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Background & Purpose of the Report

Background & Purpose of the Report
In January 2016, the U.S. Department of the Interior Bureau of Reclamation (Reclamation), Northern Colorado Water
Conservancy District (Northern Water), Grand County Board of Commissioners (Grand County), Northwest Colorado
Council of Government (NWCCOG) and Colorado River Water Conservation District (River District) entered into the Grand
Lake Clarity Stakeholders’ Memorandum of Understanding (Clarity MOU) (APPENDIX A).
In this Clarity MOU, the parties agreed to establish an adaptive management process to implement the Grand Lake Clarity
narrative standard:
“The highest level of clarity attainable, consistent with the exercise of established water rights, the protection of
aquatic life, and protection of water quality throughout the Three Lakes system”.
Further, the parties agreed to implement clarity goals to guide the adaptive management process. The annual Clarity
Goals for Grand Lake from July 1 through September 11 are an average Secchi depth of 3.8 meters and a minimum
Secchi depth of 2.5 meters.
The Clarity Goals and the adaptive management approach were subsequently endorsed by the Water Quality Control
Commission (WQCC) in April, 2016 and the Clarity Goals were adopted as Goal Qualifiers. In the May 9, 2016
Statement of Basis and Purpose (APPENDIX B) the WQCC stated that “The Division will assess consistency with the adopted
narrative standard by monitoring whether the Proponents continue to implement the adaptive management process
described in their Memorandum of Understanding and will review clarity measurements. Evaluation of the Goal Qualifiers
will be accomplished by reviewing annual reports and summarizing progress at the Basin Issues Scoping Hearing.”
The Clarity MOU also requires the preparation of an annual report to summarize what was learned about Colorado-Big
Thompson (CBT) Project operational approaches to meet the Clarity Goals, and resultant effects on water quality and on
clarity in Grand Lake. The MOU specifies consideration of three water quality indicator thresholds – Grand Lake Secchi
depth at index sites, Shadow Mountain dissolved oxygen at the bottom and surface, and pH in Shadow Mountain Reservoir
near the surface.
This report meets the reporting requirements of the Clarity MOU and the Water Quality Control Commission.
The Adaptive Management Committee provided a progress update to the Water Quality Control Commission at its
Colorado Basin Issues Scoping Hearing on October 10, 2017.
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2017 Adaptive Management Process

2017 Adaptive Management Process
This section describes how the Adaptive Management process was carried out in 2017.
1.

Adaptive Management Committee Representatives

The Adaptive Management Committee (AMC) comprises representatives of Reclamation, Northern Water, Grand County,
NWCCOG and the River District. A list of the representatives that attended the meetings in 2017 is included in APPENDIX
C.
Section V.C. of the Clarity MOU, describes the process for developing an operational plan and for the adaptive
management phase during the July through September 11 period. This process is illustrated in Figure 1.

ACTIVE ADAPTIVE MANAGEMENT
Planning

Jun
Operational
Plan

Grand Lake Clarity Critical Period Jul-Sep 11

Jul

Aug

Sep

•weekly
meetings

•weekly
meetings

•weekly
meetings
through
Sep 14

Annual
Report

Figure 1 - Adaptive Management Process

Section V.C. of the Clarity MOU specifies that operational scenarios along with corresponding water quality model runs
shall be presented to the Adaptive Management Committee.
2.

Planning Process

In accordance with the Clarity MOU, the Adaptive Management Committee met on May 31, 2017, in Grand County, to
review proposed operational scenarios and corresponding water quality model simulations.
Prior to this meeting, Reclamation developed four operational scenarios using its Annual Operational Plan (AOP) model.

Page | 2

2017 Adaptive Management Process
There is not a direct match between the outputs that are produced by Reclamation’s AOP model and the inputs that are
required for the Three Lakes CE-QUAL-W2 model. Simulation of the water quality model runs, required that Northern
Water prepare its own simulations of Reclamation’s conceptual operations using Northern Water’s RIVERWARE model.
Differences in simulations between the Reclamation simulations and Northern Water’s RIVERWARE simulations were
documented and presented, and resulted from different hydrology assumptions used in each model.
Northern Water re-simulated these runs in Northern Water’s AOP model, which were then processed through the Three
Lakes CE-QUAL-W2 water quality model.
At the meeting on May 31, 2017, Reclamation presented their operational scenarios and simulated results. Northern
presented their simulation results of both operational and water quality models. Members of the AMC discussed the
operating scenarios and water quality analysis and provided feedback.
The Adaptive Management Committee subsequently provided comments to Reclamation on the information presented at the
May 31, 2017 meeting. Reclamation refined their operational plans, and announced its narrative Draft Operational Plan
on June 15, 2017. Based on comments to the draft plan provided by the Adaptive Management Committee, Reclamation
announced its narrative Final Operational Plan on June 21, 2017.
The Adaptive Management Committee began weekly conference calls on July 6, 2017 and continued to meet weekly until
September 14, 2017.
An experimental recirculation operation of Shadow Mountain was conducted from August 21, 2017 to August 22, 2017 as
a result of discussions during the August 17, 2017 meeting.
The Adaptive Management Committee held debriefing meetings on September 28, 2017. These meetings focused on
discussion of possible improvements to the process, lessons learned and recommendations for following years.
A schedule of all the meetings is included in Appendix D. Meeting materials, notes and plans are compiled in Appendix E.
3.

