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1.0 CLIMATOLOGY 

1.1 Overview 

The purpose of the climatology task is to provide a quantitative and scientifically defensible 

basis for the development of a South Boulder Creek (SBC) design storm and provide realistic 

rainfall input for use in the calibration of the hydrologic modeling of the SBC basin.  These 

primary tasks required the accomplishment of the following specific subtasks: 

Identify the meteorological causes of significant flooding events in the SBC basin. 

Prepare an updated precipitation frequency analysis for the SBC basin by updating the City of 

Boulder gage and making use of the Hawthorne and Gross Reservoir gages. 

Reconstruct the rainfall pattern for two key thunderstorm events and one general storm for use in 

basin model calibration.   

Develop a quantitative spatial, temporal and volumetric description of the rainfall patterns 

associated with significant precipitation and flooding events in the SBC basin. 

Use an integration of the results from the prior four steps to develop a basin specific design 

storm based on a scientifically defensible and repeatable process. 

Transpose key regional extreme storms that have occurred along and in the Front Range into the 

SBC basin to assist in risk assessment activities. 

The role of the first two subtasks was to provide a strong historical foundation on which to 

understand the meteorological causes of SBC flooding events.  The updating of NOAA Atlas II 

precipitation frequency data provided an additional 30 years of historical perspective on the 

magnitude of rainfall events affecting the basin.   

The third subtask provides a quantitative link for use in determining the runoff response of the 

basin to major precipitation events.  Reliable temporal distribution, spatial coverage and intensity 

of precipitation are required input into any hydrologic model.  Two recent rainfall events from 

1998 and 1999 were selected to maximize use of radar, existing weather station, rain gage and 

stream gage observations to develop the detailed precipitation definition needed for successful 

modeling. 
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The fourth subtask relied on the detailed radar evaluation of fifty Front Range thunderstorms and 

seven general storms to develop a quantitative spatial, temporal and volumetric description of the 

rainfall patterns. A repeatable GIS-based process was developed to quantify the results. 

The integration of the results from the prior four steps was crafted into a basin-specific design 

thunderstorm and general storm based on a scientifically defensible and reproducible process. 

The resulting design storm represents a notable step forward from its statistically based 

predecessor. 

The careful transposition of both the meteorology and precipitation associated with the 1976 Big 

Thompson and 1997 Fort Collins floods into the SBC basin provides a “before the event 

happens” window into the basin’s response and the potential impacts on its residents.  

Additionally, transposition of these rare events provides valuable insights for use in the risk 

assessment task.  

During the project valuable insights were gained from agency and peer reviews.  The 

climatology updates featured the use of a composite precipitation data that resulted in South 

Boulder Creek specific precipitation return frequency values. Agency requests for an expanded 

storm data set corresponded with the release by the National Climate Data Center of a GIS-based 

set of WSR-88D radar observations that assisted in developing a reproducible GIS-based 

analysis technique and an expanded set of thunderstorms.   

During the analysis of the expanded thunderstorm data set, the use of a moving thunderstorm 

was changed to a stationary one based on thunderstorm observations during periods of heavy rain 

production. The size of the storm footprints were composited for precipitation return frequencies 

and fitted to standardized ellipses that were based on observed storm length and width. In turn 

the size analyses resulted in changes in the storm precipitation volumes. Finally, storm temporal 

distributions were adjusted to fit observed storm precipitation production.  

Similarly the general storm data was expanded to a review of twenty storm events. The expanded 

data set re-affirmed the location of the rain-snow line at 8,000 feet, the spatial distribution of the 

precipitation across the basin and the volumetric distribution of the precipitation. The temporal 

distribution was adjusted slightly to include a peak 24-hour period that included the 100-yr, 24-

hour precipitation. Each of these adjustments has resulted in a reliable set of storm definitions. 
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1.1.1 The basin 

The City of Boulder, Colorado has been identified as having one of the largest potentials for loss 

of life to flash flooding within Colorado.  Boulder is lined to the west by a series of foothills 

canyons that drain into the City.  The three primary foothills watersheds from north to south 

include Four Mile Creek, Boulder Creek and South Boulder Creek.  Numerous smaller 

tributaries flow into these three main streams.  Each of these streams is a source for flash 

flooding and flooding within the City and the adjacent foothills.  Our hydro-climatological study 

focuses on South Boulder Creek. 

 

Figure 1 - Boulder Creek and South Boulder Creek in Boulder County, Colorado 

 
South Boulder Creek’s physiography may play a role in its flooding history.  Note in Figure 2 

that the South Boulder Creek basin (outlined in black) has three distinct sections: 

The lower basin is flat with a northeast-southwest orientation with most of the basin’s elevation 

below 6,000 feet.  The lower basin ends abruptly at the Flatiron’s interface. 
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The middle basin shows a distinct southeast to northwest orientation with elevations rising from 

near 6,000 feet to over 9,000-10,000 feet along the basin’s north and south boundaries.  This 

portion of the basin extends one to two miles west of Gross Reservoir. 

The upper portion of the basin faces an almost due east-west orientation and extends from about 

8,500 feet up to over 13,000 feet along the Continental Divide. 

 
 

Figure 2 - Three-dimensional view of South Boulder Creek basin looking west. (black outline) 
 

Recent detailed studies of the meteorology of extreme precipitation events in Colorado show 

strong, low-level winds blowing from the southeast are associated with all but one of the events 

(AWA, 2004). The middle portion of South Boulder Creek is oriented in a perfect direction to 

provide easy access to moist southeasterly winds feeding development of a strong foothills 

thunderstorm.  Without access to this moist low level air, SBC storms would be hard pressed to 

produce locally heavy rainfall and more prone to produce light-moderate rains. 

 It is interesting to note that the Boulder Creek basin immediately adjacent to South Boulder 

Creek on the north favors an easterly to northeasterly wind fetch.  Figure 3 below shows wind 

Lower 

Middle 

Upper 
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fetch vectors for both basins.  The more easterly orientation of wind fetch in Boulder Creek basin 

would favor general storms with easterly winds as a major precipitation producer.  While South 

Boulder Creek’s upper basin favors the easterly upslope wind fetch, the middle basin is more 

supportive of a southeasterly fetch that is associated with heavy thunderstorm rains. 

 

Figure 3 - Favorable wind fetches into South Boulder Creek and Boulder Creek basins 
 
 

1.1.2 Basin Flood History 

The basic physical layout of the South Boulder Creek basin is favorable to the development of 

heavy precipitation events produced by moist easterly winds riding upslope from the eastern 

Colorado plains into the Continental Divide.  A detailed historical storm search found two basic 

sources of flooding events in the South Boulder Creek basin: long duration, general rains during 

periods of rapid snowmelt in the spring; and, high intensity, short duration thunderstorm rainfalls 

during the summer.  Table 1 below identifies some of the more important flooding events on 

both Boulder and South Boulder Creek and their meteorological causes. 
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Table 1 - Date and causes of historic flooding in Boulder/South Boulder Creeks 

Boulder Creek   Brief event description 
General Storms  
1.  May 21-23, 1876 Rains and snowmelt 
2.  May 29-June 2, 1894 4” to 6” rains, snowmelt produce slow flooding
3.  June 1-2, 1914 Heavy general rains and snowmelt 

4.  June 2-7, 1921 3.36” Boulder; 3-day storm; thunder, rain, 
snow 

5.  May 4-8, 1969 7.6 -13.05” in 5 days; serious flooding; 6.37” in 
Boulder with 3.37” on May 7. 

Thunderstorms  
6.  May 30, 1896 - Plains 4.62”/1.5 hrs Longmont; hail N. Boulder floods
7.  August 19, 1896 - Plains Afternoon thunderstorm affects north Boulder 
8.  July 8, 1906 – Foothills/plains T-storm cloudburst Marshall and Coal Creek 
9.  July 23, 1909 – Foothills 2- and 4- Mile Creeks; 2 dead 
10.  July 31, 1916 – Foothills/plains Four Mile Creek flood spread into N. Boulder 
11.  July 31, 1919 – Foothills/plains 4.80” Boulder; BT-type storm Larimer County 
12.  June 22, 1941 - Plains Late PM T-storm 1-3” rains, 1 dead Longmont 
13.  June 4, 1949 - Plains 3.40” T-storm rains in less than 6 hrs, Boulder 
14.  August 3, 1951 - Plains 3.06” Boulder; 3.75”/35min Old Country Club 
15.  August 5, 1955 - Plains >3.00” over North Boulder, extensive flooding 
16.  May 6-8, 1969 6” to 10” general rains and snowmelt 

17.  July 30, 1997 - Plains Heavy rain and hail bring flooding to CU 
Campus and parts of Boulder 

18.  August 4, 1999 – Foothill-Plains 3.13” Boulder, extensive street flooding 
South Boulder Creek  
General Storms  
1.  May 29-June 2, 1894 4” to 6” general rains and snowmelt 
2.  May 6-8, 1969 6” to 13” general rains and snowmelt 
Thunderstorms  
3.  September 2, 1938 - Foothills 5.9” Hawthorne; Eldorado Springs flood 

 

Closer inspection of Table 1 shows several interesting points that help characterize Boulder and 

South Boulder Creek flooding threats: 

Twelve flooding events were noted on the Boulder Creek basin and an additional six events 

produced floods either on tributaries flowing into the City of Boulder or on City streets.  Only 

three flooding events were noted on South Boulder Creek, suggesting the flood frequencies on 

the two basins may be very different. 

Six general storms produced significant floods on Boulder Creek, but only two floods on South 

Boulder Creek.  General storm floods occurred during May and June while the winter snow pack 

melt was occurring.  The added runoff from snowmelt and excessive rainfall produced the most 
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serious flooding events on Boulder Creek and South Boulder Creek.  The 1969 flood is the most 

recent example. 

Thunderstorm flooding events affected the Boulder Creek floodplain twice as often as the 

foothills of the Boulder Creek basin.  South Boulder Creek thunderstorm floods occurred in the 

foothills. The 1938 flood is the prime example of a South Boulder Creek flood. 

It is interesting to note that SBC has had two notable floods in the past 66 years: the 1969 

general storm flood and the 1938 Eldorado Springs thunderstorm flood. 

Our history of SBC flooding indicates that the general rain/snowmelt type flood, such as 1969 

will create the largest 2-5 day volume of runoff, while the thunderstorm flash flood may produce 

the highest peak flows. 

The observation that Boulder Creek and South Boulder Creek are both affected by general 

storms is consistent with the easterly wind fetches that impact both basins. Boulder Creek’s 

preferred easterly fetch is a predominant direction for moist winds during general storms. South 

Boulder Creek’s southeasterly inflow fetch into the middle section of the basin may explain why 

the 1938 thunderstorm flash flood impacted South Boulder Creek rather than Boulder Creek. 

It is interesting to note that from 1875-1925 eleven floods occurred on Boulder and South 

Boulder Creeks; from 1926 to 1975 seven floods occurred; and from 1976 to 2006 only two very 

minor floods have occurred.  The number of significant floods has almost halved every 50 years 

over the past 128 years.  Figure 4 shows the trend to fewer recent flood events. 

Thus it can be said from Table 1 that general storm floods have caused the most damage, while 

thunderstorm floods have killed the most people in the SBC basin.  A regional review of similar 

flooding events that impacted Colorado is presented in the regional flooding event summary that 

follows. 
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Figure 4 - Number of flood events on Boulder and South Boulder Creek, 1875-2003 
 

1.1.3 Regional Flooding Events 

The occurrence of flooding along the Colorado Front Range has been widely studied since the 

tragic Big Thompson Flash Flood of July 31, 1976 killed 144 people just 40 miles north of 

Boulder.  The Colorado Climate Center of Colorado State University in Fort Collins, Colorado 

published a study (1997) of flooding events that occurred in Colorado from 1864 to 1996.  Over 

300 extreme precipitation events were noted.  Figure 5 shows the location of the events listed in 

the report using the reported latitude and longitude of the event. 

It can be seen in Figure 5 that many of the reported floods seem to cluster along the Colorado 

Front Range from Fort Collins to Colorado Springs and along the major rivers where population 

centers are most abundant. 
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Figure 5 - Map of extreme precipitation events in Colorado from 1864 to 1996.  
(Source:  Colorado Climate Center, 1997) 

 
Figure 6 shows the frequency of occurrence of these events by day of the year.  Note that most of 

the extreme precipitation events occur from early May through early October.  The maximum 

number of events is noted on August 1.  It is of additional interest that a secondary storm peak 

can be noted during May 31 to June 8.  A review of the storms during these two peaks shows that 

the May-June peak is associated with the passage of general spring storm systems.  These storms 

typically bring extended periods of steady rain/snow with isolated thunderstorm activity. 

Flooding during these periods is exacerbated from the added runoff created by winter snow-pack 

melting in the higher elevations of the foothills and mountains.  The late summer flood peak is 

associated with thunderstorm systems that produce high intensity, short duration rainfalls.  

Monsoon moisture is associated with the most severe summer floods. 

These two results are consistent with the occurrence of mainly general storm floods in the 

Boulder Creek basin during May and June and thunderstorm floods in the South Boulder Creek 

basin during July to September.  Figure 6 illustrates that flooding events rarely occur from 

October to April. 



 
 10 HDR Engineering, Inc.  

 
Figure 6 - Number of extreme precipitation events in Colorado by day of year  

from the Colorado Climate Center Extreme Precipitation Event database 
 
Review of the Colorado Climate Center’s flood event data set shows four storms of primary 

importance to understanding flooding in South Boulder Creek: 

The September 2-3, 1938 Front Range flooding event that impacted Eldorado Springs,  

The May 4-8, 1969 Big Elk Meadows rain/snow event that impacted Boulder and South Boulder 

Creeks.  This event created significant volume of flood waters. 

The Big Thompson Flash Flood of July 31-August 1, 1976, and, 

The Fort Collins Flash Flood of July 28, 1997 

The 1938 thunderstorm and the 1969 upslope storms impacted SBC with serious flooding and 

are worthy of special study.  The 1976 Big Thompson and 1997 Fort Collins storms are extreme 

precipitation events worthy of transposition study for risk assessment. 

1.1.4 Significant storms 

The two storm events that produced serious flooding in South Boulder Creek were studied in 

detail:  the Eldorado Springs Flash Flood of September 2, 1938 and the general flooding caused 

by the May 4-8, 1969 Big Elk Meadows storm. 
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1.1.4.1 September 2, 1938: A South Boulder Creek flood with subtropical origins. 

During the afternoon and evening hours of September 2, 1938 three deadly flash floods struck 

the Colorado Front Range from Morrison, Colorado to Fort Collins, Colorado.   The origins of 

this flooding event can be found in Hurricane #3 that crossed the Yucatan Peninsula August 25-

26, 1938 and then struck Mexico near Chetemul on August 28, 1938 causing extensive flooding 

and loss of life.  Using Northern Hemisphere 3000 Dynamic Meter wind charts created jointly by 

the US Army Air Force, Navy and Weather Bureau, the path of Hurricane #3 can be traced and is 

shown in Figure 7.   

 

Figure 7 - Hurricane #3, origins of August 31 to September 3, 1938 Colorado Floods 
 

It reemerged as a subtropical circulation between El Paso, Texas and Nogales, Mexico on August 

30.  Heavy rainfall was reported across New Mexico on August 30-31, 1938 as the circulation 

crossed the state and moved into southern Colorado early on September 1, 1938.  Light to 

moderate thundershowers dropped 0.87” of rain on the SBC basin Aug. 31-Sep 1, 1938 as the 
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circulation moved northward into the Arkansas River valley before veering northeast to spin 

along the Continental Divide towards Denver.  Moist, easterly winds of 15-25 mph preceding the 

circulation took aim at the foothills of Jefferson, Boulder and Larimer Counties during the 

afternoon and evening hours of September 2, 1938.   

Figure 8 shows the three major flash floods produced on September 2, 1938 along the Colorado 

Front Range foothills.  

 

Waterdale Storm, 700PM – 0100AM

Eldorado Springs Storm, 400PM-700PM

Genesee Mtn Storm, 
400PM –900PM 

 

Figure 8 - Isohyetal pattern of rainfall from the September 2, 1938 event 
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Three major floods were produced by the disturbance and are listed below in a south to north 

manner that relates to Figure 8: 

The Genesee Mountain storm produced 6-9 inches of rain and killed 8 people while destroying 

the Town of Morrison. 

The Eldorado Springs storm produced 5.9 inches of rain at the resort and destroyed much of 

Eldorado Springs before flooding the downstream floodplain of South Boulder Creek.  

The Waterdale storm produced 5-9 inches of rain that flooded Buckhorn Creek and the lower 

portions of the Big Thompson floodplain into Loveland. 

