12 feet versus 18 feet for
Barr Lake. In addition, the residence timeis of similar magnitude. The reservoir does
stratify during the summer months and the stratifies more stably than Barr Lake. This
may be due to the fact that Milton Reservoir is deeper than Barr Lake during the summer
[ early fall. A shallow reservoir is more easily mixed due to wind than a deeper reservaoir.

3.3 Potential Pollutant Loading Sources

Milton Reservoir is downstream of a number of potential pollution sources. In addition
to the sources listed for Barr Lake, Milton Reservoir is also downstream of:

Open Pit Gravel Mining;

Current and Future Residential Development (e.g., Pelican Lake);
Agricultural Uses and Irrigation Return Flows; and

Nine Wastewater Treatment Facilities

SACWSD;

Brighton;

Fort Lupton,

Hudson;

Lochbuig;

Aurora Sand Creek Wastewater Reclamation Facility;
Westminster;

Broomfield; and

Northglenn (intermittent).

O O O 0O OO0 O o o

In addition, atmospheric deposition serves as an additional loading of pollutants.
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The potential pollution sources described above are considered external sources. Thereis
also the potentia for internal sources of pollutants (e.g. phosphorus, manganese, iron)
from the sediments.

3.4 Available Data

Water-quality of Milton Reservair, itsinflow, and its outflow have been measured at
various points. The reservoir was included with Barr Lake in the 1975 EPA National
Eutrophication Survey. The EPA study included chlorophyll a, phytoplankton species, as
well asalgal assays. The reservoir was determined to be nitrogen limited.

More recent data collection for Milton Reservoir started in the 1990's by FRICO. Water-
quality sampling has occurred at the reservoir inlet, the outlets, and in the reservoir.
Unfortunately, the bulk of the reservoir data was collected from shore (versus from a
boat). In addition, chlorophyll a measurements were not included.

Starting in 2002, MWRD started intensively sampling the reservoir. These dataare
collected at three in-reservoir locations from a boat twenty times per year. Epilimnion
and hypolimnion samples are taken as well as standard reservoir profiles. Chlorophyll a,
phytoplankton species, and zooplankton species are included in MWRD’ s monitoring
program.

The average daily reservoir inflow and outflow data obtained thus far are sparse. Thereis

an effort to refine these data and fill in the data gaps. This information needsto be
obtained in order for meaningful data analysis to occur.
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4 THE BARR/MILTON WATERSHED

The main river in the Barr/Milton Watershed is the South Platte River which flows
through metropolitan Denver. The upper reaches of the watershed for purposes of this
effort are the releases from Chatfield Reservoir, Cherry Creek Reservoir, Bear Creek
Reservoir, and Standley Lake. The South Platte River between Chatfield Reservoir and
the Fulton Ditch diversion (6.5 miles downstream of the Clear Creek confluence) has
been classified as transmontane (i.e., retains some of the characteristics of a high
mountain stream) (CDM, 1994). In this section of the South Platte, four urban streams
(Bear Creek, Cherry Creek, Sand Creek, and Clear Creek) flow into theriver. Between
the Fulton Ditch Diversion and the Platte Valley Canal Diversion, the river has been
characterized as a high plains stream, flowing through primarily agricultural lands and
small urban areas (CDM, 1994). One magjor tributary flows into the South Platte River in
this section — Big Dry Creek (Figure 1).

Water-quality in the South Platte and its tributaries has been significantly impacted by
agricultural and municipal water use and land use (Hydrosphere et al., 1999). Some
activities impacting water-quality were listed previously for each of the reservoirs.
Several water-quality studies and data collections efforts have occurred along the South
Platte River and have focused on a variety of constituents including dissolved oxygen,
nitrogen species, and copper.
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5 ISSUES AND NEEDS

Although there are a variety of water-quality issues throughout the watershed, the focus
of this effort ison Barr Lake and Milton Reservoir water quality.

The most pressing water-quality issues for Barr Lake and Milton Reservoir are related to
eutrophication. Eutrophication hasled to the following:

High pH values;

Excessive algae growth (peak chlorophyll avaluesin the 200-300 ug/l range);
Extensive blue-green agae populations during parts of the year;

Low dissolved oxygen;

Low transparency; and,

High un-ionized ammonia concentrations (in Barr Lake).