2017 Operational constraints

A combination of hydrologic conditions requiring the minimization of Project spill, as well as scheduled and unscheduled
outages, road construction and river restoration activities along the Big Thompson River resulted in limited operational
flexibility in 2017.
Wet hydrologic conditions caused a spill from Granby Reservoir to the Colorado River. On May 1, C-BT Project (Project)
storage was well above average at 651 KAF (80th percentile of the 50-year record). With a near average runoff
forecast, spill conditions were anticipated requiring the increase of deliveries through the Adams Tunnel to protect Project
yield and minimize spill.
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Planned maintenance during the last 6 weeks of the clarity period (Aug 1-Sep11) included a Hansen Feeder Canal
rehabilitation project, US Highway 34 construction and Big Thompson River channel restoration projects. The Hansen
Feeder Canal maintenance involved the rehabilitation of the Maitland canal siphon, which required discontinuing C-BT
water delivery through the lower power arm (from Olympus Tunnel through Pole Hill Power Plant, Pinewood Reservoir,
Flatiron Power Plant and most of the 930 section of the Hansen Feeder Canal) beginning late July. During this time,
deliveries had to be made via the Big Thompson River. Additional operational restrictions resulted from US Highway 34
construction and river channel restoration projects that called for minimal flows in the Big Thompson River at the same time
as Project deliveries had to be made via the Big Thompson River. Mid-summer unplanned maintenance at the Horsetooth
Soldier Canyon Dam required lowering the reservoir by mid-October, further constraining operations.
In addition to interrupting the C-BT Project’s ability to generate power, these restrictions eliminated water delivery to
Carter Lake and reduced the amount of water available to delivery to Horsetooth Reservoir for the last 6 weeks of the
clarity period.
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2017 Operational Plan
This section summarizes operational plans that were considered by Reclamation; results of the water quality modeling
effort to simulate each plan; and the final plan that was selected.
Reclamation prepared four proposed Operational Plans for presentation and discussion at the May 31, 2017 kickoff
meeting. As previously explained in section 3, planned and unscheduled East-Slope maintenance activities, road
constructive and iver restoration activities and hydrologic conditions severely limited operational flexibility. This lack of
operational flexibility resulted in the four proposed operational scenarios following similar operational principles,
therefore producing similar modeled water quality responses.
1.

Operational Scenarios

Conceptually outlined in Table 1, four operational scenarios were considered for 2017. Detailed meeting notes and
presentations of scenarios from Reclamation and Northern Water can be seen in Appendix F.
Table 1- Operational scenarios considered for 2017

All scenarios sought to minimize spill at Granby Reservoir, while meeting demands and allowing for different Farr pumping
patterns. These Farr pumping patterns, with various pulsed schemes (pulsing involves utilizing system operational flexibility
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to extend the duration between pumping events 1) and delays in the onset of pumping, are outlined in Figure 2, Figure 3,
Figure 4, and Figure 5.
Farr Pumping (cfs) - 2017 Operational Scenario NW1 USBR2
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Figure 2 - 2017 Proposed Operational Scenario 1, Farr Pumping
Farr Pumping (cfs) - 2017 Operational Scenario NW2 USBR3
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Figure 3 - 2017 Proposed Operational Scenario 2, Farr Pumping

Farr Pumping (cfs) - 2017 Operational Scenario NW3 USBR4
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1One

example of operational flexibility is making use of the top foot of storage in Shadow Mountain Reservoir and Grand
Lake, by pumping up the Shadow Mountain and Grand Lake system, and letting the water drain out via Adams Tunnel over
a period of time during which pumps are not run.
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Figure 4 - 2017 Proposed Operational Scenario 3, Farr Pumping
Farr Pumping (cfs) - 2017 Operational Scenario NW4 USBR5
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Figure 5 - 2017 Proposed Operational Scenario 4, Farr Pumping

2.

Water quality modeling

Northern Water modeled all four operational scenarios using the Three Lakes CE-QUAL-W2 Model developed by Hydros,
Inc. The four scenarios assumed 2006 meteorological conditions based on a warmer than average long-term weather
outlook from the NOAA Climate Prediction Center. For hydrology patterns, an analog year of 2016 was selected based
on forecasted volumetric and peak runoff forecasts (see Appendix G for a detailed summary of the water quality model
simulations). This information was used to produce daily tributary inflows to the Three Lakes, which is required by the water
quality model. These inflows were re-aggregated spatially to prepare inputs for Northern Water’s RIVERWARE model,
which calculates pumping rates, dam releases and diversion volumes based on a set of operational rules and demand
projections. The RIVERWARE model was then run to simulate the four operational scenarios provided by Reclamation.
Outputs of the RIVERWARE model were then reviewed to ensure that the water balance was maintained. These outputs
served as operational inputs into the water quality model. Every effort was made to simulate the same principles as
described in Reclamation’s narrative scenarios.
Operational scenarios were compared using water quality metrics referenced in the Clarity MOU. The simulation covered
May 1 through September 11. Modeling outputs were intended to be used for comparative analysis, not with the intent to
predict clarity and water quality in an absolute sense.
Model outputs are summarized in Table 2, Figure 6, Figure 7, and Figure 8.