The Genesee Mountain storm developed between 400PM and 500PM along the foothills of 

Jefferson County near Genesee Mountain and Mount Vernon Canyon.  This very intense 

thunderstorm system centered over Genesee Mountain and produced 4-9 inches of rain between 

500PM and 800PM.  The ensuing flash floods down Bear Creek and Mount Vernon Canyon lead 

to eight deaths and destroyed the town of Morrison.  The Bureau of Reclamation conducted a 

rain-bucket survey of this storm and obtained sixteen reliable rainfall observations from 

residents.  Several of the reports included temporal estimates of the rainfall as it fell.  These 

observations are the basis for the storm isohyetal pattern shown in Figure 9 and a storm mass 

curve produced for the storm. 
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Figure 9 - Isohyetal pattern of the Genesee Mountain Storm of September 2, 1938 
 

During the peak of the Genesee storm, a second thunderstorm system developed from 500PM to 

700PM, over the foothills of Boulder County in Eldorado State Park.  The Eldorado Springs 

storm formed between 500PM and 600PM and reached its peak intensity from 600PM to 

830PM.  The gaging station noted a significant rise from 90 cfs at 700PM to 470 cfs at 730PM as 

runoff began to enter SBC.  The ensuing flash flood gathered force over two hours and reached 

its peak of 7,400 cfs from 1000PM to 1100PM.  Extensive damage occurred in Eldorado Springs 

between 800PM and 1000PM as the flood wave spread downstream.  Flooding in the SBC 

floodplain was noticed during the overnight hours in areas above the Boulder Creek confluence. 

Storm mass curves calculated by the Bureau of Reclamation (Figure 10) relied on proportioning 

the 24-hour rainfall observed in Fort Collins, Hawthorne and Longmont into hourly values that 

matched the hourly rainfall pattern observed at the Boulder.  Consistent with the gentle storm 

mass precipitation curve of the Boulder station, Boulder Creek did not flood.  The steep storm 

mass curves observed during the flooding rains at Camp Hosa on Genesee Mountain and 

Waterdale are consistent with the temporal rainfall distribution needed to produce the flash 
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floods observed.  The Eldorado Springs flood was likely caused by a similar flash flood temporal 

distribution. 

 

Figure 10 - September 2, 1938 peak 24-hour Storm Curves for Front Range Storm Centers at 
Waterdale, Fort Collins, Longmont, Boulder and Genesee Mountain 

 

The peak point rainfall associated with the 1938 Eldorado Springs event is estimated to be 5-7” 

in 6 hours.  If this value is compared to the NOAA Atlas II, 6-hour storm values, it exceeds the 

500-year, 6-hour value of 4.62” and can be extrapolated to beyond a 10,000-year point value at 

the high end.  In a historical perspective, the 1938 event has a comparable return frequency to the 

1976 Big Thompson flood event.  The combined runoff from the Genesee, Eldorado Springs and 

Waterdale floods merged into the South Platte and caused river flooding into portions of western 

Nebraska.  It is crucial to note that the subtropical circulation associated with these three floods 

may be the only documented case of a decayed Caribbean hurricane to reach eastern Colorado.  

The September 2, 1938 Genesee storm was used as a key historical storm transposition.  The 

detailed temporal, spatial and intensity distribution of the rain, served as a surrogate for the 

missing spatial and temporal information of the Eldorado Springs storm. 

South Boulder Creek
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1.1.4.2 May 4-8, 1969:  Long duration, low intensity general rain and flooding 

Another SBC flooding example was caused by the long duration, low intensity upslope rain 

event of May 4-8, 1969.  Temperatures averaged 5-7 degrees above normal for over a week 

before the event, swelling local streams with melting winter snow-pack runoff.   

The precipitation pattern associated with this event was determined by a rain-bucket survey 

conducted by the Bureau of Reclamation and is shown in Figure 11.  South Boulder Creek 

experienced one of the heavier rainfalls with up to 13 inches in 72 hours, but Big Elk Meadows 

in Rocky Mountain National Park received almost 20 inches in 4 days.  One way to put this 

precipitation event into perspective is to consider that the 500-year, 72-hour precipitation event 

at Boulder is 6.87,” at Hawthorne 7.89” and Gross Reservoir 8.01.”  Thus, the 1969 event was 

well over a 500-year, 72-hour precipitation event in South Boulder Creek. 

This sprawling general storm developed over the Four Corners area and fed moist easterly winds 

off the plains into the Front Range.  Storm totals in the SBC basin ranged from 4-6 inches in the 

lower basin to over 13 inches in the middle basin and 6-8 inches in the upper basin.  This event 

produced a significant runoff volume compared to the thunderstorm event of 1938 because it 

covered the entire basin.  Hydrologic details of the storm are presented in the project’s hydrology 

report.  

It should be noted that both the September 1938 Eldorado Springs and the May 1969 general 

storm events were the product of precipitation that exceeded the 100-year, 24-hour rainfall by a 

significant margin.  The fact that two 500-year+ storms could occur in the SBC basin in the past 

66 years is not unusual, but neither of these storms should be considered “normal storms.” 
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Figure 11 - September 2, 1938 peak 24-hour Storm Curves for Front Range Storm Centers at 
Waterdale, Fort Collins, Longmont, Boulder and Genesee Mountain 

 

1.2 NOAA Atlas II Update and design storm development 

The second historical task involved calculating the updated values of precipitation 

depth/duration/frequency (DDF) in Boulder County for the stations that were originally used in 

the creation of NOAA Atlas II Volume III Colorado, 1973.  The observation stations, data 

sources and the statistical techniques used to derive the values are detailed in Appendix A.   

Big Elk Meadows
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1.2.1 Observation Stations 

The original NOAA Atlas II was completed in 1973 and relied on precipitation data from 

Colorado stations through the end of 1970 to determine the return frequency of rain events. In 

NOAA Atlas II, there were seven stations that were located in Boulder County.  Four (4) of these 

stations are listed as ‘non-recording’ stations in which the amount of observed precipitation at a 

site is recorded once a day at the same time every day.  Three sites are listed as ‘recording’ 

stations in which the precipitation that falls in a gage is recorded once an hour, these sites were 

helpful in the definition of the shorter duration events.   

Table 2 lists the precipitation sites that were used in this task. A discussion of station moves and 

station observation validity relative to the moves follows. 

 
Table 2 - Official NOAA Cooperative precipitation stations utilized in Task 2 

Station NWS-Coop. # Gage Type Period of Record* 
Boulder 050848 Non-Recording 1893-current 

Longmont 2ESE 055116 Non-Recording 1893-current 
Boulder 2 050843 Recording 1948-current 

Longmont 6NW 055121 Recording 1948-current 
Allenspark 2NNW 050183 Recording 1948-current 

*Note: For some gages, there are years when the gage was inoperative for most if not all of a 
calendar year. 
 

1.2.2 Station Moves 

In NOAA Atlas II, the NWS used the basic guideline that if a station move was greater than 5 

miles horizontally or 100 feet vertically; the data from this station was actually considered to be 

from two different stations.  This condition does not apply to the Boulder 2, Longmont 2ESE, 

and Longmont 6NW stations. 

Figure 12 details the Boulder observation site moves from 1930 to present.  Note that the gage 

location has moved from the City of Boulder (1931-1969) proper to a location within the lower 

South Boulder Creek basin (1970-1979) for ten years.  From there the observation site moved 

from a location north of the downtown for ten years (1980-1989) to its present site 2 miles south 

of the city.  After examining the approximate location of the station through the years, this 

station has experienced moves more of a north-south nature rather than an east-west.   
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Figure 12 - Boulder Station move locations from 1931 to 2003 
 

1.2.3 Data Sources 

The precipitation data used in this analysis was derived from two primary sources.  For the 

‘recording’ precipitation stations, all of the data was from the Hourly Precipitation Data CD from 

EarthInfo, Inc.  EarthInfo acquires all of the data for this disk from NCDC.  For the non-

recording precipitation stations, the data for the years 1949-2000 was derived from the NCDC 

Summary of the Day disk from EarthInfo and the data for the years, 1893-1948 and 2001-2003 

was directly acquired from NCDC via their ‘Climate Data Online’ service. It was hoped that the 

precipitation analysis could be enhanced by use of the existing UDFCD and Boulder County 

Flood Detection Network (FDN) rain gages.  Unfortunately, annual data quality control of the 

Boulder FDN observations had not been performed regularly, or at all, by the County through the 

years.  All stations had significant periods of missing or incomplete data, making it extremely 

difficult or nearly impossible to develop a continuous period of record for any of the sites.  Thus, 

the decision was made to not use the FDN observations in the precipitation frequency update.  

The Boulder FDN observations were used to ground truth the rainfall reconstructions discussed 

in a later section.   
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1.2.4 DDF Calculations – NOAA Atlas II Update 

Precipitation data from the most recent 32 years of records were utilized to compute recurrence 

interval statistics for the stations in Boulder County that were used in the creation of NOAA 

Atlas II.  The overall findings for the stations in the City of Boulder (closest current stations to 

the South Boulder Creek basin) revealed that there was a net reduction in the derived recurrence 

interval values.  The calculated values indicate that the smallest changes were in the longer 

duration events (i.e. 24-hours) with more notable reductions at the shorter duration events (6-

hours). 

Table 3 details the calculated/interpolated precipitation values for various recurrence intervals 

for various event durations.  The values taken from NOAA Atlas II are labeled as such and the 

values from this effort are listed in the row labeled ‘HDR.’.  Appendix A describes the equations 

and methodology employed to update the values shown in Table 3. 

Review of Table 3 shows that a consistent reduction in the return values of precipitation from 

the 2-year to 100-year return frequencies occurred for the City of Boulder gage.  The most 

dramatic reductions were in the 1-hour and 6-hour values that dropped from 15 to 27 percent.  

The 12-hour to 24-hourr values dropped 1 to 16 percent.   

The agency review asked a question on how the precipitation data were used to calculate the 

frequency statistics. The precipitation observations used were primarily based on composite 24-

hour observations. As such, the state of practice is to recognize that, while both thunderstorms 

and general storms are “alternate delivery systems” that contributed to the precipitation event 

population, the analysis techniques used would treats the data set as a singular data set. 

 The climatology analyses were based on the application of this standard of practice that was 

used to develop the original NOAA Atlas II frequency values.  The updated values shown in 

Table 3 are compared to the NOAA Atlas II values as an indication of the consistentcy used   
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Table 3 - Computed DDF values for Boulder from NOAA Atlas II, Volume III Colorado (NA 
II) and the update using the latest 32 complete years of record (HDR) 

Recurr. Interval 2-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NA II 1.05” 1.62” 1.95” 2.24” 
HDR 0.77” 1.32” 1.76” 2.22” 
Percent Diff. -27% -23% -10% -1% 
Recurr. Interval 5-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NA II 1.48” 1.97” 2.43” 2.92” 
HDR 1.20” 1.65” 2.22” 2.80” 
Percent Diff. -19% -16% -9% -4% 
Recurr. Interval 10-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NA II 1.74” 2.16” 2.77” 3.34” 
HDR 1.41” 1.87” 2.58” 3.21” 
Percent Diff. -19% -13% -7% -4% 
Recurr. Interval 25-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NA II 2.08” 2.64” 3.25” 3.91” 
HDR 1.68” 2.20” 3.02” 3.79” 
Percent Diff. -19% -17% -7% -3% 
Recurr. Interval 50-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NA II 2.38” 3.18” 3.83” 4.47” 
HDR 1.91” 2.46” 3.34” 4.24” 
Percent Diff. -20% -13% -13% -5% 
Recurr. Interval 100-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NA II 2.73” 3.81” 4.38” 5.03” 
HDR 2.16” 2.72” 3.70” 4.69” 
Percent Diff. -21% -19% -16% -7% 
  6-hour  24-hour 
Recurr. Interval 200-YEAR 2.97”  5.14” 
HDR     
Recurr. Interval 500-YEAR 3.31”  5.74” 

 

Figures 13 and 14 show the differences in the NOAA Atlas II and HDR updated 6-hour and 24-

hour frequency precipitation values.   Note that most of the values have decreased by addition of 

the new observations by 15 to 30 percent.It is important to keep in mind that the number of 

significant precipitation events has decreased in Boulder and South Boulder Creeks since 1975.  
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Two periods of drought in the mid-1970’s and from 1999 to 2003 impacted the Boulder area.  

Apparently the reduction in significant events has impacted most time intervals. 
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Figure 15  Comparison of the 24-hour precipitation DDF values 
    between NOAA Atlas II and HDR Updated Values
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Figure 14  Comparison of the 6-hour precipitation DDF values 
    between NOAA Atlas II and HDR Updated Values
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Figure 13 - Comparison of the 6-hour precipitation DDF values between NOAA Atlas II and HDR 
updated values 

 

Figure 14 - Comparison of the 24-hour precipitation DDF values between NOAA Atlas II and HDR 
Updated Values 



 
 24 HDR Engineering, Inc.  

1.2.5 Application of results to South Boulder Creek 

Before suggesting that the Boulder gage is representative of precipitation trends and return 

frequencies in South Boulder Creek, we performed a simple evaluation to test the validity of this 

assumption.  The analysis examined the ratios of the annual total precipitation and the derived 

values for the 24-hour, 100-year events between the Boulder cooperative site (non-recording) 

and the Hawthorne and Gross Reservoir gages.  This exercise was performed to effectively ‘test’ 

the validity of use of the Boulder gage in assessing precipitation frequency in South Boulder 

Creek. 

The two stations and their periods of record compared are: Boulder – Hawthorne: 1931-1975 (45 

years); and Boulder – Gross Reservoir: 1979-2003 (25 years).  A complete discussion of the 

methodology employed to accomplish the comparison is discussed in Appendix A. 

Thus a direct comparison was made of the ratio between the annual precipitation and the 

computed 100-year, 24-hour return value between each station and the Boulder gage.  If the 

ratios were comparable in value, it was assumed a more valid assessment could be made of the 

transferability of the Boulder gage value to South Boulder Creek.  See Table 4 below. 

 
Table 4 - Comparison of Boulder, Hawthorne and Gross Reservoir gage values 

 Average annual Station/Boulder 
Ratio 

24-hour, 
100-year 

Station/Boulder 
Ratio 

Hawthorne (H) 20.73” 20.73/18.41 = 1.14 5.10” 5.1/4.42 = 1.15 
Gross Res. (G) 21.33” 21.33/20.25 = 1.05 5.24” 5.24/4.9 = 1.07 

Boulder 18.41” (H);  
20.25” (G) 

Average Annual Ratio 4.42”(H) 
4.90” (G) 

24-hour,  
100-year Ratio 

H = Hawthorne period of record;  G = Gross Reservoir period of record. 

One means of normalizing the Hawthorne and Gross Reservoir values to comparable periods of 

record was to calculate a normalized value by multiplying the Boulder 24-hour, 100-year value 

of 4.69” by the annual precipitation difference ratios obtained in the test periods.  The result of 

applying the ratios was a 24-hour, 100-year value of 5.41” for Hawthorne gage and 5.02” for the 

Gross Reservoir gage.  Figure 15 shows the annual ratios for each observation site and suggests 

that as elevation increases in South Boulder Creek, the 100-year, 24-hour precipitation value 

decreases. 
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The new DDF values for SBC, shown in Table 5, were derived by through use of the updated 

DDF values for all-years from the Boulder gage and the calculated DDF ratios for the 

Boulder/Hawthorne and Boulder/Gross Reservoir gage pairings for the time period when both 

gages were concurrently recording precipitation data.  The process entailed multiplying the 

ratio of the DDF values for each gage pairing (for each precipitation period and return frequency 

value) by the all-year updated Boulder DDF value.   

Once complete, this value was area-weighted for the basin by multiplying the value for 

Hawthorne by 0.3129 and then adding it to the value of Gross Reservoir that had been multiplied 

by 0.6871.  These values were determined to be the ‘new’ DDF values for the SBC basin for 

each precipitation period/ return frequency value and applied to the hydrology modeling.  

Although the net results appear to be quite similar to the original (NOAA Atlas II) results, they 

are in fact ”updated” DDF statistics with a basin-specific application made for the SBC basin.   

 

Figure 15 - Normalized comparison of the 24-hour, 100-year return frequencies of Boulder, 
Hawthorne and Gross Reservoir gages 
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Table 5 Comparison of the NOAA II and the South Boulder Creek basin-specific 

return frequency values. 
Return 

frequency 
NOAAII 

6-hr 
SBC 
6-hr 

NOAAII 
24-hr 

SBC 
24-hr 

NOAAII 
72-hr 

SBC 
72-hr 

2-yr 1.62 1.65 2.24 2.37 3.26 2.91 
5-yr 2.18 2.23 2.92 3.04 4.30 3.80 

10-yr 2.52 2.57 3.34 3.45 4.95 4.35 
25-yr 3.00 3.06 3.91 4.09 5.60 5.19 
50-yr 3.39 3.46 4.47 4.59 6.26 5.85 

100-yr 3.81 3.89 5.03 5.09 7.02 6.54 
200-yr 4.17 4.25 5.49 5.59 7.61 7.14 
500-yr 4.68 4.78 6.05 6.24 8.44 8.00 

 

It is important to note that the new basin-specific values in Table 4 are quite similar in value to 

the NOAA II values for the Boulder gage values used in prior studies. Differences are generally 

one to five percent higher for the new 24-hr return values.  Thus a recommendation was made 

that use of the new values was comparable to not changing the values used for design. The 

updated, basin-specific values were used in the definitions of the new design storms. 