Each of these water-quality parameters are tied together and related through the dynamics
between avariety of factorsincluding nutrients, algal growth, light, temperature,
decomposition, and hydrology. Thus, the entire process of eutrophication needs to be
considered.

Asaresult of high pH values, Barr Lake and Milton Reservoir are on the 2002 303(d) list

as being water-quality impaired due to exceeding the upper pH standard of 9.0 SU. This
has led to non-attainment of the Aquatic Life Warm, Class 2 classified use classification.
Both reservoirs are listed by the Colorado Department of Public Health and Environment
as having amedium priority for TMDL devel opment.

During phase 1 of the project, the BMW stakeholders developed alist of questions they
would like to have answered. One intent of this exercise was to help guide the selection
of appropriate tools for analysis. The list was developed in a brain-storming setting, thus
it should not be interpreted as afinal list of questions that the tools must answer. The
guestions are listed in Table 3.
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Table 3: Questions Developed by BMW Stakeholders

. What are the water quality impacts on the four uses of the reservoirs (aquatic life,
drinking water supply, agriculture, and recreation)?

. What are the historical trends in important water quality parameters?

. What kind of water quality can be expected in the future for the two reservoirs?

Describe the hydrodynamics of the reservoirs.

. What types of algae grow in the reservoirs (differentiate between desirable and non-
desirable types of algae)? What variables control their growth?

What is the impact of reservoir operations on water quality?

. What does a mass balance of nutrients around each of the reservoirs show?

. What does a mass balance of nutrients by sub-basin show?

What are the sources of nutrients (differentiate by source)?

What is the impact of uses on the water quality of the reservoirs?

. What is driving algal growth and high pH?

What are the water quantity effects?

. What water-quality targets are appropriate for the reservoirs?

How much loading can the reservoirs take and still meet specific in-lake
concentrations?

. What are the impacts of BMPs and other management options?

Is short-circuiting occurring? If so, what is the impact?

. What is the role of groundwater?

. What is the impact of reservoir WQ on drinking water wells in the area (Brighton,
Lochbuie)?

. What is the correlation between surface and GW fate and transport?

What is the relationship between the WQ of what enters the Burlington Ditch (or the
Platte Valley Ditch) and the WQ entering the lake?

. Tool to evaluate management options

. What are the storm water sources and impacts?

In terms of what isimportant given the TMDL and nutrient criteria efforts, the questions
listed in Table 4 are key for the reservoirs.

Hydrosphere Resource Consultants




Evaluation of Approaches and Tools
Page 12

Table 4: Key Questions for TMDL and Nutrient Criteria Efforts

What is driving algal growth and high pH? (K)

What water-quality targets are appropriate for the reservoirs? (M)

How much loading can the reservoirs take and still meet specific in-lake
concentrations? (N)

What does a mass balance of nutrients around each of the reservoirs show? (G)

What types of algae grow in the reservoirs (differentiate between desirable and non-
desirable types of algae)? What variables control their growth? (E)

What does a mass balance of nutrients by sub-basin show? (H)

What are the sources of nutrients (differentiate by source)? (1)

What are the impacts of BMPs and other management options? (O)

Tool to evaluate management options (U)

These nine questions are viewed as being very important to the success of the project and
tools will be needed to address them. They should have priority. The other fourteen
guestions are very important with respect to overall reservoir management but resources
should first be put towards the questionsin Table 4. In addition, some of the other
guestions will be dealt with as aresult of addressing these nine questions. For example,

if groundwater is significantly impacting the water quality in one or both of the reservoirs
(Question Q), this dynamic will need to be considered and addressed when simulating the
overall water-quality dynamics and the mass balance of nutrients around each of the
reservoirs (Question G).

Although using stakeholder questions is one way to begin to structure a process, a more
appropriate way isto look at what is needed in order to develop a TMDL along with
developing appropriate nutrient criteriafor the reservoirs. Thisisthe topic of the next
section.
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6 THE OVERALL PROCESS FOR TMDL AND NUTRIENT CRITERIA
DEVELOPMENT

The EPA describes the general components of a TMDL in their “ Protocols for
Developing Nutrient TMDLS’ (EPA, 1999). Thisoverall processisdisplayed in Figure 4
with some modifications made for the BMW project. Each of the components are
described in more detail below.