Note: The Clarity MOU does not include thresholds for chlorophyll a. Instead it includes thresholds for pH. When the Clarity MOU was
executed, no real-time monitoring of chlorophyll a was taking place, but pH was monitored real-time at several locations. pH was used
as a proxy to characterize algal productivity. Conversely, the Three Lakes CE-QUAL-W2 model cannot predict pH but produces
chlorophyll a outputs. Chlorophyll a outputs are therefore analyzed when reviewing model results.
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Table 2- Water Quality modeling runs summary

WQ Metric
(7/1 – 9/11)

Goal or
Threshold

Scenario 1
(USBR2)

Scenario 2
(USBR3)

Scenario 3
(USBR4)

Scenario 4
(USBR5)

Grand Lake GL-MID
– Avg Secchi (m)

3.8

3.6

3.4

3.9

3.7

Grand Lake GL-MID
– Min Secchi (m)

2.5

2.1

2.3

2.1

2.4

Shadow Mtn Res SmDAM – Min Bottom
D.O. (mg/L)

3

0

1.8

0

0

Shadow Mtn Res SMMID – Peak Chl-a
(ug/L)

8

17

13

24

21

Values in BOLD indicate an unmet goal or trigger
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Grand Lake GL-MID Simulated Secchi Depth - 2017 Operational Scenarios
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Figure 6 – Modeled Grand Lake GL-MID Secchi depth (m)

SM-DAM Bottom Dissolved Oxygen (D.O.) W2 Model Output - 2017 Operational Scenarios
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Figure 7 - Modeled Shadow Mountain Reservoir Bottom Dissolved Oxygen
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SM-MID Chlorophyll-a W2 Model Output - 2017 Operational Scenarios
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Figure 8 - Modeled Shadow Mountain Reservoir Chlorophyll a

These water quality model simulations show the impact of the Farr pump start date (after the spring runoff period) and
total Farr pumping volume on both Grand Lake clarity and Shadow Mountain Reservoir chlorophyll-a and dissolved
oxygen concentrations. The later in the season Farr pump begins, the longer water movement from Shadow Mountain to
Grand Lake is delayed. This period of time allows for settling of runoff particles in Grand Lake, and results in improved
clarity. However, this lack of water movement in Shadow Mountain can decrease overall water quality. When pumping
resumes, more volume pumped improves water quality in Shadow Mountain, particularly dissolved oxygen, but can impact
clarity in Grand Lake. Scenario 2 (NW2 USBR3 in the figures above) had the earliest pumping start date and the highest
July 1- Aug 31 total Farr pumping volume, resulting in the lowest predicted July 1- Sept 11 average Secchi in Grand Lake
among the four simulated scenarios. At the same time, the earlier Farr pump start date and the higher Farr pump volume
for Scenario 2 resulted in higher water quality in Shadow Mountain Reservoir compared to the other scenarios All
simulations indicated trade-offs between optimization of water quality for Grand Lake and Shadow Mountain Reservoir
(Figure 7).
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4.

Plan selection

No specific scenario was selected during the May 31 meeting. West Slope representatives noted that there were not
significant differences in the scenarios proposed by Reclamation, and were hesitant to recommend a single scenario.
Northern Water recommended using the model to look at different types of operations and to examine the sensitivity of
the system to different levels of Farr Pumping. Comments and recommendations from Grand County, Northern Water, the
River District, and NWCCOG were taken under advisement by Reclamation, which requested that specific and desirable
actions be identified in comments if no recommendations could be made for a particular scenario. On June 21, 2017
Reclamation released a narrative Final Operational plan via email to the Adaptive Management Committee, and is
documented in Appendix F. Under this plan, Reclamation intended to operate the CB-T system during the Clarity Period
(July 1 – September 11) in two phases, as outlined by Reclamation below:
“First, the operation plan begins with diversions from the west slope to the east slope, as possible, to
conserve Colorado River for beneficial use while west slope hydrology provides sufficient inflow to the C-BT collection
system (including Willow Creek) to produce a spill. Water will be diverted through Adams Tunnel to directly meet
demands or to fill storage space produced, or sustained by east slope demands for that water. To the extent
possible, those diversions will capture native inflow to Grand Lake and Shadow Mountain, delaying the need for
ongoing Granby pumping and minimizing the volume pumped from Granby. Some uncertainty in inflows and
demands will affect the determination of when the threat of spill has passed. East slope skim possibilities, Flatiron Unit
3 capacities, and the imminent Maitland syphon work may also have an impact.
It is anticipated that by July 24, all spill-driven actions will be complete, including those being affected by yet-tomaterialize inflows to the collection system. Completion by this date maximizes the generated power associated with
operations that maximize project yield / avoid spill. It maximizes Carter Lake storage in preparation for a long
period when delivery to Carter is not expected to be feasible. It also improves Horsetooth Reservoir’s storage
position by delivering a portion of spill-avoiding Adams Tunnel diversions to Horsetooth.
Second, Adams Tunnel diversions will be curtailed to meet demands that must be met from the west slope plus
operational flows enabling those deliveries. It is anticipated early on that these diversions may be met by natural
inflows to Grand Lake and Shadow Mountain. Subject to hydrologic realities, by August 10 it is anticipated that
supplementary pumping from Granby will commence.”
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5.