1.3 Rainfall reconstruction of key storm events for basin model calibration 

A crucial component of the basin model calibration work relied on the rainfall information 

provided by the radar-based reconstruction of two events:  July 8, 1998 and August 4, 1999.  A 

radar-based reconstruction of basin rainfall was used to calibrate the hydrologic response of the 

basin to rainfall.  While neither of these events produced major flooding on South Boulder 

Creek, both were use for calibration of the basin model for lower-end storms.  A detailed 

discussion of the radar-rainfall reconstruction process can be found in Appendix B. 

The observed peak basin precipitation for the July 8, 1998 of 2.76"/45 minutes rainfall exceeds 

the 100-year, 1-hour intensity of 2.73” and provides a good temporal model for the most intense 

hour of rainfall.  A general rain event with embedded thunderstorms was observed on August 4, 

1999 in South Boulder Creek's basin which dropped a lower basin average of 3.07"/6 hours and 

an upper basin average of 2.36" of rain.  The observed lower basin value is near the SBC 50-

year, 6-hour value of 3.18 inches while the upper basin value is between a 10-year and 25-year 

6-hour event.   
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1.3.1 Radar-rainfall estimation for July 8, 1998 

A westward-moving evening thunderstorm was observed in South Boulder Creek's basin on July 

8, 1998.  This storm produced a measured 2.76"/45 min rainfall and a National Weather Service 

(NWS) radar-estimated rainfall of 2.5"-4.5"/3 hours.  The peak rainfall was observed in the lower 

portions of the SBC basin, below Gross Reservoir.  It covered an estimated 25 square miles of 

the lower basin with the heavy rain and moved over higher terrain to the northwest before 

dissipating.  

The observed 2.76"/45 minutes rainfall exceeds the 100-year, 1-hour intensity and provided a 

good temporal model for the most intense hour of rainfall. Figure 16 shows the location of the 

SBC FDN rain gages (# 4010-4060 and #4530) and the summed radar reflectivity values for the 

rainfall period. Figure 17 shows the summed basin rainfall at the gage sites and the summed radar 

reflectivity observed over the SBC FDN.  HDR discusses the techniques used to develop an 

effective radar-rainfall relationship in Appendix B. 

 

Figure 16 - Summed radar reflectivity and SBC rain gage network for July 8, 1998 
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Adjustments to the radar derived rainfall for this updraft period had to be modified to reflect 

observed rain.  A statistical evaluation of the radar reflectivity to rainfall for the period of 

0300GMT (900PM, MDT) to 0400GMT (1000PM, MDT) resulted in a correlation of radar 

reflectivity to observed rainfall with the R-squared value of 0.886.   

Peak radar-estimated rainfall varied from 2.75 inches to 2.90 inches.  In this case the radar-

rainfall estimate is considered to be quite reliable.  The temporal distribution of the rainfall was 

based on the observed changes in radar reflectivity values associated with the area of peak 

rainfall.  A variation in the temporal distribution of the rainfall was noted in the northern and 

southern half of the basins and was carried into the values used for the calibration. 

 

 

Figure 17 - Radar vs. rainfall for July 8, 1998 calibration event 
 
 

1.3.2 Radar-rainfall estimation for August 4, 1999 

A general rain event with embedded thunderstorms was observed on August 4, 1999 in South 

Boulder Creek's basin which dropped a lower basin average of 3.07"/6 hours and an upper basin 

average of 2.36" of rain based on FDN gage observations shown in Table 6. 
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Table 6 - FDN rainfall observed in South Boulder Creek on August 4, 1999 

GAGE NUMBER RAINFALL 15L – 21L 
Upper Basin Gauges  
4090 3.19" 
4100 2.24" 
4110 2.01" 
4730 2.09" 
4360 2.28" 

Upper Basin Average Rainfall = 2.36" 
  
Lower Basin Gages  
4010 3.07" 
4020 2.68" 
4030 3.15" 
4040 3.19" 
4050 2.95" 
4060 3.39" 

Lower Basin Average Rainfall = 3.07" 
 

To accomplish an accurate rainfall reconstruction, the summed rainfall values by time step were 

used to develop a relationship between the sum of individual time steps and the sum total rainfall 

observations.  In other words, the summed rainfall from the first time step was divided by the 

total summed rainfall for the whole storm.  This was done for each time step to develop the 

amount of rainfall to associate with the radar reflectivity by time step.  If no rain fell in any of 

the gages during the time step, it didn’t matter how high the reflectivity values were, no rainfall 

was distributed across the reflectivity values.  The use of rainfall observations to normalize the 

data resulted in a high radar to rainfall correlation (R2 = 0.96).  Appendix B shows the results of 

the reconstructed rainfall fields used for the calibration and the methodology used.  

 

2.0 BASIN SPECIFIC DESIGN STORM  

Design storms have been traditionally developed on the basis of static surface rainfall 

observations that undergo detailed statistical analyses.  Few, if any, rain gage networks are 

sufficiently dense to capture the spatial and temporal distribution of rainfall. The South Boulder 

Creek basin specific is based on detailed spatial and temporal  analyses of radar observed storms 

in Colorado. This report has been produced to assist the PREP, agencies and the public in 

understanding the process followed and the results of the basin specific design storm modeling. 
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2.1 South Boulder Creek Basin Specific Design  Thunderstorm 

The South Boulder Creek basin specific design thunderstorm was based on the analyses of 

thunderstorms that were observed to occur along the foothills-plains interface of the Colorado 

Front Range. The National Climate Data Center made ArcInfo GIS shape files available of 

WSR-88D Doppler radar observation fields from 1997-2004 in Spring 2005.  The GIS analysis 

of these storms insures a reproducible analysis of the data. The GIS data base covers the period 

from 1997 to 2005.  The Storm Total Precipitation (STP) product used to define the storm 

rainfall fields is one of the new GIS products available from NCDC. 

HDR used the GIS WSR-88D data base to identify thunderstorms that occurred on Message days 

as defined by the UDFCD Flash Flood Prediction Program (F2P2).  Message days are typically 

storm days when storm rainfall is expected to exceed 1.00 inch per hour.  Most of these days are 

days when warm rainfall dominates and hail is a minimal problem, especially from July into 

August.  HDR meteorologists maintain a data base of the heavy rain, “hail-free” flooding days.  

This data base was used to identify likely days when heavy rainfall producing thunderstorms 

were present with minimal “hail-pollution” impacts on the STP products. 

The decision was made to eliminate storms that occurred along and south of the Palmer Divide 

located just south of the Denver metro area.  The decision is consistent with the Colorado 

Extreme Precipitation Committee’s recognition that storms occurring north and south of the 

Palmer Divide should be maintained in separate data sets.  The orographic impacts of Palmer 

Divide and the frequency of low level weather features like low level jets and the Denver 

Cyclone were primary dynamic considerations in the separation. 

Use of the GIS-defined observation fields of WSR-88D radar reflectivity and the Storm Total 

Precipitation products allowed objective analysis of storm areas, depths and temporal 

distributions.  Additionally, it significantly shortened the time required for analyses and allowed 

investigation of a larger data set. Selection of the thunderstorms was based on the criteria listed 

below: 

Heavy rain days within the time period for which NWS shape files available (1997 to present).  

UDFCD Flash Flood Prediction Program verified Message Days were reviewed to assist in the 

selection of heavy rain days with minimal hail issues. 
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Located in an 8 county area – Denver, Boulder, Broomfield, Larimer, Arapahoe, Adams, 

Jefferson and Douglas). 

Radar-estimated rain depth of > 1.5 inches but less than or equal to 5.00 inches. Radar-estimated 

rainfall amounts and resolution are substantially more reliable for amounts of 1.5 inches or more 

and depths over 5.00 inches exceed the 6-hour, 100-year storm depth. 

Table 7 shows the 50 storms that met the criteria for rainfall depth, data availability and analysis 

fields.  Figure 18 shows the location of the 50 storms in the “new” data base. 

Table 7  - Front Range thunderstorms producing > 1.50” rainfall 1997 to 2004, May  
to September with Storm Total Precipitation products available.  

< 2.50” 3.00” to 4.00” > 4.50” 
< 25-yr 25-yr to 100-yr >  100-yr 

June 2, 1997 July 30, 1997 August 19, 1999 
July 27, 1997 July 8, 1998 July 8, 2001 Large  
July 30, 1997 July 25, 1998 East July 8, 2001 Small  
August 4, 1997 July 25, 1998 North July 3, 2002 
August 10, 1998 July 25, 1998 West July 27, 2003 
August 4, 1999 West September 1, 1998  
August 16, 2000 August 4, 1999 East  
August 17, 2000 W August 5, 1999  
August 29, 2000 August 10, 1999  
July 14, 2001 May 17, 2000  
July 29, 2003 July 16, 2000  
August 8, 2003 July 17, 2000  
June 9, 2004 August 17, 2000 NE  
July 23, 2004 August 17, 2000 SW  
August 4, 2004 July 10, 2001 East  
August 5, 2004 July 10, 2001 West  

 July 12, 2001  
 August 5, 2002  
 August 27, 2002  
 September 12, 2002  
 June 18, 2003  
 July 18, 2003 North  
 July 18, 2003 South  
 July 28, 2003  
 June 27, 2004 North  
 June 27, 2004 South  
 August 18, 2004 Cent.  
 August 18, 2004 So.  
 August 18, 2004 West  

16 29 5 
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Note in Table 7 that the fifty storms STP rainfall is also related to the return frequency of the 

rainfall relative to the SBC values reported in Table 5. Twenty-nine thunderstorms were 

included in the 25-yr to 100-yr return frequency and were directly used to develop the South 

Boulder Creek basin specific design thunderstorm. 

 

 
 

Figure 18 - Locations of the 50 “new” thunderstorms in the design storm data base. 
 
HDR did a simple “ground-truthing” of the heavy rain occurrence by cross-checking the surface 

observed amounts against the radar-estimated location and amounts.  Table 7 does not include 

the Fort Collins 1997 flood events because the return frequency of the storm was well beyond the 

SBC 100-yr value..  Additionally, the Fort Collins storm had a well-documented problem with 

the radar-rainfall algorithm.  Similarly the June 8, 2004 Golden rain/hail storm was deleted 

because wet hail observed over-stimulated the Z-R relationship into gross rainfall errors. 
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2.2 A reproducible GIS-based WSR-88D STP spatial analyses methodology   

An important criteria for the development of the South Boulder Creek basin specific design 

thunderstorm was the use of a consistent precipitation data base and a reproducible analysis 

methodology. Both of the these concerns were addressed by using the NWS WSR-88D STP 

product for the precipitation data base as discussed above and a GIS-based analysis 

methodology.  

The six step GIS-based analysis process is outlined below: 

Step 1 – Gather Radar Data from National Climatic Data Center for the storm event. 

Step 2 – Convert radar observation data into a GIS-based shape file. 

Step 3 – Classify radar estimated rainfall into 0.50” increments beginning at 1.50”. 

Step 4 - Isolate storm of interest and merge radar cells by rainfall amount.   

Step 5 – Use ArcGIS 9 Spatial Analyst to determine the area and average elevation of the radar-

estimated rainfall-footprints for the storm in 0.5 inch increments. 

Step 6 - Output numerical data into Excel. 

This methodology used shape file format of the NWS Storm Total Precipitation (universal 

algorithm for depth determination) and the base reflectivity (storm temporal distribution).  Again 

each of the cases was ground-truthed with observed rainfall values at surface sites before it was 

included in the analysis. GIS analyzes the shape files to objectively determine the areas and 

dimensions of the radar-estimated precipitation areas in 0.50 inch increments. 

The resulting spatial and temporal data was partitioned into three 6-hr storm classes after 

thoughtful evaluation: 

 
1. < 25-yr storms:   STP < 2.5 inches 

 
2. 25-yr to 100-yr storms:  STP 3.0 inches to 4.0 inches 

 
3. > 100-yr storms:  STP > 4.5 inches 

 
The return period for these precipitation bands is based on a comparison to the 3.89 inches for 

the 6-hr, 100-yr event in the SBC basin.  Distinct changes in the storm size and area were also 

used to determine the location of an event in the portioning process.  
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It is likely that these range bands will be applicable in many other Front Range locations where 

the 6-hr, 100-yr rain event is between 3.00 inches and 4.00 inches.  These three partitioned storm 

classes are used throughout the remainder of the report to provide the basis of comparison 

between the storm types.   

2.3 Comparison of the spatial and volumetric differences between the “old” and “new” 

South Boulder Creek basin specific hunderstorm.   

The spatial footprint for the precipitation associated with the three classes of thunderstorms 

based on the return frequency of the rainfall is shown in Table 8. Note the consistent increase in 

the area for each precipitation band as the return frequency increases. This increase is especially 

evident for precipitation amounts over 1.50 inches.  The bolded row marks the values for the 25-

yr to 100-yr thunderstorm band that is used as the “model” for the 6-hr, 100-yr South Boulder 

Creek basin specific design thunderstorm. The other return frequency events were also evaluated 

and maintained for comparison purposes. 

Table 8 - Spatial footprint of precipitation for the three storm classes. 

Storm <1.5” 1.50” 2.00” 2.50” 3.00” 3.50” 4.00” 4.50” 5.00” 
 Area Sq mi        

< 25yr 70 33.96 8.36 2.42      
25-100 74.8 58.04 33.03 15.16 6.95 2.80 1.85   
>100 y 223 92.86 68.20 49.92 33.44 20.99 11.72 2.75 2.75 

 
 

Table 9 shows the average length-to-width ratios observed with each of the storm classes. It is apparent 
that the lower return frequency events are long and narrow while the higher return frequency events are 
more oblong.  

 
 

Table 9  - Observed length to width ratios of the partitioned SDDS storm classes. 

Storm Average Length Average Width Ratio 
< 25 yr 5.6 1.9 3.02:1 

25-100yr 10.0 4.2 2.23:1 
> 100 yr 13.0 6.8 1.86:1 

 
 
The next step in the evaluation and analyses was the construction of the South Boulder Creek 

basin specific design thunderstorm  footprint for each storm class.  This footprint was developed 

using the standard NWS Office of Hydrology ellipse found in HMR 52, p21, Figure 5 with 
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spatial relationships for the isohyetal bands.  The ellipse is consistent with the thunderstorm 

dimensions presented in Table 9. 

HDR used the observed 25-100-yr storm class areas from Table 8 and calculated the length and 

width axis needed to preserve this area for the STP areas of 1.5 inches or greater.  The HMR 52 

table ellipse relationships were used to determine the 0 to 1.50 inches boundaries but the 

appropriate observed length: width relationship for the storm class was used instead of the 2.5:1 

used by Table 8, p22 in HMR-52. These values can be seen in Table 10.   

 

Table 10 - Length (miles), width (miles) and area (sq mi) values of precipitation band ellipses 
computed for the < 25-yr, 25-yr to 100-yr and > 100-yr Front Range design storm footprints using 

observed average areas. 

Storm 0-1.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
< 25-yr          

L 16.8 11.8 5.6 3.0      
W 5.3 3.7 1.9 1.1      

Area 70 33.96 8.36 2.42      
25-100-yr          

L 14 13 10 6.6 4.25 2.9 2.3   
W 6.8 5.7 4.2 2.9 2.1 1.3 1.1   

Area 74.8 58.04 33.03 15.16 6.95 2.80 1.85   
> 100-yr          

L 23 15 13 11 9 7 5.4 2.5 2.5 
W 12.5 7.7 6.8 5.9 4.8 3.8 2.8 1.4 1.4 

Area 223 92.86 68.20 49.92 33.44 20.99 11.72 2.75 2.75 
 

 

The 6-hr, 25-yr to 100-yr thunderstorm spatial footprint is shown in Figure 19 as calculated using 

GIS-based techniques.  Storm spatial calculations included the entire area and volume of the 

storms both within and without the SBC basin.  The placement of the storm in the basin is 

consistent with storm steering winds and paelo-hyrologic observations.  
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Figure 19 - 6-hr, 25-yr to 100-yr, South Boulder Creek thunderstorm. 

 
The “bulging” of the “new” storm’s spatial and volumetric values is based on observed values 

shown in Tables 8 and 9.  These differences will have an impact in the hydrologic modeling that 

will likely increase the modeled “new” runoff. 

The depth-area relationships for the South Boulder Creek basin specific design thunderstorm are 

shown for the different storm frequencies are shown in Figures 20 and 21 and the rainfall depths 

and area for the SBC basin specific 6-hour, 100-year design thunderstorm are shown in Table 11. 

