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Technical Memorandum 
To:  Kevin Stewart, Manager Flood Warning & Information Services, Mile High Flood District 

(Urban Drainage and Flood Control District) 

Prepared by:  Baxter E. Vieux, Ph.D., Colorado P.E. 0046243 | Ben Wostoupal, E.I., Hydrologic Engineer 

Vieux & Associates Inc. | 301 David L. Boren Blvd. Suite 3050 Norman, Oklahoma 73072 

Date:   November 14th, 2019 

Subject:  High Hazard Dam Threat Recognition 

PURPOSE 
The purpose of this Technical Memorandum is to present analysis and results of rainfall-runoff modeling 
for threats to high hazard dams located in urbanized areas of the Urban Drainage and Flood Control 
District (UDFCD) in Colorado. Three high hazard dams were chosen based on their National Inventory of 
Dams (NID) hazard rating, location to urban centers, drainage area, volume, and potential for precipitation 
to produce a volume to overtop each dam. From an initial analysis of dams from NID, three specific 
reservoirs were chosen: Great Western (GW) Reservoir, Woman Creek (WC) Reservoir, and McKay Lake 
which are located in Figure 1. 

 

Figure 1: Three high-hazard dams analyzed in the UDFCD Area. 

KStewart
Sticky Note
Recommended initial spill monitoring alarm thresholds:Great Western--4mi^2--3"Woman Creek--5mi^2--3.5"McKay Lake--1mi^2--4"
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Three dams located in high-density urban areas that provide a variety of purposes, ranging from water 
supplies to runoff interception, for their surrounding communities were the focus of this study. A failure 
of these high hazard dams would result in catastrophic property damage and loss of life. By analyzing a 
range of rainfall distributions based on frequency and duration, a table was created to illustrate the threat 
of these dams reaching flood levels. Specific flood levels were categorized individually for each reservoir 
and are discussed below. The objective of this study is to find thresholds, or critical points, where specific 
rainfall durations and frequencies cause spill levels. This in turn will help operators, dam managers, and 
emergency managers better prepare for downstream flooding from these dams. 

METHODOLOGY 
Data Sources 
The United States Geological Survey (USGS) GIS data was used to delineate reservoir watersheds using 
10-meter resolution Digital Elevation Models (DEM). Four DEM’s for the Front Range were mosaiced 
together using QGIS and ArcGIS functions and projected into a specific coordinate system. The final 
mosaiced DEM was imported into Vflo and specific watersheds were delineated at a 100-meter resolution, 
consistent with Hydrologic Unit Code 12 (HUC-12) basin delineation. This process allows Vflo to create 
watershed basins based on a selected grid cell at the confluence of watersheds encompassing dams 
considered in this study.  

Parameter maps were estimated from soils and land use/cover maps. The parameters of hydraulic 
conductivity, wetting front suction head, effective porosity, soil depth, and overland roughness were 
derived from previously defined datasets for the contiguous U.S.1 The overland roughness for Colorado 
which applies roughness to all non-channel cells. Channel cells were assumed to have a hydraulic 
roughness of 0.102, based on a ‘low intensity developed’ area roughness estimate from Hydrology and 
Floodplain Analysis (Bedient et. al., 2018). Lastly, an initial saturation value of 50% was used as a midpoint 
between dry and wet initial soil conditions.  

Initial Storage and Operating Assumptions 
Each of the reservoirs modeled in this study are typically used for water supplies, besides Woman Creek 
Reservoir, which is a dry detention basin. As water supply reservoirs, we assumed these reservoirs are 
filled when water rights are in priority, which would generally occur during the Spring and Summer runoff 
periods between April and June. After the runoff season, it is likely that these water supply reservoirs are 
out-of-priority and start delivering water to urban and agricultural users. Assuming water rights are filled 
during winter months and runoff season, it is reasonable to then assume reservoirs would be full or nearly 
full at the normal pool elevation entering the Summer season.   

Initial reservoir storage conditions are important to model flood hazard due to some reservoirs being able 
to completely absorb extreme precipitation events. Due to the complex nature of reservoir operations, 
assumptions based on seasonality and general purpose of the reservoirs were used to model initial 
storage conditions. For each reservoir, model configuration was based on stage-storage-discharge 
relationships provided by the Colorado Division of Water Resources, Dam Safety Branch (Ryan 
Schoolmeesters, 2019), which are presented below in Appendix A.  