Supplemental Modeling, Recirculation in Shadow Mountain Reservoir and Meteorological Sensitivity Analysis

As discussed at the May 31 meeting, additional modeling was performed by Northern Water to examine different types
of operations (recirculation) and to better understand the sensitivity of the model to modeling assumptions such as
meteorological conditions. In mid-July, a modeling exercise of Shadow Mountain Reservoir was conducted to investigate
recirculation operations as a possible option to improve Shadow Mountain Reservoir water quality while minimizing flow to
Grand Lake. In these scenarios, Farr Pump flow rates and volumes exceeded the Adams Tunnel flows for varying periods
of time, with the excess water flowing through the Shadow Mountain Dam back into Granby Reservoir. Six hypothetical
scenarios were modeled, as outlined in Table 3 and Figure 9. All scenarios were modeled using meteorological data from
2007, which represents a hot year and results in worst case water quality outputs. For comparison, one scenario (Recirc 5)
was also run using the meteorological data from 2011 representing a cool year. The hydrology and operations data
were updated at the end of June for all simulations. The Adams Tunnel, North Inlet, East Inlet, and North Fork flows were
the same for all six scenarios, with the Adams Tunnel flows just meeting demands (as updated June 30).
Table 3. Recirculation scenario's modeled for Shadow Mountain
Scenario

Adams Tunnel Flow
(1)

Farr Pumping (2)

SMR Bypass (3)
(flow out radial gates)

No Recirc: NW
7 w/ Operations
& Hydrology
updated June 30

Just meet demands (as
updated June 30)

July 24 – Sept 11: pumping pattern of single
day of pumping at approx. 550 cfs to 700
cfs, separated by 2 to 6 days of no pumping

July 24 – Sept 11: 50 to 40 to 35
cfs

Recirc 1

Just meet demands (as
updated June 30)

200 cfs minimum every day throughout July
24 – Sept 11

Fluctuates between 40 and 240 cfs,
July 24 – Sept 11

Recirc 2

Just meet demands (as
updated June 30)

400 cfs minimum every day throughout July
24 – Sept 11

Fluctuates between 40 and 440 cfs,
July 24 – Sept 11

Recirc 3

Just meet demands (as
updated June 30)

200 cfs daily minimum July 31 – Aug 7 (one
week); otherwise pattern of one day of 570
to 680 cfs, separated by 2 - 5 days no
pumping

Fluctuates between 40 and 240 cfs,
July 31 – Aug 7; then 40 to 35 cfs

Recirc 4

Just meet demands (as
updated June 30)

200 cfs daily minimum Aug 7 – Aug 14 (one
week); otherwise pattern of one day of 570
to 740 cfs, separated by 2 - 5 days no
pumping

Fluctuates between 40 and 240 cfs,
Aug 7 – Aug 14; otherwise 50 to
40 to 35 cfs

Recirc 5

Just meet demands (as
updated June 30)

Recirc 6

Just meet demands (as
updated June 30)

200 cfs daily minimum Aug 7 – Aug 21 (two
weeks); otherwise pattern of one day of 570
to 640 cfs, separated by 2 - 5 days of no
pumping
400 cfs daily minimum Aug 7 – Aug 21 (two
weeks); otherwise pattern of one day of 570
to 640 cfs, separated by 2 - 5 days of no
pumping

Fluctuates between 40 and 240 cfs,
Aug 7 – Aug 21; otherwise 50 to
40 to 35 cfs
Fluctuates between 40 and 440 cfs,
Aug 7 – Aug 21; otherwise 50 to
40 to 35 cfs
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1

2

3

Figure 9 - Recirculation pattern of flows

The modeling exercise showed mixed results for recirculation operations. In general, increased pumping and water
movement through the system shows decreased levels of chlorophyll-a in Shadow Mountain Reservoir compared to the “No
Recirculation” scenario, with most recirculation scenarios showing decreased levels in the late August time frame (Figure
10). Similarly, the recirculation scenarios show improved levels of dissolved oxygen during the early to mid-August time
frame, when demands are lower and the “No Recirculation” option has lower pumping volumes. However, once demands
increase in late August, most scenarios show similar levels of DO due to increased pumping across all (Figure 11). The
recirculation scenarios indicate the potential for improvements to water quality in Shadow Mountain with longer periods of
continuous recirculation. Recirc-3 and Recirc-4 on the figures are for recirculation limited to one week and show water
quality that is very similar to the “No Recirculation” scenario. Also note that CE-QUAL-W2 is a two-dimensional model and
recirculation of flows is a three-dimensional process such that the model may not be fully capturing the impacts of this
operation. The full results of this exercise can be seen in Appendix H.
This modeling effort also demonstrated that the input meteorological data is a significant driver of the simulated results. For
testing sensitivity, the Recirc 5 scenario was modeled using 2007 (hot year) meteorological data, as well as 2011 (cool
year) meteorological data, and compared against each other along with the No Recirc scenario (2007 meteorological
data). Simulated chlorophyll a and Secchi depths are briefly presented here with additional results included in Appendix
H. The different meteorological data had significant impacts on simulated chlorophyll-a values in Shadow Mountain and
Secchi depths in Grand Lake, with the model outputs for the 2007 meteorological data simulations for the No Recirc and
Recirc-5 scenarios more similar to each other than the model output for the Recirc-5 scenario with 2011 meteorological
data. The cooler year of data, 2011, showed lower algal productivity (lower chl-a) than the warmer year (Figure 12). This
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difference also is apparent in the simulated Secchi, as the cooler year simulated values have greater clarity (Figure 13).
Note that the shaded region in these figures is the time period during which recirculation was occurring in the Recirc-5
scenario (Aug 7 – Aug 21). From this analysis, it is recommended that future modeling efforts should bracket water quality
outputs using a range of potential meteorological analog years as model input, instead of using one specific set of
meteorological conditions.