Table 11 - SBC Basin specific deisgn thunderstorm storm volume rainfall and area. 

Rainfall (inches) Peak Rainfall: 3.89" 
100yr Storm (Acre-Ft) 

Storm Area (Sq Miles) 

0.00" 1919.43 74.57 
0.50" 1783.20 69.32 
1.00" 1640.80 64.30 
1.50" 1342.34 58.16 
2.00" 595.43 33.15 
2.50" 288.95 15.00 
3.00" 129.20 7.41 
3.50" 54.08 2.96 
4.00"   
Total 7,753.43  
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Figure 20 - Comparison of the storm area and precipitation for the various return frequencies of 
the South Boulder Creek basin specific design thunderstorms. 

 
 

 
Figure 21 - Comparison of the rainfall depth ellipses’  storm area and return frequencies of the 

South Boulder Creek basin specific design thunderstorms. 
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Review of values in Table 11 and Figures 20 and 21 support a likely increase in the volume of 
rainfall produced by the hydrologic modeling. However, these changes are all consistent with the 
use of an expanded data set and application of reproducible and objective GIS-based analyses.  

2.4 South Boulder Creek basin specific design thunderstorm temporal distribution  

The temporal distribution of precipitation of the storm data base was determined by plotting the 

5-minute radar reflectivity of each storm’s peak precipitation area as determined using an 

objective GIS analysis of the STP field.  This methodology was described in the Appendix D.  

None of the 50 thunderstorms had a duration that exceeded five hours.  Thus HDR used this 

observational support to use the 6-hr, 100-yr value of 3.89 inches rather than a 24-hr, 100-yr 

storm of 5.09 inches to define the South Boulder Creek basin specific design thunderstorm.   

Thus this approach is consistent with the observed storm duration.  It is inappropriate to extend 

the design thunderstorm beyond 6-hours or use the 24-hr, 100-yr precipitation value of 5.09 

inches.  These observationally driven facts support the dropping of mixed population analyses 

discussed in an earlier technical memo. 

Figure 22 shows a comparison of the temporal distribution of South Boulder Creek basin specific 

design thunderstorms and the UDFCD 6-hr, 100-yr design storm.  The following observations 

can be made: 

 
The UDFCD 6-hr, 100-yr design storm is almost a perfect fit with the 6-hr, < 25-yr thunderstorm 

temporal profile for the first 75 minutes and then approaches the 25-yr to 100-yr curve.. 

The 25-yr to 100-yr and the > 100-yr, 6-hr “new” temporal distributions are similar and are not 

as severe as the UDFCD design storm in dropping precipitation for the first two hours.   
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Comparison of the temporal distributions of the three classes of SDDS Thunderstorms and 
the UDFCD 6-Hour, 100-yr design storm 
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Figure 22 - Comparison of the three classes of South Boulder Creek basin specific design 

thunderstorms and the UDFCD 100-yr thunderstorm temporal distributions 
 
Finally a review of the peak 15-min, storm masses in the 6-hr, 100-yr events for the UDFCD 

design storm and the South Boulder Creek basin specific design thunderstorm is shown in Table 

8. The observationally driven South Boulder Creek basin specific design storm demonstrates a 

less severe increase in precipitation production for its peak 15-min time step (17%) than does the 

UDFCD design storm (32.5%).  The impacts of the more intense temporal distribution in the 

UDFCD storm would likely increase the calculated storm runoff. 

Review of the South Boulder Creek basin specific design thunderstorm data set identified that 

over 75 percent of the storms were observed to become stationary while producing heavy 

rainfall. The temporal distribution of reflectivity, period of peak rainfall and storm motion for 

each of the 28 storm events in the 25-yr to 100-yr return frequency partition was determined.  

Observations indicated that 21 of 28 thunderstorms were stationary and 26 of 28 were moving 

less than 10 mph during the period of heaviest rainfall production.  Thus it was recommended 

that the South Boulder Creek basin specific design storm should be stationary instead of moving 

to remain consistent with the observations. Additionally s stationary storm makes more sense for 

hydrologic modeling.  Both the reviewing agencies and the PREP agreed with this 
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recommendation.  Thus the “new” South Boulder Creek basin specific design thunderstorms will 

be stationary.  

 

2.5 The South Boulder Creek basin specific design 72-hr, 100-yr general storm  

The SBC SDDS general storm development was based primarily on the May 1969 temporal and areal 

distribution of precipitation. Other key factors observed in the 1969 storm were the focus of the 

heaviest precipitation in the basin between the El Dorado gage and Gross Reservoir and snow in 

areas generally above 8,000 feet in the basin. 

 The reviewing agencies requested that the team review recent general storms to verify the 
validity of the 1969 storm’s spatial and temporal coverage.  In response HDR identified and 
evaluated a series of recent events to enhance the general storm design storm characteristics. 

South Boulder Creek basin specific design general storm – spatial coverage of precipitationThe 

1969 storm’s precipitation coverage in the SBC basin was determined by using “rain-bucket” 

survey observations retrieved by the Bureau of Reclamation.  A peak value of 13.01 inches was 

used to “normalize” the other values and produce the percentage spatial coverage shown in 

Figure 23.  The sub-basin with the 100 percent precipitation value denotes the location of this 

peak value.  Note that the heaviest precipitation accumulation during the 1969 event was 

observed in the middle of the South Boulder Creek basin.   

HDR used this precipitation spatial distribution for its “old” general storm SDDS.  Reviewing 
agencies and peers were concerned that the initial general storms design storm relied too heavily 
on one event - the May 1969 event.  HDR accomplished three additional evaluations to 
determine the validity of the 1969 event as a precipitation proxy for hydrologic modeling.  
 
First, a list was made of all general storm events that occurred along the Front Range since 1894. 

HDR found 20 Front Range general storms that produced 4.00 inches or more of precipitation 

since 1894.  The storms are shown in Table 12 partitioned by precipitation amount produced.  

The only storm in this sample of comparable events with useful spatial precipitation data for 

comparison to the 1969 storm was the St. Patrick’s Day storm of 2003. 
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Figure 23-Observed and normalized spatial coverage of precipitation in the South Boulder Creek 

basin during the May 1969 precipitation event. 
 
WSR-88D Doppler radar data became available in 1995 and was available for only the April-

May1999 and March 2003 storms.  Ice in the 1999 event’s clouds “polluted” the radar’s 

precipitation record by producing anomalously high radar estimates of precipitation in a manner 

similar to the previously discussed “hail-rain pollution” problem.  Radar data for the March 2005 

storm was simply “missing” according to NCDC though records show observations were taken 

during the event. Thus conventional analyses of the March 2003 storm were accomplished. 

The second step was the detailed evaluation of the March 2003 storm event. HDR contacted the 

National Weather Service office in Boulder, Colorado, the Colorado State Climatologist office 

and the storm files of the Bureau of Reclamation to obtain precipitation data for the St. Patrick ’s 

Day storms of March 2003.  Efforts to obtain the radar data for the storm have proven fruitless as 

all radar data for March 17-18 is absent from the NCDC radar archive for unexplainable reasons. 

Figure 24 below was created by merging NWS cooperative observer and Colorado State 

Climatologist CoCoRahs precipitation data.  It shows the four-day liquid equivalent of 

precipitation in South Boulder County.  It appears that the 2003 storm conforms to the spatial 

distribution observed during the 1969 storm with the heaviest precipitation accumulation 
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observed in the middle of the basin.  HDR will perform a detailed analysis of the WSR-88D 

radar data when and if it becomes available.  For now, it appears that the 1969 spatial 

distribution will serve as the proxy for “new” general storms SDDS as it did for the “old” storm. 

 
Figure 24 - Total liquid equivalent of precipitation in south Boulder County during the March 17-

20, 2004 St Patrick’s Day snowstorm. 
 

Table 12 shows the observed liquid equivalent of the melted snow from the March 2004 event 

plotted by elevation.  Again the results are supportive of the “old” spatial distribution with the 

heaviest precipitation observed in the middle portion of the basin.  Note that the Lake Eldora site 

value includes snow shower precipitation that spilled over the Continental Divide and is not 

technically “upslope” precipitation.   

 
Table 12 - Precipitation observations from stations in the vicinity of South Boulder Creek for 

the 2003 storm of March 17-21st, 2003. 

Station Elevation Liquid Equivalent Precip. 
Lake Eldora (SNOTEL) 9700’ 7.30” 

Coal Creek Canyon (COOP) 8,950 8.96”* 
CO-BO-75 8,422 5.69” 
CO-BO-62 8,394 6.60” 
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Gross Reservoir (COOP) 7,970 6.32” 
CO-BO-57 7,910 8.17” 
CO-BO-42 5,532 4.93” 
CO-BO-74 5,512 4.63” 

Boulder (COOP) 5,484 4.75” 
* Includes a thunderstorm rainfall on the first day of the event. 

 
Finally, HDR reviewed the precipitation for general storm precipitation events that impacted the 

South Boulder Creek basin since 2000 when UDFCD overhauled and re-calibrated equipment in 

the South Boulder Creek Flood Detection Network.  Additionally, the precipitation observations 

of the CoCoRahs network (Colorado Climate Center network) were used to determine snowfall 

and precipitation amounts.  The sites used in this study are shown in Figure 26. 

Note that the coverage within the South Boulder Creek basin was confined to the lower two-

thirds of the basin.  HDR applied the CoCoRahs and the NWS Cooperative weather observation 

sites to Figure 25 to ”fill in” the upper basin elevation data by inference with the other five 

stations.  A reasonably good pattern resulted that identified the rain-snow line in each event and 

the amount of precipitation that was observed in each of the three sections of the SBC basin.   

 
Only general storms that did not produce thunderstorms were included in the sample to 

determine where the greatest amount of precipitation was reported in the basin and if a rain-snow 

line was evident.  Seven events were found that produced mainly rainfall.  The decision to 

review only rain or rain/snow events for modeling was made so runoff could be generated.  The 

results are shown in Table 13 which refers to the lower, middle and upper basin segments of 

South Boulder Creek’s basin.  The lower basin refers to drainage areas of the watershed below 

the El Dorado gage.  The middle basin refers to the area of the watershed located between the El 

Dorado gage and Gross Reservoir.  The upper basin refers to the basin area above Gross 

Reservoir. The yellow lines approximate the lower, middle and upper portions of the watershed 

to assist the reader. 
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Figure 25 - UDFCD Flood Detection Network gages and National Weather Service Co-Op 

Observation sites used in the SBC general storm precipitation study. 
 
 

Table 13 - Comparison of spatial distribution of precipitation for general storms within South 
Boulder Creek 2001-2005. 

Storm date Lower basin precip. Mid-basin precip Upper basin precip 
 Inches Inches Inches 
April 21-22, 2001 0.20” to 0.30” 0.40” to 0.55” Snow (0.10 to 0.25”) 
April 10-13, 2001 0.25” to 0.35” 0.55” to 1.34” Snow 0.12” to 0.87” 
May 2-5, 2001 1.25” to 2.00” 1.80” to 2.30” Rain/snow 

1.10” to 1.60” 
April 19-21, 2003 0.65” to 1.65” 0.65” to 1.70” Snow 0.50” to 0.75” 
April 8-10, 2004 2.50” to 3.50” 2.00” to 3.00” Snow 0.50” to 1.25” 
April 30, 2004 0.30” to 0.50” 0.25” to 0.45” Snow 0.10” to 0.20” 
April 10, 2005 0.20” to 0.40” Snow 0.10” to 0.20” Snow 0.08” to 0.16” 

 
 
Note that the peak precipitation in the general storms tends to occur in the middle or lower 

portions of the basin for most of the storms.  Snow occurred in the upper portions of the basin for 

six of the seven storms and only once in the middle portion of the basin.   

Given the availability of only one other major general storm’s spatial precipitation distribution 

and its verification of the mid-basin precipitation maximum, HDR will use the initial spatial 
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distribution for the general storm SDDS. The spatial coverage of the general storm uses the value 

of 6.54 inches for the 72-hr, 100-yr general storm SDDS in Figure 26.  The figure shows the 

color coded precipitation amounts over the normalized precipitation distribution that is being 

used in both the “old” and the “new” storms spatial distributions.   

 
Figure 26 - Spatial distribution general storm based by sub-basin expressed as a per cent of the 

peak 72-hr 100-yr value of 6.54 inches. 
 

Thus, it is reasonable to make the assumption that precipitation in the form of snow dominates in 

the upper basin.  The rain-snow line as estimated from upper air observations varied from 

between 7,500 feet and 8,500 feet.  It was decided to the average elevation of 8,000 feet for the 

rain-snow line in the model based on these observations.  Figure 27 shows the rain-snow line 
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adopted for the South Boulder Creek basin specific general storm. 

 

Figure 27 – Location of the rains-now line for the South Boulder Creek basin specific general storm 
 

For the general storm simulations, another temperature gauge was added at 8,000 ft, which had a 

temperature of 32 degrees F.  The effect of this additional temperature station was to cause 

precipitation above 8,000 ft to fall as snow and not contribute to runoff.    

The SBC SDDS general storm development was based primarily on the May 1969 temporal and 

spatial distribution of precipitation.  HDR reviewed the temporal distribution of gages in Boulder 

County for the May 1969 event.  Figure 28 shows the comparison.  The hydro-meteorological 

storm review indicated that the temporal distribution used should include the 100-yr, 24-hr 

precipitation of 5.09 inches in the middle 24 hours of the 72-hour storm and Figure 29 shows the 

resulting  temporal distribution. 
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Temporal Distribution 100-Year General Storm 72-Hour 6.54" and 24-Hour 5.09"
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Figure 28 - Comparison of temporal distribution of precipitation during the May 1969 general 

storm for gages in Boulder County.  
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Figure 29  - Temporal distribution of precipitation for the new SDDS general storm.  
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3.0 SUMMARY 

The development of a Scientifically Defensible Design Storm (SDDS) for South Boulder Creek 

was based on the observations of both local thunderstorms and general storms.  Unlike prior 

design storm studies, use of both radar and surface precipitation observations provided a sound, 

physical description of the SDDS for use in hydrologic modeling. 

The SDDS thunderstorm was based on the use of radar-observed storm characteristics that 

provided innovative spatial and temporal description opportunities.  The resulting spatial and 

volumetric storm footprints provided a physical description of the SDDS thunderstorm that was 

consistent with storm frequency. Additionally, the thunderstorm observations supported a 

stationary storm location over the basin. 

The SDDS general storm benefited from a detailed study of the observed topographic impacts on 

precipitation distribution within general storms that produced either all rain or a rain/snow 

combination.  Historical temporal distributions were used to guide the SDDS general storm 

temporal distribution.  

Finally, the analysis methodology used to describe the SDDS thunderstorm and general storm 

was based on reproducible GIS-based techniques.  These techniques were described in detail and 

may be used to develop new design storm standards.    

 

4.0 TRANSPOSITION OF KEY REGIONAL EXTREME PRECIPITATION EVENTS 

The transposition of key extreme precipitation events over the South Boulder Creek basin is a 

key activity relative to basin calibration and risk assessment. The transposition of extreme 

precipitation events from one basin to another has evolved in discussion and practice in the realm 

of PMP determinations. The transposition techniques used in this project are consistent with the 

state of the PMP practice. 

Three events were transposed into the South Boulder Creek, basin and one event was examined 

in detail. The three transposed events are the 1976 Big Thompson event, the 1938 Genesee 

Mountain event, and the 1997 Fort Collins event. The 1969 precipitation event was digitized so 
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rainfall could be entered into the basin model and a storm mass curve imposed on the temporal 

rain distribution. 

The key events were transposed over the South Boulder Creek basin using two storm 

transposition techniques for site-specific, Probable Maximum (SSPMP) extreme precipitation 

event transpositions. The two transposition techniques are: 

An objective GIS-technique used to produce quantitative adjustments to the extreme rainfall 

pattern based on the elevation differences of the two basins 

A unique relationship of the surface isohyetal pattern to the upper level storm steering winds and 

sub-cloud layer winds that bring moisture into the storm used to orient the rainfall pattern in the 

basin 

An objective GIS technique is used to produce quantitative adjustments to the extreme rainfall 

pattern of the historical event based on the elevation differences of the two basins. SSPMP 

transposition considerations include increasing/decreasing the event precipitation by + 9 percent 

for every 1,000-foot decrease/increase in elevation. This elevation relationship to rainfall was 

developed by the National Weather Service and is discussed in detail in HMR-57 (1994). The 

procedure has been used in developing PMP values throughout the world for transposing 

extreme precipitation events from one basin to another basin. The transposition of the 1976 Big 

Thompson Flash Flood and the 1997 Fort Collins Flash Flood both qualify as extreme 

precipitation events as defined by the Colorado Climate Center report on Extreme Precipitation 

(1997). 

The methodology used was as follows. GIS was used to digitize the historical precipitation 

pattern and a rainfall amount (R1) and elevation (z1) were calculated for each GIS grid cell. The 

historical pattern (R1) was then placed over the South Boulder Creek basin (z2) using the sub-

cloud winds as a guide to placement. 