 

1 Available at: http://vflo.vieuxinc.com/vflo-guide/?q=datasets-for-autobop 
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For Great Western (GW) Reservoir, the NID normal storage value is 2,200 acre-feet (95,832,000 cubic-
feet) and was used as the initial storage level. This storage level corresponds to a reservoir stage of 58.5 
feet. Woman Creek (WC) Reservoir conditions were modeled as completely empty given that it acts as 
water quality reservoir for interception into the downstream water supply reservoir Standley Lake. McKay 
Lake reservoir levels were originally tested at the NID normal storage level of 375 acre-feet (16,335,000 
cubic-feet). At this level, no precipitation depth or duration analyzed was able to cause the usage of the 
service or emergency spillways. As such, a reservoir level of 656 acre-feet (28,586,250 cubic-feet) was 
used in order for the 5-inch, 2-hr event to produce emergency spillway usage.  

Thresholds were created for each reservoir based on the stage of which their service and emergency 
spillways would begin discharging. These stages are implemented into the results table to better illustrate 
rainfall thresholds given reservoir stages.  

Rainfall Distributions 
According to the Urban Storm Drainage Criteria Manual, two types of rainfall typically occur in the Front 
Range (UDFCD, 2016). First, “upslope” storms occur primarily due to the Rocky Mountains and High Plains, 
causing moisture to settle against the mountains and rain continuously. These upsloping storms generally 
have long durations and low intensities but result in large total precipitation amounts. Second, convective 
storms occur in the Front Range and are isolated and intense. These storms produce very high rainfall 
intensities over a short-duration and cause the majority of urban flooding. With high-energy convective 
storms dominating urban flooding in the Front Range, such storms generally occur during the warm 
summer months when the most convective energy is available. 

The next step in modeling these high hazard dams was to create a range of rainfall distributions for Vflo. 
The Urban Storm Drainage Criteria Manual was used to inform this analysis. Rainfall duration and 
frequency tables were created for the entire basin, based on 0.50-inch increments ranging from depths 
of 3.0 inches to 6.0 inches. Next, sub-hourly rainfall distributions were created. Since sub-hourly rainfall 
distributions were not covered in the Urban Storm Drainage Criteria Manual, all sub-hourly rainfall events 
were assumed to follow a uniform distribution. Each sub-hourly event was uniformly distributed in 5-
minute increments based on their total depth and duration.  

These low-duration and high-intensity storms represent convective storm events that occur in the Front 
Range. Total rainfall depths are shown below in Table 1. 

Table 1: UDFCD precipitation depth and durations. 

Duration Depth (inches) 
30-min 2.5 3.0 3.5 4.0 4.5 
60-min 3.0 3.5 4.0 4.5 5.0 
2-hr 3.5 4.0 4.5 5.0 5.5 
3-hr 4.0 4.5 5.0 5.5 6.0 
6-hr 4.5 5.0 5.5 6.0 6.5 

 

The 60-minute, 2-hour, 3-hour, and 6-hour rainfall distributions were directly calculated using the Urban 
Storm Drainage Criteria Manual, which uses the Colorado Urban Hydrograph Procedure (CUHP). CUHP 
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distributes rainfall assuming each event is a convective, or “leading-intensity”, storm. These leading 
intensity storms are front-loaded precipitation events, meaning most of the rainfall occurs within the first 
25-30 minutes. As such, the “Percent of 1-hour Rainfall” table was used to distribute these storms based 
on storm depths. This storm distribution is presented in Appendix B. The general methodology of using 
this table is to multiple the rainfall depth by the percent given for each timestep during the rainfall event. 
The 60-minute and 2-hour durations were calculated using this table. For a 3-hour event, the difference 
between the 3-hour depth and the 2-hour depth is distributed evenly over the 3rd hour of the storm. For 
the 6-hour, the difference between the 6-hour depth and the 3-hour depth is distributed evenly over the 
last 3 hours of the storm (UDFCD, 2016). Examples of the 2-hour rainfall distributions for each reservoir 
and return period is shown below in Figure 2. 

 

Figure 2: Visualized rainfall distribution of the 2-hour rainfall duration for the UDFCD area. 
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RESULTS 
Woman Creek Reservoir 
Results from Woman Creek Reservoir show that critical reservoir stages at the emergency spillway are 
surpassed when a total rainfall depth is greater than 4.0 inches. Additionally, the emergency spillway level 
is within one foot of its critical stage during the 30-minute, 3.5-inch storm event. As such, we consider 3.5 
inches in 30-minutes to be a threshold for Woman Creek Reservoir, and any storm greater than 3.5 inches 
with a longer duration is likely to cause the emergency spillway usage. Results from Woman Creek 
Reservoir are present in Table 2. These results suggest that both intensity and depth are key factors when 
reaching critical reservoir elevations during large storm events.  