SMR Chl-a at SM-MID
Three Lakes W2 Model Output for Recirculation Scenarios 2007 met
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Figure 10 - Recirculation Modeled Chl-a levels in Shadow Mountain
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SMR Bottom DO at SM-MID
Three Lakes W2 Model Output for Recirculation Scenarios 2007 met
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Figure 11 - Recirculation Modeled Bottom Dissolved Oxygen, Shadow Mountain

SMR Chl-a at SM-DAM Dam site
Three Lakes W2 Model Output for Recirculation Scenarios
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Figure 12 - Recirculation Scenarios, Chl-a sensitivity to meteorological inputs (200cfs pumping Aug 7- Aug 21)

Page | 15

2017 Operational Plan
Grand Lake Secchi Depths GL-MID
Three Lakes W2 Model Output for Recirculation Scenarios
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Figure 13 - Recirculation Scenarios, Secchi sensitivity to meteorological inputs (200cfs pumping Aug 7- Aug 21)
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Grand Lake Clarity & Shadow Mountain Water Quality
This section describes observed water quality in Shadow Mountain Reservoir and clarity in Grand Lake during the 2017
adaptive management season (Jul 1 - Sep 11). Note, for 2017 Chlorophyll-a and Blue Green Algae data was only
available at the SM-DAM site.
1.

Summary of clarity and operations relative to clarity

Figure 14 - Grand Lake Jul-To Date Average Secchi and Farr Pump Flows

Figure 15 - Grand Lake Jul-To Date Minimum Secchi and Farr Pump Flows
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Figure 16 - Grand Lake Secchi, Farr Pump Flows and Inflows

Figure 17 - Shadow Mountain Reservoir and Grand Lake Average Secchi, Farr Pump Flows and Inflow
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2.

Shadow Mountain Reservoir Water Quality Summary

Figure 18 - Shadow Mountain Dam Buoy – Temperature

Figure 20 - Shadow Mountain Dam Buoy – Dissolved Oxygen

Figure 22 - Shadow Mountain Dam Buoy – pH

Figure 19 - Shadow Mountain Mid Buoy – Temperature

Figure 21 - Shadow Mountain Mid Buoy – Dissolved Oxygen

Figure 23 - Shadow Mountain Mid Buoy – pH
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Figure 24 - Shadow Mountain Dam Buoy – Specific Conductivity

Figure 25 - Shadow Mountain Mid Buoy – Specific Conductivity

Figure 26 - Shadow Mountain Dam Buoy – Turbidity

Figure 27 - Shadow Mountain Mid Buoy – Turbidity

Figure 28 - Shadow Mountain Dam Buoy – Blue Green Algae RFU

Figure 29 - Shadow Mountain Dam Buoy – Chlorophyll A
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Figure 30 - Shadow Mountain Dam Surface DO (2012-2017)*

Figure 32 - Shadow Mountain Dam Bottom DO (2012-2017)*

Figure 34 - Shadow Mountain Dam Surface pH (2014-2017)*

Figure 31 - Shadow Mountain Mid Surface DO (2012-2017)*

Figure 33 - Shadow Mountain Mid Bottom DO (2014-2017)*

Figure 35 - Shadow Mountain Mid Buoy Surface pH (2014-2017)*
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*Note, 2017 data traces cease at the end of August due to buoy data collection difficulties. The profiler unit encountered
issues with mud and weeds and data were not able to be collected at the full reservoir depth.
3.

Water Quality and Operations Summary Discussion

In 2017. Secchi monitoring began on June 2nd, with an initial Grand Lake average Secchi depth of 4 meters. As runoff
increased and began to peak, clarity improved within Grand Lake and reached its greatest average 2 clarity for the
season of over 5 meters on June 26.
With the passing of peak runoff, after an initial period of improvement, average clarity slowly began to decrease to
under 5 meters. Tapering of runoff and settling of particles that were brought into Grand Lake during early runoff
typically lead to improved clarity prior to the onset of Farr pumping. However, this year decreased clarity was observed
before the onset of pumping. Figure 36 shows that Adams Tunnel deliveries increased to 550 cfs during this time period
(highlighted in pink in the figure). This increase resulted in a flow reversal (water moving from Shadow Mountain Reservoir
to Grand Lake) through the connecting channel as inflows from the North Inlet and East Inlet were no longer sufficient to
meet Adams Tunnel deliveries. Even though pumping did not start until early July, this flow reversal had the same effect as
pumping. This caused Shadow Mountain water to flow into Grand Lake and decrease clarity, when clarity would have
otherwise improved in Grand Lake had the flow direction from Grand Lake into Shadow Mountain persisted.