Identify Objectives

The overall objectives of this effort are to develop TMDLs and develop information for
appropriate nutrient criteriafor the reservoirs.

Develop Initial Numeric Targets

The TMDLs are based on high pH and there is a numeric target for this parameter.
However, in order to develop appropriate nutrient criteriafor the reservoirs and to help
alleviate the effects of eutrophication described in Section 5, it will be necessary to
determine appropriate numeric nutrient targets aswell. This particular component should
involve:

Determining appropriate nutrient limits to protect the four classified uses. Thistask
should include user surveys for information regarding recreational perceptions,

Developing reservoir models -- one for each of the reservoirs. These models would
link loads coming directly into the reservoirs with in-reservoir nutrient
concentrations and resulting responses such as pH and algae levels (Chlorophyll a)
would not simulate conditions up into the watershed. Internal and external sources
would be considered. These models should be calibrated to current conditions and
be used to “bound” what is possible. For example, the models can be used to
conduct “what if” scenarios such as “What would be the impact on reservoir water
quality if the external loadings were cut by X%? Cut by Y%? How much would
the water-quality change and how long would it take? Different scenarios can be
developed to bound the answer to the question — How much of awater-quality gain
can be had with drastic reductions in loading? and,

Assessing the condition of other similar reservoirs for the possibility of reference
conditions (although the possibility of this seems remote).

All of thisinformation should be used to determine appropriate initial numeric targets.
Tasks conducted under this component should be consistent with CDPHE’ s Nutrient
Criteria Development Plan.
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Figure 4: Process Components for Barr / Milton Watershed
(Modified from EPA, 1999)
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Watershed Source Assessment

This component involves the identification and quantification of nutrient sourcesin the
watershed. These sources need to be identifies as to type, magnitude, and location.

Link Watershed Sources to Lake Inputs

This component involves the development of atool to link the watershed sources to the
inflows (loadings) into the reservoirs. For the Barr/Milton watershed, this would involve
the development of a watershed model and a stream / canal model to transport nutrients
from the watershed through the stream / canal system to the reservoirs. The watershed
model would need the ability to characterize the impacts of potential BMPs for TMDL
implementation purposes.

Investigate Feasibility / Determine Final Numeric Criteria

This step was added to the EPA’ s flow chart (EPA, 1999) for this project. It would
involve linking the watershed model and river model with the reservoir models (Figure
5). Thislinked system would be used to run “what if” scenarios again using the
additional watershed information along with assumptions regarding specific feasible
point and non-point source controls and alternative water management strategies. This
step would be used to refine numeric targets set initially and to determine total loading
capacities.

Note that this step was not added to let watershed sources “ off the hook”. 1t was added to
incorporate some level of realism into the process given the history of the reservoirs, the
new drinking water classified use, and the fact that alarge number of peoplelive
upstream.

Perform Allocation Between Sources

The total loading capacity plus amargin of safety needsto be allocated between current
and future sources. Thisisaccomplished in this step.

Develop Evaluation Plan

This component involves the development of a monitoring plan specifically designed to
determine if the TMDL is being attained and to support any revisions that may be needed
in the future.
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Figure 5: Linkages Between Watershed Sources and In-Reservoir Responses
Using Models
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Develop Implementation Plan
This component involves the development of the plan for implementing specific tasksto

reduce sources to within the agreed-upon allocations along with a schedule for
implementation.

In order to compl ete this entire process for the BMW, tools will need to be developed and
analysiswill need to be conducted. These tools and analyses will be very important in
informing the allocation process. Thus, the technical efforts must be transparent,
documented, and the results clearly communicated. It will be important to conduct
analyses at right level of detail — detailed enough to adequately address the objectives.

Tools identified for the implementation of this process include:
reservoir water-quality models;
ariver / canal water-quality model; and
awatershed model.

It is possible that a groundwater model may need to be developed if groundwater is
playing asignificant role in reservoir water-quality. The forth-coming reservoir
assessments should address this topic.