The equation used for the precipitation adjustment is listed below: 

(1.00 + [z1 – z2/1,000 feet x 0.08]) R1 = R2 

GIS determined the precipitation amount and elevation of the historical rainfall pattern isohyetal 

pattern in 1-inch increments. This pattern was then transposed over the South Boulder Creek 
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basin, adjusted for the wind inflow patterns, and then elevation-adjusted by GIS calculation, 

resulting in a new storm rainfall pattern. 

The middle portion of the South Boulder Creek basin favors winds from a direction of 110 

degrees The sub-cloud level winds for the Fort Collins 1997 event and the Big Thompson 1976 

event were both blowing from 120 to 130 degrees. Thus, minimal rotation of the historical 

rainfall patterns of these two events is needed, and the placement of the two storms is favored 

along the middle of the basin lined up with the low-level wind fetch direction. 

Figure 28 shows the basic relationship of the sub-cloud to cloud-layer winds for Colorado 

extreme precipitation events. This relationship was developed as part of the meteorological 

analyses performed during the Cherry Creek SSPMP study (AWA, 2004). It was judged as an 

acceptable technique that enhanced the “physically possible” part of the PMP definition. The red 

arrow identifies the low-level wind source that feeds moist winds into the storm updraft that are 

used to produce heavy rainfall. The Cherry Creek study demonstrated that the low-level winds 

for all eastern Colorado extreme events were from the east (090 degrees) to southeast (130 

degrees) in direction. 

The black arrow on Figure 30 signifies the upper-level wind direction that is blowing within the 

cloud layer. These winds steer the direction of motion of the storm and act to align the major axis 

of the rainfall’s isohyetal pattern shown in the green lines. The variation of the precipitation 

pattern’s major axis to the cloud layer winds was +10 degrees. The cloud layer wind direction 

varied considerably in eastern Colorado extreme precipitation events. However, the following 

key characteristics were found to exist for all extreme precipitation events: 

Axis of precipitation isohyetal pattern aligns itself +10 degrees of the cloud layer wind direction. 

The sub-cloud layer winds were located within an envelope of 40 to 90 degrees to the right of the 

cloud-layer winds. 

The ratio of the surface to 20,000-foot perceptible water index was approximately 15:1. 

Because the South Boulder Creek basin is open to winds from 110 to 130 degrees, the Big 

Thompson rainfall pattern was not rotated “to fit the basin.” In this way, the meteorology that 

produced the pattern was preserved. In some cases, an alignment adjustment could reduce the 
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basin rain amounts. However, the South Boulder Creek basin naturally supports the intrusion of 

moist plains air to develop strong thunderstorm rainfall. 

 

 

Figure 30: Relationship of the Sub-cloud and Cloud Layer Winds for Extreme Precipitation Events 
in Eastern Colorado and along the Front Range Foothills. 

4.1 Big Thompson, July 31, 1976 Flash Flood 

The deadly flash flood of July 31, 1976, in the Big Thompson Canyon of Larimer County 

occurred just 45 miles north of South Boulder Creek and its watershed. The flash flood produced 

10 to 14 estimated inches of rain in less than 6 hours and killed 145 people as it swept down the 

canyons. This flood provided the motivation for the development of the Boulder County FDN to 

give its citizens and communities advance warning of an impending flood like the Big 

Thompson. 

This storm has been studied extensively and much is known about the storm and its runoff 

characteristics. Figure 31 shows a schematic of the storm over the Big Thompson basin on the left 
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and an actual photo of the developing Big Thompson storm before sunset on the right. Note that 

the vertical wind profile is shown on the right with strong 20- to 40-mph winds near the surface 

feeding moist air into the storm and light south winds in the cloud layer. The strong east-

southeast winds in the sub-cloud layer “anchored” the storm’s precipitation production core over 

the middle portion of the Big Thompson River basin. These east-southeast winds flowed up the 

canyon from Lyons to Estes Park in a fetch that is similar to the southeast-preferred fetch found 

in the South Boulder Creek basin. This similarity of the topography provides a physically based 

opportunity for a storm like Big Thompson to occur in some form in the South Boulder Creek 

basin. 

Figure 31: Actual Photo and Schematic of the Big Thompson Flash Flood Storm 
Figure 32 shows the estimated storm mass curve for the Glen Comfort storm center of the Big 

Thompson storm as calculated by the Colorado Geological Survey. Close inspection of this 

storm mass curve shows that more than 70 percent of the rainfall fell between 7:00 p.m. and 9:30 

p.m. on July 31, 1976. This storm mass curve was used for basin modeling of runoff.  
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Figure 32: Storm Mass Curve of the Big Thompson Flash Flood of July 31, 1976 

 

Figure 33 shows the transposed precipitation pattern created by the application of a GIS 

digitization scheme. The storm’s isohyetal pattern was critically centered over the middle of the 

South Boulder Creek basin using the low-level inflow wind direction, the axis of the cloud-layer 

winds, and paleoflood hydrology observations as placement tools. This precipitation pattern will 

be used in the runoff modeling task later in the project. The blue-shaded precipitation maximum 

located in the middle South Boulder Creek basin represents a 10- to 12-inch rainfall amount. The 

return frequency of this event is well over a 10,000-year, 6-hour event. In all likelihood, South 

Boulder Creek would not face such an event in anyone’s lifetime; however, the event will be 

considered in the risk assessment portion of the study as a high-end event possibility. 
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Figure 33: Transposed Big Thompson Flash Flood of July 31, 1976, to South Boulder Creek Basin 

 

4.2 The Fort Collins Flood of July 28, 1997 

Front Range communities were given a rude awakening on July 28, 1997, when the City of Fort 

Collins, 45 miles north of Boulder, experienced a flash flood that killed 5 people in and along 

Spring Creek. The flash flood was part of a very wet 36-hour period that saw 10 to 14 inches of 

rain accumulate over the western portions of Fort Collins. The flash flood was caused by a burst 

of thunderstorm rainfall of 6 to 10 inches over a 5-hour period on soil that was already saturated 

by prior rains. This event has been estimated to exceed a 500-year, 24-hour return frequency. 

The Fort Collins storm was transposed over the lower portion of the South Boulder Creek basin 

in keeping with its occurrence at lower elevations. Figure 34 shows the storm mass curve, and 

Figure 35 shows the associated rainfall pattern of the Fort Collins storm as determined by the 

CCC. 
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1997 Fort Collins Storm Curve
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Figure 34: Fort Collins July 28, 1997, Storm Mass Curve 

 

 
Figure 35: Fort Collins Isohyetal Pattern 
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The transposed Fort Collins event is placed over the lower third of the South Boulder Creek 

basin in keeping with the original storm’s elevation of occurrence and is shown on Figure 36. 

Repeated storm development off the Flat Irons brings a series of thunderstorms producing heavy 

rainfall over the same location in what is figuratively called a storm “train-echo” effect. The lack 

of moderate to heavy rainfall (blue color tones) over the upper two-thirds of the basin is 

consistent with event observations in Fort Collins. The heavier rainfall (blue tones) falls over the 

lower-populated area of the basin near Highway 36 with amounts of 8 to 12 inches in a 4 to 6 

hour period. 

 

 
Figure 36: Transposed Fort Collins July 28, 1997, Isohyetal Pattern 

 

The occurrence of the Fort Collins flash flood led to a re-evaluation of the City of Fort Collins 

floodplains and a recalculation of city rainfall return frequencies. The ensuing political 

implications of this event in Fort Collins are still being resolved, but the storm detection, 

prediction, and response capabilities have been significantly enhanced. 
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4.3 Comments on the Importance of the Transpositions 

Both the 1969 general storm and the 1938 Eldorado Springs storm are considered to be extreme 

precipitation events by the CCC and the Colorado State Engineer’s Office. These storms are 

included within the Extreme Precipitation Climatology study storm list and are regularly 

considered in the development of most Front Range SSPMP studies. 

Both the 1938 and 1969 storms contributed to our development of general storm and 

thunderstorm design storms for use in the modeling tasks. The South Boulder Creek basin has 

experienced these two significant flood events in the past 66 years but has not experienced a 

series of more normal lesser flooding events as would be expected. 

The lack of these lesser events suggests that either the orientation of the basin to low-level 

winds, topographic influence on storm development, or some measure of both may play an 

important and, possibly, controlling role in the formation, intensity, and frequency of storms 

within the basin. Although not as prone to flooding from heavy general rains as the Boulder 

Creek basin, the South Boulder Creek basin is still more exposed to the occurrence of heavy 

general rains with prevailing easterly to northeasterly upslope winds than to the southeasterly 

winds needed to support a strong thunderstorm rainfall such as the 1938 Eldorado Springs event. 

The transposition of both the 500-year+ Fort Collins Flood storm and the 10,000-year+ Big 

Thompson storm to the South Boulder Creek basin represent rare but physically possible storm 

scenarios that will be included in the risk assessment of the basin and the modeling tasks. The 

lack of paleoflood hydrology evidence of such catastrophic flooding events to this point does not 

negate the chance that it could happen. The occurrence of the major flooding event on South 

Boulder Creek during the rare September 2, 1938, heavy thunderstorm outbreak supports the 

contention that a severe flooding event from thunderstorms is physically possible on South 

Boulder Creek. 

5.0 APPLICATIONS OF THE SDDS AND STORM TRANSPOSITION TO 

HYDROLOGY TASKS 

The prior sections of this report described the development of scientifically defensible set of 

processes used to develop a climatology of flooding events in South Boulder Creek. This 
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climatology indicated that both thunderstorm and general storms were associated with flooding 

events in SBC.   

The next step involved the updating of the return frequencies of precipitation at the Boulder rain 

gage. Evaluation of the gage data indicated the need for a partial duration series evaluation of 

rain gages in the SBC basin. Analysis of the Hawthorne and Gross Reservoir gages developed 

updated SBC values of the 6-hr, 100-yr (thunderstorm) and the 24-hr and 72-hr 100-yr (general 

storm) precipitation events.  These values were used in modeling of the design storm runoff and 

the floodplain delineation. 

Radar-derived rainfall for the July 1998 and the August 1999 thunderstorm events was used to 

calibrate runoff for the SBC basin model.  Additionally, the model was calibrated using the 1969 

general storm event and its observed runoff.  The final step in the climatology tasks was to 

quantify the spatial, temporal, intensity and volumetric descriptions of the 6-hr, 100-yr SDDS 

thunderstorm.  

An evaluation of fifty thunderstorms was evaluated using a reproducible GIS-based methodology 

to provide time-stepped rainfall volume for the SBC basin and its sub-basins. Similarly, an 

evaluation was done of seven general storms to validate the spatial distribution of general storm 

rainfall with the maximum rainfall in the middle of the basin. A temporal distribution of the 

SDDS general storm rainfall was based on the validated 1969 event model. Finally, a 

transposition of the 1976 Big Thompson, 1997 Fort Collins, the 1938 Genesse Mountain and the 

1969 general storm event was completed that included the development of spatial and temporal 

distributions of precipitation ready for input into the calibrated basin model. 
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6.0 HYDROLOGY SUMMARY REPORT 

6.1 Overview 

The South Boulder Creek basin is unusual among those in the Denver/Boulder metropolitan area. 

It is one of the few that extends up to the continental divide and flows through a highly urbanized 

metropolitan area. As such, the hydrologic response of the basin is not easily characterized by 

conventional approaches. The citizens of Boulder recognized this when they suggested that a 

new and different approach was necessary to fully understand the flood hazard along South 

Boulder Creek. This study was commissioned to develop the most scientifically defensible 

floodplain delineation using state of the art hydrologic tools balanced against a careful 

investigation of the recorded and physical record of floods within the basin. 

To accomplish this objective, the City developed a scope of services for the hydrologic 

evaluation that was built upon several different approaches. The approach employs a 

comprehensive computer model to simulate basin response under a variety of conditions. In this 

way, the approach is similar to many other studies used in the area. However, the level of 

attention given to assuring that the model reflects basin conditions accurately is well beyond that 

of conventional flood studies. Further, the study relies heavily on several other approaches to 

estimate peak flood flows. These other methodologies lack the flexibility necessary to evaluate 

flood hazard at several places within the watershed and under various conditions; however, they 

offer estimates that are based on physical observations of flood in the watershed. These provide 

an important point against which the computer model can be measured and offer data that can be 

used to improve the ability of the computer model to replicate actual watershed conditions. 

Finally, this study departs from traditional studies in one other important way: it 

comprehensively incorporates the impacts of floodplain storage in the floodplain delineation 

process. The simulation of floodplain storage in a watershed such as South Boulder Creek is 

important, but extremely difficult to do. Most studies do include large flood control facilities or 

other impoundments such as Gross Reservoir that may affect peak flow. These have been 

incorporated herein. However, the simulation of ponding behind roadway and railroad 

embankments, the storage seen in broad floodplains through agricultural or open space areas, or 

the diversion of flows into irrigation ditches is seldom included in studies of this nature. The 

effort is extreme and the data is often lacking. This study does incorporate these effects as part of 
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the detailed floodplain hydraulic simulations where ponding and backwater impacts are included. 

That process is described in great detail in the Hydraulics Summary Report but the impacts on 

flood peaks are also reported in this document. 

Together, the level of effort made to assure that the hydrologic computer model represents real 

watershed responses, along with the incorporation of the effects of floodplain storage, make this 

study one that represents a scientifically defensible approach with higher resolution, detail and 

verification than any other study devoted to South Boulder Creek. 

6.2 Hydrologic Analyses 

Hydrologic analyses generally fall into two broad categories; gaged and ungaged. Gaged 

analyses rely on recorded flow information to provide a statistical estimate of watershed 

response. If given records of sufficient duration and reliability, these represent the most 

defensible measures of basin response and provide the most reliable estimate of flood flows. 

Unfortunately, they don’t provide a direct measure of the timing of the basin response to rainfall. 

Therefore, they estimate only storm peaks and volumes, but not the shape of the runoff 

hydrograph. They are also of limited value when points of hydrologic interest are at locations 

other than the stream gage. 

Ungaged analyses generally rely on tools that replicate basin response and use characteristic 

features of watersheds to provide estimates of flood flows. They may be based on regional 

stream gage networks, or merely on discrete parameters such as land use and rainfall to simulate 

flows. When using regional gage networks, they provide some measure of actual response of 

regional basins, but lack the specificity often needed for a particular basin. They do allow the 

estimation of flows at many points of hydrologic interest. They also provide only estimates of 

peak flow and do not predict runoff volumes or hydrograph shapes.  

Another approach that doesn’t rely on gage data directly is a paleoflood analysis. Herein, 

physical indicators of floods are used to estimate peak flows and a discharge probability 

relationship. These provide the flexibility of determining flows at many locations within a 

watershed but lack the reliability of measured peak flows or volumes.  

A very common ungaged method is to develop a rainfall-runoff model. These use characteristic 

basin parameters, in combination with rainfall estimates, to generate runoff within the basin. 
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They enable the prediction of peak flows, volumes and full hydrographs at any point of 

hydrologic interest and are very powerful analytical tools. However, they don’t directly use or 

reflect measured gage data and therefore don’t necessarily reproduce basin conditions absolutely. 

For the South Boulder Creek study, several approaches (both gaged and ungaged) were used and 

incorporated into a comprehensive flood prediction tool. In this way, each was able to be 

compared against the others and a suite of methods available to maximize the City’s 

understanding of flooding in South Boulder Creek. 

6.3 Stream Gage Analysis 

The stream gage analysis on South Boulder Creek provides the best understanding of how the 

basin actually responds. Unfortunately, the only recording stream gage in the basin with an 

adequate record for evaluation is at Eldorado Springs, located above the mouth of the South 

Boulder Creek canyon. Because the primary flood hazard lies in the lower valley, the value of a 

detailed analysis at the gage is limited. However, it does provide an important point to validate 

the results of the other evaluations. 

6.3.1 Historic Eldorado Springs Gage Record 

The Eldorado Springs Gage was installed in 1888 and recorded peak flows continuously through 

1995. This extraordinary record provides a solid foundation on which to develop a reliable 

stream flow analysis. The physical character of the watershed above the gage was generally 

unchanged from the gage’s inception in 1888 until 1937 when the Moffat Tunnel construction 

was completed. Between 1937 and 1954 the gage recorded runoff that included inflows from the 

Moffat Tunnel and diversions into the South Boulder Creek Diversion Canal. After the 

construction of Gross Reservoir in 1955, the gage continued to record flows, albeit from a 

significantly altered watershed. After reviewing the available data, it was concluded that the 

record between 1937 and 1954 could be adjusted to provide a synthesized record that represented 

virgin basin conditions. The available record of data after 1955 proved to be insufficient to 

credibly ascertain virgin basin flows. As such, the flow data after 1955 was excluded from 

further consideration. Nevertheless, the use of a relatively unaltered gage record from 1888 to 

1954 provided a substantial duration record that allows the reliable estimation of a discharge 

probability relationship from the watershed. 
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6.3.2 Flood Frequency Analysis 

The process used to perform the statistical analysis is based on the methodologies described in 

Guidelines for Determining Flood Flow Frequency, Bulletin 17B (USGS 1982) and in the US 

Army Corps of Engineers’ (USACE) HEC-Flood Frequency Analysis (FFA) program and is 

reported in more detail in Appendix E-STATISTICAL STREAM GAGE ANALYSES. This 

methodology analyzes the annual peak flows and generates an estimate of the peak flows 

associated with certain specified probabilities. The method was also applied to generate an 

estimate of flood volumes with the same specified probabilities. 