Figure 36 - Farr Pumping, Shadow Mountain Channel, and Adams Tunnel Flows

Pre- clarity season planning anticipated Farr pumping beginning mid-July, due in part to maintenance being performed at
Farr. However, pumping began earlier than expected on June 30. With the onset of pumping, clarity further decreased
moving into the clarity period as more water from Shadow Mountain flowed into Grand Lake. Pumping for most of July
was around 800 cfs. By July 12, clarity had reduced to 3.35 meters.

2

The average is computed based on the three key sites used for Grand Lake: GL-WES, GL-MID and GL-ATW.
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After two weeks of sharp decline, clarity began to improve as the system reached equilibrium following the initial flushing
of particles that get mobilized in Shadow Mountain Reservoir at the onset of pumping. As a result, clarity in Grand Lake
improved from an average of 3 m to 4 m.
From July 21 through July 28 there was a break in Farr operations, which led to further improvements in Grand Lake
clarity with an average clarity of 4.9 m.
Pumping then resumed but with a reduced flow of about 400 cfs between July 29 and August 4. Clarity declined again
during that week and reached 4.3 m.
From August 4 to August 20, pumping was off (with the exception of one day) and clarity in Grand Lake stabilized around
4.5 m.
On August 21, pumping resumed at at approximately 400 cfs. Clarity began a sharp decline as algae laden water from
Shadow Mountain Reservoir entered Grand lake. During this time, water quality in Shadow Mountain Reservoir had begun
to decline as a result of algae growth (as indicated by elevated pH (Figure 22 and Figure 23), and as indicated by the Blue
Green (cyanobacteria) sensor at Shadow Mountain Dam in Figure 37). During this period, the pH levels rose above the
trigger of 8 (on August 8), and discussion within the AMC began for ideas of operational changes that could affect the
water quality in Shadow Mountain while minimizing impacts to Grand Lake. This discussion and resulting flushing
experiment are outlined in the next subsection of this report.
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Figure 37 - Blue Green Indicator Contour Plot, Shadow Mountain Dam Buoy

Pumping further increased to about 800 cfs on September 9 and shortly after, Grand Lake clarity reached its lowest level
at 2.7 m on September 11. During this period, discussions amongst the AMC regarding operations occurred. Ultimately the
decision was made to keep the system in its current state to avoid any risk of an operational change negatively impacting
clarity so close to the end of the clarity period.
In September, as the algae bloom in Shadow Mountain Reservoir followed the natural seasonal decline, clarity began to
progressively improve in Grand Lake as pumping continued.
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4.

Shadow Mountain Reservoir Flushing Experiment

Shadow Mountain Reservoir water quality remained within desired thresholds until early August, when pumping stopped
during the first two weeks of August, leading to increased residence time at a time of the season that is typically optimal
for algal productivity 3.
On August 8, 2017 Shadow Mountain Reservoir reached the MOU trigger for pH of 8 due to an algae bloom (Figure 37).
The AMC members met on August 10 and began discussion of potential actions to try and curb algal productivity in
Shadow Mountain while minimizing impacts to Grand Lake. During the August 17, 2017 weekly meeting, a number of
scenarios were discussed to try and alleviate deteriorating conditions in Shadow Mountain Reservoir, while maintaining the
current clarity in Grand Lake. The idea of a pump-and-spill or “recirculation” operation within Shadow Mountain was
proposed by Grand County, Northern Water, the River District, and NWCCOG. This operation would involve pumping
cooler water from Granby up to Shadow Mountain, in an attempt to mix and destabilize the water column for disruption of
algal productivity, particularly south of the islands. In parallel, an equivalent amount of water would be released from
Shadow Mountain Reservoir to the Colorado River, resulting in no net gain of water to Shadow Mountain. Conceptually, this
operation would curb algal productivity in Shadow Mountain without moving water into Grand Lake which would adversely
impact clarity. The inflow of water from Granby would also improve dissolved oxygen levels at the bottom of Shadow
Mountain Reservoir. It was noted that this scenario had potential for water short circuiting and not providing adequate
mixing in the reservoir. Reclamation took this idea under advisement at the conclusion of the meeting.
On Monday August 21, 2017 Reclamation contacted the AMC members with a plan for a flushing operation within Shadow
Mountain Reservoir. This plan called for the Farr Pumping plant to start a single unit to pump at full capacity
(approximately 400 cfs) through the Granby Pump Canal into Shadow Mountain Reservoir at 10pm on August 21. At the
same time, Northern was to open the gates at Shadow Mountain Dam to release a total of 400 cfs to the Colorado River,

3 It should be noted that in 2017 air temperature was notably cooler than average during the first three weeks of August.
It is reasonable to assume that under warmer conditions, the algae bloom may have been more severe than what was
observed.
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returning the flow to Lake Granby. These operations were intended to last for 8 hours (moving ~264 acre-feet in and out)
before turning the pump off at 6am on August 22, and returning outflows to 40 cfs flow rate.
For the duration of the flushing experiment, water quality data for Shadow Mountain Reservoir was monitored. Northern
Water provided water quality data from the buoys to Reclamation. Reclamation prepared a statistical analysis of the
water quality data that was presented during the August 24 meeting (Appendix I). No definitive conclusions were drawn
from this analysis. Grand County, Northern Water and Hydros commented that it was possible that water quality was not
affected by the recirculation due to the overall lack of flow and insufficient duration of the event. Grand County, Northern
Water, the River District and NWCCOG requested that Reclamation consider a second recirculation event with flows
between 600-800 cfs for a duration of up to 12 hours while minimizing flows from Shadow Mountain to Grand Lake.
Concerns were raised that this operation would cause power interference costs, potential impacts to the downstream
fishery, and that the magnitude of this type of operation fell outside of Reclamation’s SOP. Reclamation took the request
under advisement and declined to proceed with the experiment. No additional flushing experiments were conducted within
the clarity period. Off-season modeling was recommended to better evaluate the likely outcome of such an operation or
define the magnitude of flushing to produce water quality improvements of significance.
Water quality in Shadow Mountain remained poor until the end of the clarity period although increases in pumping caused
a slight improvement during the last two weeks.
5.