Table 2: Results of reservoir stage (ft.) from rainfall analyses for Woman Creek Reservoir. 

 

Notes 
1. We assumed zero storage at Woman Creek Reservoir because it is a dry water detention reservoir.  
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Great Western Reservoir 
Results from Great Western Reservoir show that critical stages for the emergency spillway are reached 
when the rainfall depth surpasses 3.5 inches, though is dependent on rainfall duration. For the 30-minute 
event, a rainfall depth of 3.5 inches will produce reservoir elevations that surpass the emergency spillway. 
At longer durations, any rainfall depth above 4.0 inches will produce reservoir elevations that reach critical 
spillway levels.  

Similar to Woman Creek Reservoir, the intensity of storm events is important to consider alongside rainfall 
depths. As such, we would consider a rainfall depth of 3.50 inches in 30-minutes or 4.0 inches in 1-hour 
to be key thresholds for Great Western Reservoir, and cause emergency spillway usage. Rainfall depths of 
3.0 inches in 30 minutes or 3.5 inches in 1 hour or longer should be considered critical thresholds before 
the spillway is used.  

Table 3: Results of reservoir stage (ft.) from rainfall analyses for Great Western Reservoir. 

 

Notes 
1. Critical stage levels for the emergency spillway depends on the assumed normal pool level.  
2. The stage-discharge curves used in this analysis were interpreted graphically and may yield 

different results if given in a tabular format.  

  



High Hazard Dam Threat Recognition 

Vieux & Associates, Inc. 7 | P a g e  

McKay Lake 
Results from McKay Lake show that critical emergency spillway stages are surpassed during only a few 
large, long-duration storms, but get within 1-foot of the emergency spillway during the majority of other 
storms analyzed. At a rainfall duration greater than 2-hours, rainfall amounts larger than 5.0 inches 
produce enough runoff to cause usage of the emergency spillway. As such we would recommend rainfall 
amounts greater than 5.0 inches in two hours to be a key threshold for McKay Lake at the emergency 
spillway. 

Table 4: Results of reservoir stage (ft.) from rainfall analyses for McKay Lake. 

 

Notes 
1. Operating conditions and reservoir storage of McKay Lake were assumed. Assumptions could be 

tested to refine expected results and thresholds. 

 

Study Limitations 
As with any modeling study, limitations exist due to assumptions made about initial storage contents, soil 
moisture conditions, and storm distribution (hyetograph) shape. Antecedent soil moisture was 
conservatively assumed to be at 50% saturation. Additional analysis would be recommended to test the 
sensitivity of storage conditions for Great Western Reservoir and McKay Lake, initial soil moisture 
conditions, and rainfall hyetograph shapes other than the CUHP format. 
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SUMMARY AND RECOMMENDATIONS 
Three high-hazard dams in the UDCFD area were modeled using a range of storm events between 30-
minute and 6-hour durations with 2.0 to 6.0-inch rainfall depths. Given a set of assumed initial conditions, 
results showed that rainfall depths reached and surpassed critical emergency spillway stages for all 
reservoirs and is dependent on storm duration and depth. For Woman Creek and Great Western 
reservoirs, emergency spillway usage begins during a 1-hour, 4.0-inch storm event and a 30-minute, 3.5-
inch event. McKay Lake is more sensitive to initial conditions due to a small drainage area, and requires a 
2-hr, 5.0-inch storm to reach and surpass the emergency spillway stage. However, several other storms 
cause the reservoir stage to be within 0.10 feet of the emergency spillway.  

The following recommended thresholds are based on the analyses described above for 30- and 60-minute, 
2-, 3-, and 6-hour durations. Each threshold is expected to cause the pool elevation to rise within the 
specified depth below the emergency spillways for each dam. 

 Woman Creek Reservoir:  
o Within 1.5 ft of the Emergency Spillway 

 3.5 inches in 30-minutes 
o Above the Emergency Spillway 

 4.0 inches in 1-hour or any longer duration and depth 
 Great Western Reservoir:  

o Within 0.10 ft of the Emergency Spillway 
 3.5 inches in 1-hour or 2-hours 

o Above the Emergency Spillway 
 3.5 inches in 30-minutes 
 4.0 inches in 30-minutes, 1-hour, 2-hours, or 3-hours  
 4.5 inches in 30-minutes or any longer duration and depth 

 McKay Lake:   
o Within 0.20 ft of the Emergency Spillway 

 4.5 inches in 1-hour or 2-hours 
 5.0 inches in 3-hours 
 5.5 inches in 6-hours 

o Above the Emergency Spillway 
 5.0 inches in 2-hours or any longer duration and depth 
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Appendix A: Historical Background Information 
Reservoir Information 
Key to this study were materials supplied from the Colorado Division of Water Resources, Dam Safety 
Branch (Ryan Schoolmeesters, 2019), which gave information on stage, storage, area, and discharge for 
Great Western Reservoir, Woman Creek Reservoir, and McKay Lake. Information for each reservoir is 
shown below in Figures A-1 through A-3. 