For South Boulder Creek, the stream gage provided a good record of flood peak and daily flood 

volumes were also captured. In addition to using annual peaks and volumes recorded at the 

stream gage, the methodology also requires the input of a skew coefficient. This coefficient 

adjusts the standard probability distribution to reflect local and regional hydrologic conditions 

reflected in the gage. For the purpose of the South Boulder Creek analysis, the methodology 

directed the use of the station skew because it differed rather significantly from a more generic 

regional value published in Bulletin 17B. 

6.3.3 Gage Results 

The statistical foundation of the FFA method also provides enough information to assign 

confidence limits to the peak flow and volume estimates. These represent the random nature of 

the stream gage record and allow the prediction of peak flows and volumes that have a 90% 

chance of occurring at the specified probability. This confidence band represents that there is a 

90% probability that the actual discharge and volume for a given recurrence interval is within 

this band. This is an important range in that it reflects the reliability of the gage record and 

enables the comparison of other prediction methods against actual recorded observations. Figure 

37 and 38 presents the results of the FFA analysis of the Eldorado Springs gage for both peak 

flows and volumes for a range of probabilities. 
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Flood Frequency Results
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Figure 37 - FFA Analysis of Eldorado Springs – Flow Rate 
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Figure 38 - FFA Analysis of Eldorado Springs - Volume 

The key results of this analysis are also provided in a tabular form as Table 15. 
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Table 15 - Flood Frequency Analysis Flow Rate Summary. 

Discharge and 
Volume 2-Year 5-Year 10-Year 20-Year 50-Year 100-Year 200-Year 500-Year

FFA Peak Flow (cfs) 550 952 1360 1910 2910 3970 5360 7930 
FFA  Peak Flow 
Upper Confidence 
Limits (cfs) 

623 1110 1650 2420 3940 5640 8010 12600 

FFA  Peak Flow 
Lower Confidence 
Limits (cfs) 

484 835 1170 1580 2310 3040 3960 5590 

FFA Volume 
(million cubic feet) 38.2 56.7 69.5 81.9 98.5 111.5 123.6 141.7 

FFA  Volume Upper 
Confidence Limit 
(million cubic feet) 

42.4 64.9 81.5 98.5 121.8 140.0 159.0 184.9 

FFA Volume Lower 
Confidence Limit 
(million cubic feet) 

34.3 50.5 61.1 70.9 83.6 93.3 102.8 114.9 

 

6.3.4 Comparisons to Past Study Results 

The stream gage analysis is one of the few true measures of hydrologic performance of the 

watershed. Given the reliability and duration of record of the gage, it can be assumed to reflect 

real conditions. It also provides a useful comparison against past studies to establish some basis 

for predictive reliability. Since the regulatory focus of this and other floodplain studies is 

generally the 100-year flood, a comparison to the estimated peak 100-year flow estimates was 

deemed to be of value. The results of this comparison are presented in Table 16. Herein a 

number of previous studies are compared to the predicted 100-year peak flow at the stream gage 

and to the flows estimated to be the bands of the 90% confidence limits. 

Table 16 - Eldorado Springs Flow Rate Summary. 

Predicted 100-Year Discharge 100-Year (cfs) 
FFA Peak Flow 3970 
FFA Peak Flow Upper Confidence Limit 5640 
FFA Peak Flow Lower Confidence Limit 3040 
Greenhorne & Omara (1986) 4800 
R.W. Beck & Associates (1973) 4300 
USA Army Corps of Engineers (1969) 5000 
Taggart Engineering Associates (2000) 7880 
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As this table indicates, there is substantial disagreement between the peak flow estimates at the 

stream gage with this study having the lowest estimate. Earlier estimates by the study team, 

using the regional skew, generated even lower estimates. While all hydrologic estimates are just 

that – estimates, the reliance on the stream gage to generate estimates of flow at the stream gage 

is unique to this study. All other estimates have been derived from a mathematical model. This 

study also relies on a mathematical model for ultimate floodplain delineation, but it also assures 

that the results are consistent with the gage record. In this way, this study represents a substantial 

departure from the prevailing standard of practice. 

6.4 Paleoflood Analysis 

A paleoflood hydrology analysis is one that investigates the physical evidence of large floods 

and produces an estimate of the timing and magnitude of events within the watershed. This 

information is used to assess the spatial distribution of large storms and resulting floods and to 

provide a physically based estimate of the maximum flows likely to be generated by storms in 

the watershed. The USGS has been a leader in developing this methodology. Senior scientists 

within USGS performed paleoflood evaluations of the South Boulder Creek watershed and 

provided preliminary interpretations of their findings. Unfortunately, no published reports of this 

work have been produced; however an early presentation describing the process and the 

preliminary findings is included as Appendix F-PALEOFLOOD ANALYSIS. 

The methodology is based on finding physical evidence of past flood flows using those to 

estimate flood peaks. Investigators visit the watershed and define cross sections that represent 

characteristic channel sections. These locations must be stable, in portions of the watershed that 

are relatively virgin and must not show evidence of man made changes such as channel 

improvements or bank stabilization. Once suitable cross sections are identified the sites are 

visited and physical surveys are conducted to identify evidence of high water lines that reflect 

past flood events. At each of these levels of previous inundation, paleographic evidence is 

collected such as soil materials, vegetative character or types and ages of deposits. This 

information is used to establish approximate ages of the various high water lines. Concurrently, 

peak flow rates are estimated for each of the measured high water surfaces using normal depth 

hydraulic computations. In combination, the two measures, flow rate and approximate age, allow 
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the paleoflood investigators to reconstruct the discharge probability relationship at a particular 

location. 

While in the field, the investigators also establish the non-inundation surface. This is an 

important value in that it defines the level above which there is no evidence of flooding. This too 

is an important number in that, when used to simulate a discharge estimate, establishes a 

probable maximum flow rate at that location. This is an important number to help validate peak 

flow estimates using other methodologies. 

6.4.1 Unpublished Paleoflood Evaluation Results 

While the work of USGS has not yet been published, important findings were shared with the 

study team and the public. While these findings are subject to change, they represent important 

information that helps guild the knowledge base of flood response of South Boulder Creek. 

The first finding reported is a summary of the locations at which the highest runoff rates were 

reported. The study found that peak runoff rates were highest in the subbasins just downstream 

of Gross Reservoir to those just before South Boulder Creek exits Eldorado Canyon. Here there 

is widespread evidence of severe flooding. Farther upstream, between Gross Reservoir and 

Rollinsville, there is evidence of modest flooding resulting from snowmelt and rainfall, but little 

extreme threat. Above Rollinsville there is only evidence of snowmelt runoff and little flooding. 

Unfortunately, the areas below the mouth of the canyon are disturbed by activities such as 

agriculture, road building and urban development and were not well suited to paleoflood 

analyses. 

The study also provided important data that was used to supplement the gage record at Eldorado 

Springs. Cross sections near the gage were used to conduct paleoflood evaluations and the 

resulting peak flows were combined with the gage record to provide an amended estimate. The 

results of the this work are summarized in Figure 39 which updates the discharge probability 

curve at the Eldorado Springs gage using the paleoflood information. 

The paleoflood analysis results prepared for South Boulder Creek were considered in this study.  

They provided important information regarding historic basin response and enabled the team to 

validate the general location of the highest intensity rainfall and highest instantaneous runoff 

within the basin.  It also provided important confirmation regarding the relatively low runoff 
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from the upper portions of the watershed.  Finally, the paleoflood enhanced stream gage record 

provided confirmation of the predicted flood flows developed using the statistical evaluations at 

the gage. 
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Figure 39 - Paleoflood Flow Estimates 
 

6.5 Regional Regression Analysis 

Regional regression analyses are a derivative of a statistical analysis of a stream gage. They rely 

on the use of a series of equations that are developed based on an analysis of several stream 

gages in a geographic area. The equations use a few variables representing watershed 

characteristics to estimate peak flows within a watershed. The value of these methods is that they 

can be applied to basins without gages or at locations within a gaged basin that are not measured 

by the gage. Because they synthesize several regional gages into the equations, they often lack 

the ability to accurately reflect conditions in a particular watershed. Nevertheless, they are useful 

in providing an indicator of expected flow rates. 
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The South Boulder Creek study used several regional regression equations to estimate peak 

flows within South Boulder Creek. The intent of these evaluations was to validate the predictions 

of peak flow at the gage using FFA and, if they were determined to reliably predict flows along 

South Boulder Creek, to facilitate the estimation of peak flows at other locations within the 

watershed. The study used three regional regression equations: one developed by the US 

Geologic Survey (USGS, 2000), another by the Colorado Water Conservation Board (CWCB, 

1999), and a final one published by Jarrett and Costa (Jarrett and Costa, 1988). Details of the 

application of these methods are described in Appendix E- STATISTICAL STREAM GAGE 

ANALYSES. 

6.5.1 Available Methodologies 

The USGS regression equations divide the state into five regions. South Boulder Creek falls into 

both the Plains Region and the Mountain Region. The application of the equations in such a case 

is not explicitly described, however discussions with several regulatory agencies led to the 

application as described in the Appendix. The methodology requires the estimation of drainage 

basin area and mean basin slope and uses those in empirically derived equations to estimate peak 

flows. Upon review, FEMA suggested an alternative approach to estimating flows. The 

watershed at the stream gage was analyzed for a range of recurrence intervals using both the 

documented methodologies and those recommended by FEMA. 

The Colorado Water Conservation Board (CWCB) also developed a series of regression 

equations for each of several drainage basins using only area as a computational variable. South 

Boulder Creek falls within the South Platte River Basin. They further subdivide the equations 

into a Mountains and a Central Foothills Region. South Boulder Creek is largely in the Mountain 

Region even though the gage location at Eldorado Springs is within the Central Foothills Region. 

Here again, the documentation provided by CWCB prescribes a procedure to address those 

basins that fall within two regions. Upon review, FEMA suggested an alternative approach to 

estimating flows. The watershed at the stream gage was analyzed for the 100-year flood using 

both the documented methodologies and those recommended by FEMA. 

One final regression method was employed. This methodology was developed by Jarrett and 

Costa of the USGS and is entitled Evaluation of the Flood Hydrology in the Colorado Front 

Range Using Precipitation, Streamflow and Paleoflood Data for the Big Thompson River Basin 
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(Jarrett and Costa, 1988). This approach uses only the area of the watershed below 8000 feet as 

the computational variable but allows the computation of flows for a variety of recurrence 

intervals. Since the equations are more broadly derived, the application of the method does not 

require the synthesis of two regions. 

6.5.2 Regression Equation Evaluation Results 

The various regional regression equations produced a range of results that are presented in Figure 

40. 
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Figure 40 - Regression Equation Results 
 

6.6 Summary of Flow Rate Estimates 

To simplify future comparison of the rainfall runoff modeling with the other gaged and ungaged 

analyses performed for South Boulder Creek, Table 17 has been prepared. This table presents 

the results of the various studies undertaken to determine reasonable peak flow estimates at the 

Eldorado Springs gage. 
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Table 17 - Peak Flow Summary 

Return 
Period 

FFA  
(cfs) 

USGS 
(cfs) 

RECALCULATED 
USGS (CFS) 

CWCB 
(cfs) 

RECALCULATE
D CWCB (CFS) 

JARRET AND 
COSTA (cfs) 

2 550 141 567 NA NA 193 
5 952 561 914 NA NA NA 

10 1360 1050 1217 NA NA 846 
20 1910 NA NA NA NA NA 
25 NA 2060 1707 NA NA NA 
50 2910 3140 2159 NA NA 2187 

100 3970 4570 2711 4590 2573 3101 
200 5360 6420 3370 NA NA NA 
500 7930 9630 4434 NA NA 6438 

 

6.7 Rainfall/Runoff Modeling 

The most versatile method of estimating runoff from the watershed is the use of a computer 

model that simulates the hydrologic processes in the watershed using a series of mathematical 

computations. It provides the flexibility to estimate discharges at locations within the watershed 

for which there is no measured stream flow and at locations that have been sufficiently disturbed 

to preclude the use of paleoflood methods.  

6.7.1 Overall Modeling Approach 

To be reliable for use in this study, the hydrologic model was accorded extraordinary attention. 

In addition to being carefully developed using sophisticated mathematical algorithms, it was also 

calibrated to a number of recorded events to ensure that it realistically reflected the watershed 

response to actual storm events. The results of the model were compared with the paleoflood 

investigation, the stream gage analysis and the regression equations to further ensure that the 

results predicted by the model are consistent with the physical evidence of floods observed in the 

watershed. 

With the appropriate attention to model development, the model can then be refined to reflect 

changes in the watershed. For example, runoff is profoundly affected by changes in soil moisture 

that might result from differing irrigation practices. The model enables the simulation of 

conditions at different times of the year (e.g. irrigating season versus non-irrigation season). This 

flexibility is important to better understand the impacts of some fundamental assumptions. 
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Equally important, it will allow the use of this tool for future mitigation studies to assess the 

impacts of various flood control measures. 

The model also provides estimates of runoff at several locations of interest within the watershed 

for a variety of storm events. This important capability expands the useful estimation of flows 

beyond a single point to the entire watershed. Flows can now be estimated at any location within 

the watershed with the same reliability that flows are predicted at the stream gage. 

Finally, and perhaps most critically in the South Boulder Creek watershed, the computer model 

generates a full hydrograph. That is it provides more than just an estimate of the peak flow. It 

also provides the flow rate over an entire flood event so that an estimate of the rise and fall of the 

flood peak is provided. This provides information on the total volume of the runoff and it allows 

tributary watersheds to be added to the mainstem flows. This powerful capability is at the heart 

of this study. It provides the necessary information to fully understand the origin and extent of 

floods and it can be linked to a floodplain hydraulic model that simulates the movement of the 

entire flood wave across the floodplain, capturing the impacts of flow splits and floodplain 

storage with greater clarity than ever before. 

6.7.2 MIKE 11 Computer Model 

The MIKE 11 computer model was used for hydrologic evaluations. MIKE 11 is a conceptual 

model in that it represents the watershed with a series of subbasins each represented by basin 

specific topography, soils and ground cover. The model applies rainfall to each subbasin, 

computes losses resulting from vegetation evapotranspiration and infiltration, and estimates the 

water reaching the stream through a combination of surface flows and baseflows. 

The model combines the runoff from various subbasins to generate a complete representation of 

flow in the overall watershed. Flow is combined and routed down the channel in a series of 

channel segments each defined by specific cross sectional geometry, longitudinal channel slope, 

and surface roughness. 

MIKE 11 has been widely used within the United States and around the world. It has been 

approved by FEMA for use in developing hydrology for floodplain studies as part of the 

National Flood Insurance Program as noted on FEMA’s web site 

(http://www.fema.gov/plan/prevent/fhm/en_hydro.shtm). Appendix G-MIKE 11 MODEL 
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DOCUMENTATION presents a detailed description of the model, including detailed 

descriptions of the algorithms used and how input is assembled and formatted. 

The MIKE 11 computer model is a part of an even more comprehensive package called MIKE 

FLOOD. MIKE FLOOD uses the information developed in the MIKE 11 model and combines it 

with a sophisticated two dimensional floodplain model (MIKE 21) to provide a detailed 

representation of the watershed reflecting where water is generated, how it travels down well 

defined channels, and how it move out of the channel and across the broad floodplain. Flows 

move down the channel and are attenuated as a result of hydraulic features within the channel. 

The MIKE 11 model accounts for channel backwater and other localized phenomena, but can’t 

represent floodplain storage. However, the impacts of floodplain storage are obvious along South 

Boulder Creek and will be addressed within the MIKE 21 model that has the capability to 

simulate these conditions.  

The MIKE 11 model presents the baseline hydrology and provides the starting point for 

hydrologic evaluations. The flood flow estimates that reflect floodplain storage will be presented 

later in the hydrologic summary. 

6.7.3 Model Development 

The MIKE 11 Rainfall Runoff model is a conceptual representation of the land phase of the 

hydrologic cycle. The set of equations that comprise the numerical engine continuously 

simulates overland flow (surface runoff), baseflow, and interflow as a function of the relative 

moisture contents in four interrelated storage zones: snow storage, surface storage, lower storage, 

and groundwater storage. Interflow is subsurface flow that occurs in an unsaturated soil zone. 