Goals Assessment and Water Quality Indicators

The clarity goal of 3.8 meter running average and 2.5 meter minimum during July 1 through September 11 were both met
in 2017. The average clarity was 3.9 meters, and the minimum clarity was 2.8 meters. Bottom dissolved oxygen levels in
Shadow Mountain Reservoir never dropped below the 3 mg/L threshold during the clarity period between July 1 and
September 11. Surface pH exceeded the threshold of 8, beginning August 8 and remained elevated until the end of the
clarity period on September 11.

Indicator
Threshold

Exceeded?

Date Indicator Threshold
Exceeded

Grand Lake Clarity Running Average
Jul-To Date (m)

3.8

No (3.9 m)

NA

Grand Lake Clarity Running Minimum
Jul-To Date (m)

2.5

No (2.8 m)

NA

Shadow Mountain Surface DO
(% saturation)

NA, not
considered

NA, not considered

NA, not considered

Shadow Mountain Surface pH

8

Yes

08/08-09/11

Shadow Mountain Bottom DO (mg/L)

3

No

NA

Figure 38 - Clarity Goals and Water Quality Indicators Summary
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Model vs. Actual
1.

Operations

During the May 31 planning meeting, no specific operational scenario was recommended to Reclamation by AMC
members. Reclamation instead released a narrative outlining their guidelines for operations for 2017. For comparative
analysis, observed Farr Pumping as well as Adams Tunnel deliveries and the various proposed scenarios have been plotted
together below in Figure 39, Figure 40, Figure 41, Figure 42, and Figure 43. The most notable difference between
modeled scenarios as well as the narrative plan provided by Reclamation, was the onset of pumping beginning much
earlier than expected at the end of June, instead of mid-July. Adams Tunnel flows remained higher than modeled for most
of the month of July (Figure 43). This was due in part to a wetter than average year, as seen in Figure 44, and the need to
minimize the spill from Lake Granby.

Figure 39 - Scenario 1 proposed and observed Farr pumping

Figure 40 - Scenario 2 proposed and observed Farr pumping
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Figure 41 - Scenario 3 proposed and observed Farr pumping

Figure 42 - Scenario 4 proposed and observed Farr pumping

Figure 43 - Proposed and observed Adams Tunnel Deliveries
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Figure 44 - Inflows above Granby, Shadow Mountain, and Grand Lake

2.

Water Quality (Model vs. Observed)

This section summarizes observed clarity and water quality data relative to modeled results. It should again be noted that
no individual operational scenario was recommended to Reclamation by the AMC at the start of the season, and modeling
of operations by Northern Water was based on overarching narrative guidelines as outlined by Reclamation. Thus,
observed water quality in this section is compared to all the various scenarios originally considered. It should also be noted
that the water quality modeling results used slightly different operational inputs from those used by Reclamation in their
operational modeling.
Preliminary model runs were attempted in early May with initial hydrology assumptions based on May 1 volume forecasts.
A late spring snowstorm occurred on May 19 that significantly altered both volume and peak forecast. Hydrology used in
the May 31 simulations reflect the changes in hydrology due to the snowstorm. These revisions made the sensitivity of the
water quality model to the timing and volume of runoff very apparent.
The water quality model assumptions for Scenarios 1 through 4 included a meteorological analog year of 2006, with a
forecast of warmer than average air temperatures. Meteorology is an important driver of water quality response. The
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2017 average monthly air temperatures tracked close to the 2006 values, although the key summer months of July and
August were cooler than the 2006 analog (Figure 45).
Table 4 shows that this year’s springtime hydrology was well predicted, falling within 7% of forecasted values. However,
summertime hydrology was underpredicted significantly. Upper watershed precipitation resulted in higher inflows to the
Three Lakes systems, as also shown in Figure 44.
Table 4. Upper Colorado Undepleted Flows
Period

Forecast

Actual

Difference

Apr-Jul (af)

238,000

253,800

+6.6%

Aug – Sep 11 (af)