Specific models and modeling implications are described in the subsequent sections.

Hydrosphere Resource Consultants




Evaluation of Approaches and Tools
Page 18

7 RESERVOIR MODELING IMPLICATIONS FOR BARR LAKE AND MILTON
RESERVOIR

Of the approaches and models described in Section 5, it is very important to correctly
model the reservoirs. If the reservoir model can’t adequately connect nutrient loading to
algal growth to high pH, then it is quite difficult to determine appropriate external
loadings. Thus, the following section discusses some of the reservoir modeling
implications as aresult of 1) the attributes of the system and 2) the questions and issues
described in the previous section.

First of all, both Barr Lake and Milton Reservoir are very dynamic systems. The
hydrology is controlled by water rights and demands. The surface water elevations
change dramatically over the course of ayear. In addition, nutrient loadings to Barr vary
considerably over what might be normally expected by ariver diversion due to the
pumping of effluent (MWRD) into the Burlington Ditch.. In addition, there are many
year-to-year variations due to climate, water rights, and demands. An appropriate
approach to modeling these reservoirs should be able to capture temporal variations.

Secondly, both Barr Lake and Milton Reservoir were determined to be nitrogen limited in
the past (EPA, 1977a; EPA, 1977b; Lewis and Saunders, 1990). Although additional
data analyses need to be conducted, it appears that both nitrogen and phosphorus need to
be taken into account in the selected modeling scheme.

Third, the types of algae in Barr Lake and Milton Reservoir vary considerably over the
course of ayear. Barr Lake can go from having a 100% blue green population to having
a100% diatom population within one month. These two groups of algal species react
differently to nutrient loading, temperature, and light. It will be important to be able to
differentiate between algal groups and not lump them together due to concerns about the
impacts of different types of algae. In addition, it is easier to ssmulate algae if this
differentiation is made.

Since both reservoirs, especialy Barr Lake, weakly stratify (i.e. are more likely to mix
intermittently), the assumptions behind atwo or three layer model may not be applicable,
unless the mixing / stratification pattern is predictable. Insights could be made using
these types of models but if capturing the impact of stratifying and then mixing is
important, atwo-dimensional model is more appropriate.

Thereis at least one mgjor difference between Barr Lake and Milton Reservoir that could
affect how amodel is set up. Notethat Barr Lake islonger than it iswide and has the
inflow at one end and the outflow at the opposite end. Thistype of setup istypically
amenable to aone-dimensional or two-dimensional model. Variationsin the lateral
direction are probably negligible.

Milton Reservoir, on the other hand, is more circular in shape and the main inflow is
located very close to the outlet. If there were significant issues related to short-circuiting,
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then the only way to capture the hydrodynamics of the flow patterns around the outlet
would be a three-dimensional model.

Note that the discussion above points to the use of a mechanistic or process-based
modeling approach as opposed to an empirical approach. Empirical models are
relationships based on data from many lakes and reservoirs. An example of acorrelation
between chlorophyll a and total phosphorusis shown in Figure 6.

Figure 6: Example Correlation between Chlorophyll a
and Total Phosphorus
(from Chapra, 1997)
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Although empirical models have been used for Colorado reservoirs and are easy to use,

the following shortcomings make them inappropriate for use on Barr Lake and Milton
Reservoir:

1. Thevast mgjority of lake empirical relationships are developed with the
assumption of phosphorus limitation. Because there is an excess of phosphorusin
Barr and Milton Reservoirs, commonly used empirical equations for computing
chlorophyll a from phosphorus concentrations (e.g., Dillon and Rigler, Rast and
L ee, Bartsch and Gakstatter, Vollenweider OECD) will significantly over predict
observed chlorophyll a concentrations.
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. They offer little mechanistic insight into the underlying eutrophication process in
the lake or reservoir.

. They are constrained by the types of questions you can answer by using them. If
afuture management option under consideration involves a change in a parameter
in the equation (e.g., in-lake phosphorus concentration), it can be used to compute
anew trophic state variable (e.g., chlorophyll a). Constraints occur when the
management option involves something different (e.g., aeration or changing the
timing of MWRD effluent pumping).