Interflow becomes a part of stream flow, but has a slower response time than overland flow. 

Base flow is subsurface flow contributed by groundwater under high groundwater table 

conditions. Moisture is added as precipitation, and can be removed from the system as a 

simulated outflow, evapotranspirative losses or through transfer to a groundwater storage zone.  

The following sections will briefly describe the development of the hydrologic model and key 

input parameters, however an exhaustive discussion on the model algorithms and the specific 

implications of every particular input has been provided in Appendix H-HYDROLOGIC 

MODEL DEVELOPMENT. 
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6.7.4 Basin Delineation 

The South Boulder Creek watershed was delineated into 27 sub-basins, with 8 sub-basins 

upstream of Gross Reservoir and 19 downstream of Gross Reservoir. The sub-basin delineation 

considered stream gage locations, paleoflood information, watershed topography, and historical 

rainfall distribution patterns. As a first iteration in the delineation process, the watershed was 

delineated into 10 sub-basins based on the location of stream gages and existing paleoflood 

information. The set of 10 sub-basins was further refined using the watershed topography so that 

sub-basins followed natural hydrologic breaklines. After reviewing the sub-basin delineation in 

conjunction with the results of the paleoflood investigation, it was noted that some of the 

identified localized high runoff areas might not be effectively captured at the existing sub-basin 

resolution. The sub-basins downstream of Gross Reservoir were further delineated so that local 

extreme events would be captured and described within a single sub-basin. Figure 41 shows the 

sub-basin delineations used for the hydrologic modeling. Table 18 displays the sub-basin 

characteristics. 

 

 

 

 

 

 

 

 

Figure 41 - Sub-Basin Delineations. 
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This sub-basin delineation provides adequate detail for a conceptually based model such as the 

MIKE 11 rainfall runoff model. In a lumped conceptual model, the sub-basin response is the 

same at all locations within a sub-basin, so it is important to capture the overall response of the 

sub-basin in the model. Additional subdivision of these 27 basins in the absence of additional 

calibration data would not result in an increased understanding of the hydrologic response in the 

South Boulder Creek drainage basin. 

Each of the subbasins and each point along the mainstem of South Boulder Creek represent an 

area of hydrologic interest or a design point. These points are locations where flow information 

Table 18 - Sub-Basin Characteristics 

Sub-basin 
ID 

Sub-basin 
Area (Acres) 

Elevation Zone 
Range (ft) 

Predominant Land Cover Sub-basin 
Slope (%) 

C1 1,800 5,000-5,500 Highly developed, urbanized land use 0.88 
C2 2,700 5,000-6,000 Highly developed, urbanized land use 2.48 
C3 1,710 5,500-6,000 Moderate development, borders the City of Boulder 3.56 
C4 2,300 5,500-6,000 Minor development, a large pond comprises majority of sub-basin 1.35 

C5 1,330 5,500-6,000 Moderate development, homes in floodplain of South Boulder 
Creek 4.28 

C6 480 5,500-8,500 Minor development present, roads, isolated homes and structures 19.30 
C7 630 5,500-8,500 Minor development present, roads, isolated homes and structures 23.66 
C8 230 5,500-7,000 Minor development present, roads, isolated homes and structures 15.11 
C9 480 5,500-8,500 Minor development present, roads, isolated homes and structures 20.18 
C10 1,060 5,500-8,000 Minor development present, roads, isolated homes and structures 23.48 
C11 1,070 5,500-8,500 Minor development present, roads, isolated homes and structures 14.76 
C12 630 5,500-6,500 Minor development present, roads, isolated homes and structures 4.49 
C13 2,400 6,500-8,500 Minor development present, roads, isolated homes and structures 8.48 
C14 3,380 6,000-9,000 Minor development present, roads, isolated homes and structures 2.48 
C15 1,850 6,000-9,000 Minor development present, roads, isolated homes and structures 10.31 
C16 1,490 6,000-9,000 Minor development present, roads, isolated homes and structures 15.94 
C17 2,430 6,500-8,500 Minor development present, roads, isolated homes and structures 9.66 
C18 2,320 7,000-9,000 Predominately Gross Reservoir, almost no development 9.88 
C19 1,330 7,000-8,500 Minor development present, roads, isolated homes and structures 12.39 
C20 4,550 7,500-9,000 Minor development present, roads, isolated homes and structures 5.72 
C21 1,680 7,500-8,500 Minor development present, roads, isolated homes and structures 6.76 
C22 1,730 7,500-9,000 Minor development present, roads, isolated homes and structures 10.83 
C23 1,980 8,000-10,500 Minor development present, roads, isolated homes and structures 14.99 
C24 14,280 8,000-11,000 Minor development present, roads, single homes, alpine lakes 6.35 
C25 5,600 8,000-10,500 Minor development present, roads, single homes, alpine lakes 6.07 
C26 21,820 8,500-13,500 Undeveloped alpine terrain, presence of alpine lakes 6.32 
C27 5,710 9,000-13,500 Undeveloped alpine terrain, presence of alpine lakes 12.67 
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can be captured and evaluated. For hydrologic purposes, the flows along the mainstem are 

generally of interest and are reported as peak flows along the mainstem of South Boulder Creek. 

For hydraulic modeling purposes, only the mainstem flow entering the hydraulic model is used. 

This point is slightly below the location of the Eldorado Springs gage. All other flows below this 

point are input as tributary or subbasin inflows. The hydraulic model (MIKE FLOOD) adds this 

flow to the existing mainstem flows and routes the combined flows down the channel and 

through the overbank. 

6.7.5 Basin Characterization 

MIKE 11 is a somewhat unique for hydrologic models used in the Denver/Boulder metropolitan 

area in that it uses a sophisticated process to simulate subbasin runoff. Rather than defining a 

simple runoff coefficient, the model simulates the interaction between surface runoff and 

groundwater through the use of three unique storage zones. The top layer represents shallow 

soils in the root zone near the surface. This surface storage zone also is used to represent 

impervious areas and other levels of development. Water that can not enter surface storage runs 

off.  

Below the surface zone is the lower zone storage. This zone drains the surface zone and is the 

source of much of the evapotranspiration. Some of the accumulated water in the lower zone 

enters the channel as storm related groundwater inflows while the remainder enters the deeper 

groundwater storage zone. Groundwater storage is the ultimate sink for precipitation. It 

eventually drains and reaches the channel as non-storm base flows. During times of no 

precipitation, the water may move between zones as it does in nature. 

The value of this type of hydrologic accounting is that it provides a better representation of long 

duration rainfall response and it more realistically reflects actual physical processes. It has the 

added benefit of allowing calibration to a recorded event because soil moisture conditions at the 

event outset can be replicated through the use of a long duration continuous simulation. The 

disadvantage of using an approach such as this is that the computational variables and model 

input have little meaning to a lay person or even a trained hydrologist unfamiliar with this 

technique. The parameters used to simulate the flow of water through the subsoil are described 

below: 
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The surface storage reservoir represents moisture intercepted by vegetation and trapped in 

depressions in the uppermost, cultivated part of the ground. Umax denotes the surface storage 

zone’s upper limit. The amount of water, U, in the surface storage is continuously diminished by 

evaporative consumption as well as by horizontal leakage (interflow). When there is maximum 

surface storage, some of the excess water enters the streams as overland flow; the remainder is 

diverted as infiltration into the lower zone and groundwater storage. 

The water content stored in the lower storage zone is defined by the parameter Lmax, which is the 

maximum soil moisture content in the lower storage zone available for vegetative transpiration. 

Lmax represents the average value for an entire sub-basin (i.e., an average value for the various 

soil types and lower storage depths of the individual vegetation types). Hence, Lmax cannot be 

established from field data, but an expected interval can be defined.  

The overland flow runoff coefficient, CQOF, determines the extent to which excess rainfall runs 

off as overland flow and the magnitude of infiltration. CQOF is dimensionless with a value 

between zero and 1. Physically, in a lumped manner, it reflects the infiltration and also, to some 

extent, the recharge conditions. Smaller values of CQOF are expected for flat sub-basins having 

course, sandy soils and a large unsaturated zone, whereas larger CQOF values are expected for 

sub-basins having soils with low permeability, such as clay or bare rocks.  

The interflow timing constant, CKIF, determines, together with Umax, the amount of interflow. 

CKIF-1 is the quantity of the surface water content, U, that is drained to interflow every hour. 

Physical interpretation of the interflow is difficult. Because interflow is seldom the dominant 

stream flow component, CKIF is not, in general, a very sensitive parameter. 

The time constant for routing interflow and overland flow, CK12, determines the shape of the 

hydrograph peaks. The value of CK12 depends on the size of the sub-basin and how fast it 

responds to rainfall. The time constant can be inferred from calibration on peak events. If the 

simulated peak discharges are too low or arriving too late, decreasing CK12 may correct this, 

and vice versa. 

TOF is a threshold value for overland flow in the sense that no overland flow is generated if the 

relative moisture content of the lower zone storage, L/Lmax, is less than the value given for TOF. 

Similarly, the lower storage zone threshold values for interflow, TIF, and groundwater recharge, 

TG, act as threshold values for generating interflow and recharge, respectively. 
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Physically, the three threshold values should reflect the degree of spatial variability in the sub-

basin characteristics so that a small, homogeneous sub-basin is expected have larger threshold 

values than a large, heterogeneous sub-basin. For sub-basins with alternating wet and dry 

periods, the threshold values determine the onset of the flow component in the periods when the 

lower storage zone is being filled up. This can be used in model calibration. It should be noted 

that the threshold values are of little importance in wet periods. 

The time constant for baseflow, CKBF, determines the shape of the simulated hydrograph in dry 

periods. According to the linear reservoir description, the discharge in such periods is given by 

an exponential decay. CKBF can be estimated from hydrograph recession analysis. 

The lower storage zone threshold value for recharge, TG, has the same effect on recharge as TOF 

has on overland flow. It is an important parameter for simulating the rise of the groundwater 

table in the beginning of the wet season. 

Land use is represented in various ways in this conceptual process. Umax and Lmax are both low 

reflecting the limited capacity for moisture in the surface zones due to impervious surfaces. 

Additionally, TOF which defines the amount of soil moisture demand that must be satisfied 

before overland flow begins is also low reflecting the limited infiltration capacity of impervious 

surfaces. More detailed discussions of the computational process used to develop runoff 

estimates can be found in Appendix G- MIKE 11 MODEL DOCUMENTATION and Appendix 

H-HYDROLOGIC MODEL DEVELOPMENT. 

6.7.6 Groundwater Considerations 

Interaction between rainfall, infiltration, surface water, and groundwater is part of the hydrologic 

cycle. Variances in the groundwater table can affect the runoff generated from a rainfall event. 

Changes in the groundwater level over the course of a hydrologic season affect generated runoff 

by affecting the soil column’s ability to infiltrate and store water. When the groundwater table is 

low, the soil column has the ability to store more precipitation because of the open voids in the 

soil being filled with infiltrating water. Conversely, in soil with a high groundwater table, these 

voids are already filled with groundwater, so they are not available for storing falling rain. 

Normally, a lower groundwater table will result in higher abstraction of rainfall and a lower 
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runoff, while a high groundwater table inhibits the soil’s ability to abstract rainfall and results in 

a higher runoff.  

The representation of groundwater conditions is very important in the application of the MIKE 

11 model. The accounting of rainfall in the various storage zones is the foundation for the 

determination of runoff. However, the conceptual nature of the model makes a direct correlation 

between the various soil storage zones and groundwater impossible. A detailed description of the 

handling of groundwater in the MIKE 11 model is presented in Appendix I-GROUNDWATER 

TM. 

6.7.7 Channel Characteristics 

The preliminary 1D hydrodynamic model used in MIKE 11 was constructed to route the rainfall 

runoff hydrograph downstream; it was not intended for detailed hydraulic analysis of South 

Boulder Creek. That detailed hydraulic analysis is part of the extensive hydraulic simulations 

using the full MIKE FLOOD package. The preliminary 1D hydrodynamic model consisted of an 

upstream channel from the headwaters to Gross Reservoir, Gross Reservoir, and a downstream 

section from Gross Reservoir through the confluence of South Boulder Creek with Boulder 

Creek. 

Channel transect geometry was not available for much of the South Boulder Creek channel at the 

time that the preliminary model was being constructed. From the South Boulder Creek headwater 

to Gross Reservoir, channel geometry is not available; this reach is described in the 1D 

hydrodynamic model using a trapezoidal cross section with a channel slope derived from the 

USGS 10-meter DEM. From Gross Reservoir through the confluence, the representative cross 

section was applied. Additionally, the channel used for hydrologic simulation did not include 

channel obstructions or hydraulic control structures such as weirs, culverts, or bridges. All flows 

generated from the rainfall runoff model for calibration, validation, design, and transposed 

events were contained within the channel and propagated downstream. This routing process is 

similar to that used in conventional evaluations except that it includes backwater effects resulting 

from high flows along flat channel sections. 

The simple hydrodynamic model used during the hydrologic simulations does not account for 

out-of-bank flow or floodplain storage. The reported discharges at various locations along South 
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Boulder Creek are an indication of the basins’ rainfall runoff responses and consist of simulated 

overland flow, interflows, and baseflow contributions. Instantaneous discharges simulated during 

the detailed MIKE FLOOD hydrodynamic simulations are expected to differ from the values 

resulting from the hydrologic modeling because of floodplain storage, flow attenuation, and 

restriction of flow by structures such as weirs, culverts, and bridges. 

6.7.8 Model Construction 

The connectivity of the MIKE 11 rainfall runoff model is simply the linkage of the subbasins to 

the main hydraulic channel. The power of this model is not only that it provides a comprehensive 

simulation of the rainfall runoff process but that it can be linked to the full MIKE FLOOD 

package to represent the full floodplain. 

6.7.9 Model Calibration and Validation 

Model calibration and verification is a critical element of the project and one that distinguishes it 

from many similar efforts. Calibration is the process of adjusting model input parameters so that, 

when using recorded precipitation events as rainfall input, the model produces results that match 

recorded flow records for that event. Verification then tests the resulting model against another 

recorded precipitation/runoff event to assure that the model reproduces observed behaviors. 

Calibration is not uncommon for large watershed studies. However, the scarcity of adequate 

precipitation/runoff records for large events in the Denver/Boulder metropolitan area makes such 

an application unusual locally. The extensive work done during the climatology study enabled 

the team to have a strong record of historic rainfall events that enabled the calibration to be 

conducted as described. A detailed description of the calibration process can be found in 

Appendix J-MODEL CALIBRATION. 

6.7.10 Reconstructed Events 

The rainfall runoff model was constructed and calibrated using three historical events, the 1938 

and 1969 floods, and a 1998 rainfall event that did not produce out of bank flooding. The rainfall 

runoff model was independently validated using a 1999 rainfall event that also did not result in 

flooding. Model results using the design rainfall were compared to the estimated flows 

developed during the stream gage analysis to provide further validation of the model’s ability to 

predict actual basin response consistent with the predicted discharge-probability relationship. 
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The development of information related to each of these events is described in greater detail in 

the “Calibration and Verification Rainfall Events” early in this report. This rainfall data, along 

with recorded stream flows, can be found on the project web site. 

6.7.11 Calibration Process 

For a general evaluation of the calibrated model, the simulated runoff was compared with 

discharge measurements and the key parameters were adjusted until the best fit between the 

simulated discharge and the observed discharge was achieved. Best fit is defined by the resultant 

calibration parameter set that minimized the relative errors for the 1938, 1969, and 1998 events 

for peak runoff discharge, and maximized the R-squared value for the fit of the simulated 

discharge hydrograph as compared to the observed hydrograph shape.  

Because the calibration of the rainfall runoff model was performed using a continuous simulation 

approach, the need to define the initial soil moisture conditions with great accuracy at the start of 

the simulation did not exist. The rainfall runoff model was run for several months prior to the 

calibration event, allowing an extended warm-up period prior to the simulation of the calibration 

event. The warm-up period is used to simulate the hydrologic processes in the MIKE11 rainfall 

runoff model and bring the model into equilibrium. In the model calibration simulations, the 

warm-up period was 6 months prior to the rainfall event of interest, long enough to simulate the 

sub-basin conditions without those conditions having to be explicitly defined at the time of the 

rainfall event of interest. This approach maximized the model’s exposure to a variety of 

climatologic conditions and allowed the model to be calibrated to best predict the hydrologic 

response.  

Physical characteristics of the drainage basin were used to determine a range of model parameter 

values that would best reflect actual observed conditions in the South Boulder Creek drainage 

basin. These parameters were adjusted within the acceptable range until model calibration was 

achieved.  