12,250

20,700

+68.9%

Figure 45 - Average monthly air temperatures, historic, analog, and observed

Observed Secchi values in Grand Lake tracked close to modeled predictions for all scenarios for May, June, and the first
half of July. Simulated values tracked both in trend and magnitude. A distinct shift in simulated values versus observed can
be seen from mid-July on to the end of the clarity period. This can be attributed to the major differences in Farr pumping,
as compared to what was used for modeling (Figure 39, Figure 40, Figure 41, and Figure 42). There was a large break in
pumping operations in August, and this period allowed clarity in Grand Lake to deepen and maintain depth until pumping
resumed again on August 23. This onset of pumping is apparent in the sharp shift in observed clarity values at the end of
August (Figure 46).
Observed dissolved oxygen levels at the bottom of Shadow Mountain Reservoir varied from predicted values from the
various proposed scenarios. This again is due in part to the varied pumping patterns at Farr that were different from those
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used in the scenario modeling. As seen in Figure 47, bottom dissolved oxygen tracked lower than modeled scenarios through
May and June, though levels were well above trigger limits. Towards the end of June, simulated dissolved oxygen levels
begin to drop, however observed levels saw an increase over simulated values. This is due to the onset of pumping at Farr
at the end of June. Water pumped from Granby Reservoir destabilizes thermal stratification and provides a source of
dissolved oxygen to Shadow Mountain Reservoir, promoting higher oxygen levels at the reservoir bottom. The break in
pumping through the beginning of August is also visible in the dissolved oxygen levels, as observed values at the beginning
of August fall in line with, and even below, simulated results. With the lack of water movement and solar heating in the
water, algae levels increased and dissolved oxygen levels near the surface remain high. Dissolved oxygen levels at the
reservoir bottom drop as organic matter is decomposed and replenishment of bottom D.O. from Farr pumping is not
occurring. You can again see the onset of pumping in the dissolved oxygen levels as concentrations increase over simulated
values beginning August 24.

These results show how sensitive the system can be to changes in pumping operations, especially in different times of the
year. Changes in pumping during the warmest parts of the season can cause significant changes in clarity in Grand Lake,
as well as the overall condition in Shadow Mountain. This year shows there is a fine balance between desired clarity in
Grand Lake and maintaining desirable conditions in Shadow Mountain. Lack of movement of Shadow Mountain water into
Grand Lake improves clarity. However, this lack of water movement in Shadow Mountain puts it at risk for algae blooms
and associated increases in pH levels, and reduction in dissolved oxygen concentrations.

Figure 46 - Simulated and observed Secchi depths in Grand Lake
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Figure 47 - Simulated and observed dissolved oxygen levels in Shadow Mountain
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Lessons Learned & Recommendations
1.

Changes implemented from 2016 recommendations
1.

The DO % saturation trigger was not utilized, as it was not a helpful indicator in 2016, showing little sensitivity to
changes. Chlorophyll-a probes were installed to better gage water quality.

2.

The water quality model was utilized more by the AMC in evaluating operational decisions.

3.

New water quality data charts were included in weekly reports, including DO profiles.

4.

Photo documentation of underwater Secchi discs began this year, and a protocol for photo collection was
developed.

5.

When appropriate, clarity “forecasts” were included in the report showing the clarity needed in order to meet the
3.8 meter average goal.

2.

Lessons learned
1.

Pre-season modeling and planning should begin earlier in the year.

2.

This year had major operational constraints that limited the scope of operational flexibility. However, Grand
County noted that most years have limitations of some kind.

3.

There was a significant amount of effort this year put into the modeling effort. Hydros noted that less effort will
be required in the future as further lessons are learned and everyone becomes versed in the water quality model.

4.

The blue-green algae sensor was helpful this year, but can only be used to show trends and not absolute values.
Continued use of this probe will give context over time.

5.

The chlorophyll-a probe was not helpful this year, however it may be in the future as it responds to different algal
communities. This probe should be maintained for the future.

6.

Hydrology and meteorological data are critical inputs to the Water Quality model, and model output is very
sensitive to the assumed meteorological and hydrological analog years.

7.

Effective and distinguishable flushing of Shadow Mountain, in a recirculation sense, may require more than 8 hours
of pumping at 400 cfs.

3.

Recommendations
1.

Water Quality Model:
a.

Perform annual validation of water quality model whereby the CE-QUAL-W2 model is run using
collected data for model inputs (meteorology, hydrology, operations) and the model output is compared
to the Grand Lake and Shadow Mountain Reservoir water quality data collected over the clarity
season.

b.

Begin scenario development much earlier in the season (March) to allow time for adequate modeling.
Reclamation suggested that they meet with Northern Water to coordinate in November/December, well
ahead of the season and discuss improvements to the modeling approach.

c.

Streamline the outputs from Northern Water’s operational model to produce inputs directly into the
water quality model.
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d.
e.

Northern Water to work with Reclamation to ensure simulated project operations are similar.
Since different assumptions regarding hydrologic and meteorological inputs to the water quality model
can produce different water quality outputs, it may be more appropriate to model a range of
predictions (using a range of meteorological and hydrologic analogs) for each proposed operational
scenario.

2.

Weekly Report
a.

Dissolved oxygen percent saturation plots/data can be removed. These were not used this year as better
data from the chlorophyll-a and blue-green algae probes was available.

b.

Grand County requested that specific conductivity data in the connecting channel be included in next
year’s report.

c.

The addition of Secchi photographs was useful to provide some context of algae levels each week.
However, these photos must be viewed with a caveat that different computers/monitors/televisions can
alter the appearance of the images.

3.

Operational Modeling
a.

Document all assumptions used for operational forecasting/modeling so that these assumptions can be
tracked through the season and deviation from the plan/forecast can be identified. These deviations can
help explain unexpected changes in water quality/clarity and may be useful for updating revisions to
the water quality model.

b.

Clearly identify where/when there is and is not operational flexibility.
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