. They are typically based on log-log relationships and exhibit large scatter. Thus
the prediction errors can be substantial and not obvious to a naive user.

. Empirical models are typically developed from widely heterogeneous databases —
often very different from the lake or reservoir under consideration. Thus the
prediction error becomes inflated by regional or lake-type variability.

. Nutrient and chlorophyll a concentrationsin Barr Lake and Milton Reservoir are
not “typical” -- thus predictions should not be based on a dataset that doesn’t
include reservoirs with the same magnitude of concentrations as these two
reservoirs. For example, the Dillon and Rigler equation relating TP to chlorophyl|
aiswell-known, is perhaps the most frequently used, and is highly correlated (r =
0.96). However, the lakes used to develop the relationship had spring TP
concentrations between 3 and 180 pg/l (Dillon and Rigler, 1974). Barr Lake's
spring total phosphorus concentrations are in the 600-700 pg/l (as phosphorus)
range.

In summary, models appropriate for Barr Lake and Milton Reservoir should have the
following features:

M echanistic to capture the water-quality processes,

Dynamic to take into account fluctuating flows and loadings;
Be able to simulate more than one type of agae;

Simulate pH;

Simulate both nitrogen and phosphorus species;

Well documented;

Public Domain / Accepted; and

Only as complicated as needed.
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8 MODELING APPROACHES

8.1 Reservoir Models

There are numerous mechanistic reservoir modeling tools available. They can be
categorized in the following fashion:

Mechanistic vs. empirical;

Steady state versus dynamic;

Dimensionality (0-D, 1-D, 2-D or 3-D) and hydrodynamic assumptions; and

ﬁi og)eochemi cal formulations (what water-quality parameters are simulated and
ow).

Comprehensive reviews of the wide variety of modeling tools can be found in EPA, 1997
and EPA, 1999). Thisreport only deals with models that may be appropriate for Barr
Lake and Milton Reservoir. Therefore this discussion islimited to models that are public
domain, dynamic (time varying), mechanistic, non 0-D models that simulate both
phosphorus and nitrogen in addition to algae. The reasons for this are described in
Section 7. In addition, they need to be well documented. Four models fit these criteria.

WASP6 (Wool et al, 2001)

The Water Quality Analysis Simulation Program (WASP) is supported by the EPA.
It is a general-purpose modeling system for assessing the fate and transport of
conventional and toxic pollutants in surface waterbodies. WA SP simulates one agal
group and does not simulate pH. It can be used in one, two, or three dimensions and
isdesigned for linkage with the DY NHY D5 hydrodynamic model. Although the
model can be used for various waterbodies, it ssmulates rivers and streams better than
lakes and reservoirs (EPA, 1997).

CE-QUAL-W2 (Cole and Wells, 2002)

CE-QUAL-W2 isaZ2-dimensional hydrodynamic water-quality model supported by
the US Army Corps of Engineers (USCOE). It has been in continuous development
since 1975 and has been applied to more than 300 reservoirs and lakes. The current
version (v3), has the capability to ssimulate multiple algal groups and pH. The
hydrodynamic features of the model are considered to be excellent, aslong as the user
provides good bathymetry, meteorology, inflows, and outflows.

Tom Cole (USCOE) and Scott Wells (Portland State University) actively maintain the
model and offer excellent user support. Post-processing tools are available to display
and animate model results. This model has been applied to at least five reservoirsin
Colorado.
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LAKEZ2K (Chapra and Martin, 2004)

LAKEZ2K isa3-layer |lake and reservoir model. Each layer (epilimnion, metalimnion,
and hypolimnion) are considered to be homogeneous. This model was initially
developed in 2004 by Steve Chapra from Tufts University to provide his well-
accepted lake and reservoir modeling techniques to the public. The model has the
capability of simulating multiple algae groups. Although the current version does not
simulate pH, it can be easily added. In Colorado, LAKE2K has been applied to
Pueblo Reservoir and variations of it have been applied to four other reservoirs.
Excellent user support is provided.