 

Figure A-1: Woman Creek stage storage discharge relationships. 
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Figure A-2: Great Western stage storage discharge relationships. 
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Figure A-3: McKay Lake stage storage discharge relationships. 
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Appendix B: Vflo Technical Information 
Stage-Storage-Discharge Relationships 
Stage-storage-discharge relationships were obtained from reservoir-specific references from the State of 
Colorado. Where possible stage-discharge, stage-area, and stage-storage relationships were calculated 
from previously tabulated values. If these were not available, information was interpreted from reservoir 
rating curves. Occasionally, a datum was created to convert reservoir elevation into gage height to assist 
in creating these rating curves. The lowest elevation given from the reservoir-specific tables or individual 
graphs were used as a datum. These relationships were stored in an Excel workbook. 

Flow Direction Quality Assurance/Control 
Using data from the National Hydrology Database (NHD), flow directions were corrected to better model 
actual streamflow conditions given a precipitation event. NHD flow lines, catchment areas, and hydrologic 
unit codes were used to aid this analysis. As a QA/QC step, drainage areas were calculated at the terminal 
watch points for each reservoir. In comparison with data from the National Inventory of Dams (NID), the 
following drainage areas were calculated based on flow directions: 

 Woman Creek Reservoir 
o NID Area: 5 square miles 
o Vflo Area: 5 square miles 

 Great Western Reservoir 
o NID Area: 4 square miles 
o Vflo Area: 4 square miles 

 McKay Lake 
o NID Area: 1 square miles 
o Vflo Area: 1 square miles 
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Percent of 1-hr point rainfall depth table 
All 60-minute, 2-hour, 3-hour and 6-hour storm event distributions were calculated using the table below 
provided from CUHP. We assumed the 200-yr event is equally distributed the same as the 100-yr event. 

Table B-1: CUHP percent of 1-hr rainfall depth. 

Time (min) Percent of 1-hr point rainfall depth 
2-yr 5-yr 10-yr 25-yr 50-yr 100-yr 200-yr 

5 2.0 2.0 2.0 1.3 1.3 1.0 1.0 
10 4.0 3.7 3.7 3.5 3.5 3.0 3.0 
15 8.4 8.7 8.2 5.0 5.0 4.6 4.6 
20 16.0 15.3 15.0 8.0 8.0 8.0 8.0 
25 25.0 25.0 25.0 15.0 15.0 14.0 14.0 
30 14.0 13.0 12.0 25.0 25.0 25.0 25.0 
35 6.3 5.8 5.6 12.0 12.0 14.0 14.0 
40 5.0 4.4 4.3 8.0 8.0 8.0 8.0 
45 3.0 3.6 3.8 5.0 5.0 6.2 6.2 
50 3.0 3.6 3.2 5.0 5.0 5.0 5.0 
55 3.0 3.0 3.2 3.2 3.2 4.0 4.0 
60 3.0 3.0 3.2 3.2 3.2 4.0 4.0 
65 3.0 3.0 3.2 3.2 3.2 4.0 4.0 
70 2.0 3.0 3.2 2.4 2.4 2.0 2.0 
75 2.0 2.5 3.2 2.4 2.4 2.0 2.0 
80 2.0 2.2 2.5 1.8 1.8 1.2 1.2 
85 2.0 2.2 1.9 1.8 1.8 1.2 1.2 
90 2.0 2.2 1.9 1.4 1.4 1.2 1.2 
95 2.0 2.2 1.9 1.4 1.4 1.2 1.2 

100 2.0 1.5 1.9 1.4 1.4 1.2 1.2 
105 2.0 1.5 1.9 1.4 1.4 1.2 1.2 
110 2.0 1.5 1.9 1.4 1.4 1.2 1.2 
115 1.0 1.5 1.7 1.4 1.4 1.2 1.2 
120 1.0 1.3 1.3 1.4 1.4 1.2 1.2 

 

 

 