CE-QUAL-ICM (Cerco and Cole, 1995)

CE-QUAL-ICM isaone, two or three-dimensional water-quality model supported by
the US Army Corps of Engineers. It incorporates detailed algorithms for water-
quality kinetics and has been used in three-dimensional for Chesapeake Bay and
Green Bay. Itincludes over 80 partial differential equations to describe the
interactions between state variables.

Of the four models, CE-QUAL-W2 has benefits over the other three (Table 5). It
simulates pH and multiple algal compartmentsin its current version. In addition, it is of
moderate complexity and should be able to adequately simulate reservoir hydrodynamics
without going to a 3-dimensional model such as CE-QUAL-ICM. LAKEZ2K isalso
attractive but may not simulate the hydrodynamics correctly. It would be agood initial
model if a phased approach were desired.

Table 5: Reservoir Model Comparison

Simulates pH Simulates Multiple | Level of
Algal Groups Complexity (data
needs and use)

WASP6 No No Moderate

CE-QUAL-W2 Yes Yes Moderate

LAKE2K Can be easily Yes Low
added

CE-QUAL-ICM Yes Yes High

Data Requirements for CE-QUAL-W?2 arelisted in Table 6.
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Table 6: Data Requirements for CE-QUAL-W2 (Adapted from Cole and Wells, 2002)

Data Category

Minimum

Optimal

Optimal Frequency

Source

Inflows and
Outflow Points

Inflow / Outflow
Temperature
TOC

TP, SRP

NO; + NO,
Ammonia

TKN

Conductivity
DO, pH, TDS
DOC, BOD
TSS
Alkalinity
TDP, TIP, DIP
Chlorophyll a

Weekly with Storm
Sampling

FRICO

Inflow / Outflow

Daily

In-Reservoir (for
Calibration)

Temperature®
pH’
DO*
Conductivity*

Chlorophyll a
TOC

TP, SRP
NO3 + NO;
Ammonia
TKN

TDS

DOC, BOD
TDP, TIP, DIP
Secchi Depth
TIC

Alkalinity
TSS

Monthly

Algal Species

Zooplankton

Monthly

Reservoir Content

SWE

Daily or Weekly

Met Data

Precipitation

At least hourly

Air Temp.

At least hourly

Wind Speed

At least hourly

Wind Direction

At least hourly

Cloud Cover

At least hourly

Static Reservoir
Data

Outlet Structure
Configurations

Bathymetry

Elev. — Area —
Capacity Curve

! profiles
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8.2 River Models
The water-quality of the South Platte River and the canal flows can be ssmulated using a
river or stream water-quality model. A comprehensive review isin EPA, 1997. Four

options appropriate for consideration for the Barr/Milton Watershed project are listed
below. Thefirst two are steady-state models and the last two are dynamic.

QUALZ2K (Chapra and Pellitier, 2004)

QUAL 2K isthe replacement and enhancement for EPA’s QUAL2E model. Itisa
one-dimensional, steady state stream water-quality model which simulates each of the
nutrient species, pH, periphyton, DO, CBOD, and pathogens. It includes a sediment-
water interaction module to simulate nutrient fluxes and sediment oxygen demand at
the sediment water interface. It also handles branches in the system (Chapra, 2005).
User support is excellent.

Segment 15 Model (Lewis and Saunders, 2002)

The Segment 15 Water-Quality Model was developed for MWRD. This model has
been designed to simulate dissolved oxygen, ammonia, nitrate, and CBOD only. Itis
a l-dimensional steady-state model set up to depict low flow conditions each month.
A detailed description of the algorithms used in this model has not been reviewed.

CE-QUAL-RIV1 (USCOE, 1990)

The one-dimensional CE-QUAL-RIV 1 was developed through the US Army Corps of
Engineers (USCOE). The model was designed to simulate water quality conditions
associated with the highly unsteady flows that can occur in regulated rivers. Water
quality constituents modeled include temperature, dissolved oxygen, carbonaceous
BOD, organic nitrogen, ammonia nitrogen, nitrate nitrogen, and soluble reactive
phosphorus. The effects of algae and macrophytes on water quality can also be
included as external forcing functions specified by the user. Unfortunately it appears
that this model can only be downloaded for USCOE use.

WASP6 (Wool et al, 2001)

The Water Quality Analysis Simulation Program (WASP) is supported by the EPA.
It is a general-purpose modeling system for assessing the fate and transport of
conventional and toxic pollutants in surface waterbodies. It can be used in one, two,
or three dimensions and is designed for linkage with the DY NHY D5 hydrodynamic
model. Although the model can be used for various waterbodies, it simulates rivers
and streams better than lakes and reservoirs (EPA, 1997).

Dynamic river models require a much higher level of effort over steady-state river
models. Steady-state models have been successfully applied to the South Platte River in
the past (Lewis and Saunders, 2002; Pascha and Mueller, 1991). Of the two steady-state
models listed above, QUAL2K (and its predecessor QUAL 2E) have been widely used, is
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accepted, iswell documented, and simulates the full suite of water-quality parameters
important to this project including pH and important nutrient species (e.g., TP, SRP,
NO3, ammonia, organic N). In addition, QUAL2K and CE-QUAL-W2 have been
successfully linked previously in a Colorado application (Boyer and Cutler, 2004).

Data requirements for QUAL2K arelisted in Table 7.

Table 7: Data Requirements for QUALZ2K (Chapra and Pellitier, 2004)

Data Category Data

Water Quality Flow

(SOUFCGS and in- Temperature

Stream) Conductivity

TSS

Dissolved Oxygen

CBOD

Total Kjeldahl Nitrogen
Nitrate

Ammonia

Total Phosphorus

Soluble Reactive Phosphorus
Chlorophyll a

Total Organic Carbon
Dissolved Organic Carbon
Pathogens

Alkalinity

pH

Periphyton (% coverage)

Met Data Air Temperature

Dew Point Temperature
Wind Speed

Cloud Cover

Shade

Channel Bottom Width
Information Side Slope

Channel Slope
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8.3 Watershed Models

In order to simulate river or canal water quality, it isimportant to characterize the non-
point sources loadings from the watershed, as well as the point source loadings. Data for
the point source loads are much more readily available than for non-point sources. Tools
to characterize loadings from the watershed are numerous and range from very simple to
very complex. In addition, some of them also have ariver or stream component (which
in theory could replace the need for ariver model). However, the transport and kinetics
associated with these components are typically not as good as the river models described
above. Three commonly used options are listed below which are typically used in urban
and agricultural settings. Thefirst isasimple approach, the second, an intermediate
approach, and the third, a detailed model.

EPA Screening Procedures (EPA, 1985)

The EPA Screening Procedures were developed by EPA and include methodologies
to compute pollutant loads from non-point sources for preliminary assessment of
water quality. The methods rely on loading functions and simple empirical equations.
The result isamean annual loading for a particular constituent.

GWLEF (Haith, et al, 1992)

The Generalized Watershed Loading Functions Model (GWLF) was developed at
Cornell University to assess point and nonpoint loadings of nitrogen and phosphorus

from urban and agricultural watersheds. The effectiveness of certain land use BMPs
isalsoincluded. It includes rainfall/runoff and sediment loadings as well as dissolved
nutrient loadings. GWLF relies on the SCS curve number for hydrology and the
modified USLE for erosion / sediment. Unit loading rates are used for pollutant load.
It allows for continuous simulation.

SWMM (Rossman, 2004)

The Storm Water Management Model (SWMM) is a comprehensive watershed-scale
model developed by EPA. It alows for continuous simulation and application to
complex watersheds and land uses. It can be used for a variety of constituents,
provided that adequate data are available. This model is data-intensive.

An intermediate-level approach is appropriate for this project given the watershed, the
objectives of the project, and resources available. Of the intermediate-level models
available, GWLF is one of two models available that is applicable to both urban and
agricultural settings (EPA, 1997). The other is SSITEMAP, which was developed and has
been used in the State of Oregon. GWLF has the advantage of being able to generate
“long-term time series of pollutant loadings at various time steps, allowing analysis of
seasonal and interannual variabilities’ (EPA, 1997). Datarequirementsfor GWLF are
listedin Table 8.
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Table 8: Data Requirements for GWLF (Haith, et al., 1992)

Data Category Data

Precipitation
Temperature

Data for Each Area
Land Use Runoff Curve Numbers

Soil Erodibility

Topographic Factor

Cover / Management Factor
Practice Factor

Met Data

Groundwater Recession and Seepage Coefficients
Watershed

Transport Available Water Capacity of Unsaturated Zone
Parameters Sediment Delivery Ratio

ET Cover Factors

Rainfall Erosivity Coefficients

Chemical Dissolved Nitrogen and Phosphorus in Runoff
Parameters Solid-Phase Nutrient Concentrations in Runoff
Number of People Served by Septic Systems
Per Capita Nutrient Loading for Septic Systems
Per Capita Nutrient Losses Due to Plant Uptake

Dissolved Nitrogen and Phosphorus in Groundwater

8.4 Groundwater Modeling

If groundwater modeling is needed (See Section 6), use should be made of the existing
groundwater analysis efforts. In September of 2004, FRICO reported the following
regarding groundwater modeling in the area.

“Helton and Williamson is devel oping a groundwater model for use by FRICO and
United Water and Sanitation District. I1tisaMODFLOW model that includes Beebe
Draw and Box Elder Creek from an area just south of Barr Lake, north to the South
Platte River. It will be used as an overall management tool, and is designed to answer
specific questions like where best to set drinking water withdrawal wells and what the
effects are of Central's augmentation plans Thereis no inclusion of water-quality
aspects in the model, although Duane Helton thought that the model offered those
capabilities should someone with the proper expertise want to add water-quality
considerationsin the future.
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A preliminary model of the lower 2/3rds of the basin (Barr to Milton) has just been
completed and they are beginning trial runsnow. Thegrid sizeis10 acressoitisa
fairly detailed model. The entire model should be up and running by years end.”

MODFLOW can be used with a variety of groundwater fate and transport models, such
asMT3D, if adetailed analysisis required.
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9 FINAL RECOMMENDATIONS

Final recommendations are based on a phased approach and what appears appropriate
given the physical environment, the issues, and current knowledge of the system.
Recommendations 3 - 10 are also consistent with the process outlined in Section 6
(Figure 4).

1. Conduct the planned detailed reservoir assessment for each reservoir. Each

assessment should use the best available data and include:

A water balance;

A nutrient loading analysis (internal / external);

A trend analysis;

Comparisons between in-reservoir sites; and

An analysis of annual and seasonal patterns.
Thisanaysiswill help to better understand the important water-quality processes and
may impact recommendations for future monitoring (see the Task 3 Report — The

BMW Water-Quality Database and Monitoring Recommendations). It also may
impact how future modeling should occur.

. Adjust the current monitoring programs to account for the recommendations made in
“The BMW Water-Quality Database and Recommendations for Monitoring”
(Hydrosphere, 2005). These recommendations are consistent with the modeling
recommendations made in this report (Evaluation of Approaches and Tools).

Develop two CE-QUAL-W2 models — one for Barr Lake and one for Milton
Reservoir. It isanticipated that the potential short-circuiting impacts for Milton
Reservoir will not be that important as to warrant avery complex analysis.

. Determine initial numeric nutrient targets as described in Section 6. Use the reservoir
models to help bound expectations and conduct the other steps described.

Identify point and non-point sources in the watershed. Determine type, magnitude,
timing, and location.

Develop ariver / canal model using QUAL 2K to link the surface water inflows to the
reservoirs. Use GWFL to link the non-point sourcesto the river / canal model. Point
sources can be directly entered into the river / canal model.

Using the watershed, river, and reservoir models together, refine what is feasible for

the entire system using point source reductions, non-point source reductions (BMPs),
feasible changes in water operations, etc.
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8. Allocate the total loading plus a margin of safety to the sources.
9. Develop an evaluation plan.

10. Develop an implementation plan.

Regarding a groundwater modeling effort, the role of groundwater on the water-quality of
Barr Lake and Milton Reservoir should first be determined. If thereisasignificant role,
then the current groundwater modeling efforts should be understood and utilized. For
guestions about the impact of the Barr Lake on drinking water wells, it will first be
important to meet in-reservoir standards for the protection of the water supply use
classification. Thisaspect should be covered during the reservoir analysis.
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