In calibrating the rainfall runoff model for South Boulder Creek, four distinct sub-basin groups 

emerged: urban, plains, mountainous-low, and mountainous-high. A parameter set providing an 

accurate description of the hydrologic response of the sub-basins in the South Boulder Creek 

watershed was achieved. The calibrated sub-basin parameter set is described in great detail in 
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Appendix J-MODEL CALIBRATION. Parameters representing the storage depths, timing 

constants and threshold values all changed as a result of the calibration process. These 

parameters represent how the physical characteristics in each subbasin affect their hydrologic 

response to precipitation. The calibrated sub-basin parameter sets resulted in the model 

simulating the correct hydrologic response to three separate calibration/validation rainfall events. 

The grouped sets of sub-basins displayed a similar hydrologic response to precipitation events. 

The similar responses are because of similar rainfall distribution patterns, land uses, soil 

characteristics, and topographies of sub-basins within these groups. 

6.7.12 Calibration Results 

A good fit for peak discharge in the storm hydrograph was achieved for the 1938 storm event. 

The total event volume from baseflow to baseflow was just outside the calibration target of ±15 

percent, at –18.38 percent. When focusing only on the portion of the hydrograph that represents 

the flooding hazard in South Boulder Creek, the fit was even better and therefore the calibration 

targets for the 1938 event were deemed satisfied.  The following figure depicts the computed and 

recorded hydrograph for the 1938 event.  As the figure shows, the predicted peak is very close 

and only the recession limb of the hydrograph differs materially.  This divergence impacts the 

volume prediction however will have no material impact on predicted peak flows. 

 

Figure 42 - 1938 Hydrographs 
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The 1969 event calibration, like the 1938 event calibration, was able to meet the calibration 

target for peak discharge, but not for total overall volume. A good agreement exists between 

simulated flows and observed flows before the rainfall event and during the rising limb of the 

hydrograph but departure between the two hydrographs is seen after the runoff portion of the 

hydrograph is complete, where the simulated hydrograph recedes faster than the observed 

hydrograph. As with the 1938 calibration, unsuccessful efforts were made to match the receding 

portion of the hydrograph. However, when looking at the portion of the hydrograph representing 

the flooding hazard in South Boulder Creek, the calibration targets for the 1969 event were 

deemed satisfied. 

The calibration effort for the 1998 event satisfied neither the volume nor discharge targets at the 

Eldorado Springs gage. However, the overall discharge error was less than 200 cfs and the 

overall volume error was approximately 5 million cubic feet.  While high as a percentage of 

flow, the errors are small in absolute terms and were concluded to be within an acceptable range 

for calibration. The smaller rainfall of the 1998 calibration event did not have the required 

volume to adequately satisfy the soil moisture demands and produce the observed runoff. Having 

an incorrect antecedent soil moisture condition at the beginning of the rainfall event is the likely 

cause of the lack of simulated runoff in the 1998 event. Localized thunderstorm precipitation, the 

predominant type of rainfall during the season of the 1998 calibration, is often not adequately 

captured by point rainfall gaging.  

During the calibration effort, achieving good agreement between the simulated and observed 

catchment runoff was given the highest priority, while minimizing error in volume and shape of 

the hydrograph was a second-order calibration objective. This calibration priority ranking may 

have resulted in an overall sub-basin parameter set that slightly underestimates the rising and 

falling limbs of the rainfall runoff hydrograph. While this potential error is recognized, the errors 

in volume are considered within the acceptable calibration and uncertainty limits for the rainfall 

runoff modeling effort. 

The sub-basin parameter set resulting from model calibration was validated with a blind 

simulation of the 1999 rainfall event. The simulated results from the validation run were in good 

agreement with observed discharges at the Eldorado Springs stream gage locations for both 

discharge and volume, indicating that the sub-basin parameter set developed in the calibration 
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process was able to recreate rainfall runoff. On the basis of these results and observations, the 

rainfall runoff model is considered successfully calibrated and validated. Table 19 presents a 

summary of the calibration results at the Eldorado Springs gage. 

Table 19 - Calibration Summary 

Calibration Statistics 
1938 

Calibration 
Event 

1969 
Calibration 

Event 

1998 
Calibration 

Event 

1999 
Validation 

Event 
Correlation Coefficient (0) 0.978 0.92 0.054 0.815 
Volume Observed (million cubic feet) 287 177 15 17 
Volume Modeled (million cubic feet) 234 151 10 17 
Volume Error (%) -18.383 -14.594 -33.144 -2.628 
Peak Observed Value (cf) 7,400 1,690 318 380 
Peak Modeled Value (cf) 7,499 2,019 126 402 
Peak Error (%) 1.336 16.25 -60.425 5.646 
 

6.7.13 Sensitivity Analyses 

Once the model was calibrated and validated, a sensitivity analysis was performed to help 

determine the appropriate initial soil moisture conditions to input into the model for design storm 

simulations, to better understand the relative impacts of Gross reservoir and irrigation diversions 

in the watershed, and to determine if the design storm location might impact peak flows along 

South Boulder Creek. The sensitivity analyses were conducted using earlier rainfall estimates 

and reflect peak rainfall and total rainfall amounts that are substantially less than those presented 

as the recommended basin specific storm events.  While the peaks and total volumes of the 

events used for the sensitivity analyses differ from the final events used in the study, the 

observations, insights and conclusions reached during the sensitivity analyses remain valid. 

General results of these investigations are reported in detail in Appendix K-SENSITIVITY 

ANALYSES. 

6.7.14 Soil Moisture 

A sensitivity analysis was performed varying the relative soil moisture conditions in the surface 

and the lower storage zones for each sub-basin. Conceptually, the soil moisture in the lower 

storage zone can be affected in two different ways. First, infiltration from a preceding rainfall 

event or irrigation can leave soil with high moisture content and inhibit infiltration and storage in 

subsequent rainfall events. Second, the groundwater table can impinge on the lower storage zone, 
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filling soil void space and preventing infiltration and storage of precipitation, leading to excess 

runoff.  

During model calibration, a hydrologic simulation was made for the 1998 water year in the South 

Boulder Creek watershed. The 1998 calibration simulation was representative of a late season 

thunderstorm, so the seasonal variation in soil moisture content was used to identify minimum 

and maximum soil moisture contents for the thunderstorm sensitivity analysis simulations. The 

1969 calibration simulation was representative of an early season general storm event. The 

seasonal minimum, typical, and maximum soil moisture conditions from this year were used to 

define the initial conditions for the general storm soil moisture sensitivity analysis. For this 

simulation, expected depth of snow for each elevation zone during the general storm season was 

also considered. These assumptions reflect the seasonal variation in soil moisture content. In 

general, and particularly in the lower parts of the watershed, the groundwater conditions at the 

time of the general storm reflected a higher level of moisture. This would be expected as the 

general storm is an early season phenomenon occurring when spring rains and snowfall generally 

leave the basin with higher soil moisture. Conversely, late season storms are likely to occur after 

times of prolonged hot, dry weather, which would be expected to reduce the levels of antecedent 

moisture. However, irrigation practices, both agricultural and residential, keep the soil moisture 

content in the plains and urban sub-basin groups relatively high.  

For each type of rainfall event, the “dry” initial condition for the soil moisture content was 

defined as the seasonal minimum soil moisture content from the respective calibration water 

year. This condition represents an extremely dry soil for the time of year, with the capacity to 

abstract a large volume of rainfall before runoff is generated. For the “typical” condition, the 

initial condition for soil moisture content was defined as the typical relative moisture content for 

the time of year when the design storm of interest is most likely to occur. For the “wet” 

condition, the initial condition for the soil moisture content was defined as the simulated 

maximum for the respective simulated water year. The “wet” condition represents soil at field 

storage capacity with little additional infiltration capacity. This soil condition represents a 

maximized runoff situation given the calibrated sub-basin parameter set. Establishing the typical 

soil moisture conditions in the lower watershed took into account the impact of irrigation and 

ditch operation practices as well as the possibility of a high groundwater table. 
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As was expected, the underlying assumptions for soil moisture on which the model is built have 

a significant impact on peak flow estimation. The “typical” condition” for soil saturation results 

in the simulated discharge at Eldorado Springs falling within the 90 percent confidence interval 

of the FFA performed on the Eldorado Springs gage for the thunderstorm event. 

6.7.15 Gross Reservoir and Irrigation Diversions 

Three simulation runs varying the discharges and the water surface elevation in Gross Reservoir 

were performed: 1) an early season storm when Gross Reservoir would have adequate storage 

volume to capture runoff, and a minimal discharge, 2) Gross Reservoir having adequate storage 

capacity to store runoff, and a typical discharge, and 3) pool elevation equal to the spillway and 

discharge from Gross Reservoir to satisfy the irrigation demands. Three simulation runs varying 

the irrigation diversions were performed,: 1) all headgates are closed and no diversions into the 

irrigation ditches occur, 2) normal operation of the irrigation ditches with the diversion from 

South Boulder Creek into the ditches set equal to the average of the recorded flows that occur 

during the months May through August, and 3) diversion into the irrigation ditches equal to the 

maximum estimated ditch capacities.  

The outcome of the simulations evaluating Gross reservoir showed that the location of the 

reservoir in the watershed had a limited impact on major flood flows. In fact, the location of the 

thunderstorm cell over the lower portions of the watershed further diminished the impact. 

Finally, Gross Reservoir is not a flood control facility and was not constructed nor is it operated 

as such. Therefore, the final decision was that Gross Reservoir would be full for all simulations 

and have no flood storage capacity below the spillway crest. A final assumption generally 

balanced the normal discharges from Gross Reservoir with the downstream diversions into 

irrigation. The irrigation diversion assumption was also correlated with the soil moisture 

assumptions to assure that appropriate soil conditions were simulated in the model. 

6.7.16 Downstream Storm Locations 

The location of the design storm has a profound impact on downstream peak flows. A study was 

conducted to determine the impact alternative location might have on peak flows in South 

Boulder Creek. The detailed results of this evaluation are reported in Appendix L-

DOWNSTREAM STORM CENTERS TM. 
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The evaluation demonstrated that the storm location defined by the climatological study 

produced the highest peak flows along the mainstem of South Boulder Creek. This storm 

location was further supported by the paleoflood findings that found evidence of highest runoff 

in subbasins directly under the proposed storm’s most intense areas. However, the analysis did 

show that other storm locations may produce tributary peak flows that exceed those of the 

selected storm location. 

The fact that tributary peak flows may be higher from alternative storm locations is not a 

surprising hydrologic outcome. In fact, very high intensity rainfall over a very small geographic 

area has been known to produce runoff rates that are quite extreme. In many cases, these flows 

may exceed the predicted peak flows for a more regional event of similar recurrence interval. 

This is the reason that local planning efforts are often undertaken in conjunction with a broader 

regional effort. Similarly, mitigation measures dealing with flood hazard along South Boulder 

Creek and its tributary areas should acknowledge this hazard and address them accordingly. The 

South Boulder Creek study is a regional effort addressing a large basin. The storm center 

evaluation demonstrated that the peak flows along South Boulder Creek were highest using the 

storm location chosen. However, it is very possible that peak flows predicted from the tributaries 

may differ from those that might be estimated during a more site specific planning study. 

6.7.17 Conventional Rainfall Input 

In response to comments received during the course of the project, two hybrid analyses were 

performed blending traditional hydrologic rainfall inputs with the conceptual calibrated 

hydrologic model developed for this study and another that used the detailed design storms 

developed for this study with the more deterministic but un-calibrated models favored in the 

region. The specifics of this analysis are reported in Appendix M-TAGGART RAINFALL IN 

MIKE 11.  

The first analysis used a conventional design storm that has constant rainfall over a variety of 

elevation ranges as input into MIKE 11. The result was the prediction of increased runoff at 

Eldorado Springs. The runoff was outside of the predicted confidence bands of the stream gage 

analysis, but not to the extent predicted by the conventional approach. The results were closer to 

the regulatory discharges and began to converge with the conventional approach the farther 

downstream in the basin flows were evaluated. When using the earliest estimates of the design 
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storm on the deterministic model, the discharges were much lower than those predicted by the 

conventional approach and yet were much higher than those predicted in this study.  

The conclusion of this evaluation was that calibration remains an important element in 

developing discharge rates that reflect actual basin response but that storm footprint and rainfall 

conditions have a significant impact of peak flow. The development of an integrated basin 

specific design storm with a calibrated rainfall/runoff model remains the team’s 

recommendation. 

6.8 Model Simulations 

Model simulations were conducted to determine the runoff resulting from the design rainfall 

events developed in the climatology task. Soil moisture conditions were chosen to represent the 

most likely sub-basin conditions based on the sensitivity analysis or reflecting agricultural 

practices likely to be encountered at the time of the storm. Diversions from South Boulder Creek 

were balanced with outflows in Gross Reservoir and reflected average releases and diversions. 

Cross-basin inflows from Bear Creek were not included in the rainfall runoff modeling effort. 

These inflows are being quantified independent of the rainfall runoff modeling effort and are a 

direct input into the hydraulic model. Table 20 summarizes the conditions used in the various 

simulations. 

Table 20 - Sensitivity Analysis 

Sensitivity Conditions Thunderstorm General Storm
AMC Low 880 1,605 
AMC Avg 3,110 2,770 
AMC High 4,230 3,150 
Gross Operations No Discharge NA 1,150 
Gross Operations Typical Discharge NA 1,580 
Gross Operations Typical Discharge plus Overflow NA 2,500 
Ditch Operations - No Diversion 3,400 NA 
Ditch Operations -Average Diversion 3,210 NA 
Ditch Operations - Maximum Estimated Capacity 2,450 NA 

 
A series of simulations was conducted using the aforementioned initial conditions. Once the 

initial conditions were defined, the only material data modification was rainfall event input. A 

number of events were simulated for both the thunderstorm and the design storm. These include 

the 2-, 5-, 10-, 25-, 50-, 100-, 200- and 500-year design thunderstorms and general storms. 
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Additionally, three recorded events were simulated: the 1969 storm over South Boulder Creek 

which will serve as the hydraulic calibration event, the 1976 Big Thompson storm and the 1997 

Ft. Collins storm, both of which will serve to demonstrate examples of extreme storms that may 

result in severe flooding if they fell over South Boulder Creek. 

6.9 Hydrologic Model Results 

The results of the hydrologic rainfall/runoff model are presented here. These reflect only a partial 

picture of the hydrology of the basin. They do not fully describe the extent of uncertainty in the 

models.  This uncertainty is very difficult to quantify but has been addressed in a number of 

ways, including the calibration, sensitivity and validation efforts. However, additional 

uncertainty exists as a result of the basic input such as rainfall amounts and distributions.  This 

uncertainty has been discussed in Appendix O – HYDROLOGIC UNCERTAINTY. While these 

results do represent the rainfall/runoff process from the watershed, they do not incorporate all of 

the impacts on peak flow and volume that are seen as the flood wave propagates downstream 

through the floodplain. A subsequent discussion of the flood hydrology reflecting these 

floodplain conditions is also presented. 

6.9.1 Runoff Predictions at Eldorado Springs Gage 

The results of the hydrologic modeling at the stream gage location at Eldorado Springs are very 

important. A comparison of these results to the estimates derived from the other evaluation 

approaches provides direct evidence of the reliability of the rainfall/runoff modeling effort. As 

the results presented in Figure 43 demonstrate, the estimated flow rates predicted for the basin 

specific thunderstorms at Eldorado Springs fall within the confidence limits of the stream gage 

analysis and are consistent with the estimates generated by the other approaches. There is some 

divergence for the general storm, recognized as not being the controlling event, particularly 

during the less frequent events.  This is believed to be the result of the limited flood attenuation 

of flows generated above Gross Reservoir. 



 
 89 HDR Engineering, Inc.  

South Boulder Creek - Runoff Comparisons
@ Eldorado Gage Location

100

1000

10000

100000

1 10 100 1000
Return Period (years)

Fl
ow

 R
at

e 
(c

fs
)

FFA 1888-1954 Weighted Skew 0.6 (cfs)
FFA 1888-1954 Station Skew 1.2 (cfs)
USGS (cfs)
RECALCULATED USGS (CFS)
CWCB (cfs)
RECALCULATED CWCB (CFS)
JARRET AND COSTA (cfs)
REGULATORY FIS @ Confluence
Thunderstorm Model Results
General Storm Model Results

 

 Figure 43 - Runoff Model Results 
 

The predicted discharges at the gage location are consistent with expectations. The peak 100-

year thunderstorm results fall within the range of estimates developed using the statistical 

methods and they align very closely with the results of the stream gage statistical analysis. The 

general storm results are lower, generally reflecting the lower intensity more spatially distributed 

nature of the rainfall. Again, this is expected in light of the paleoflood evaluations that suggested 

localized areas of extremely high runoff more consistent with thunderstorm activity rather than 

general storm patterns.  Since the basis for the regulation of the floodplain will be the 100-year 

thunderstorm event, the divergence of estimates for the general storm is not material.  The more 

frequent events, for which the general storm appears to control, appear to be influenced more by 

antecedent moisture conditions but do not pose as significant a flood hazard and are not the focus 

of the floodplain delineations. 

The hydrologic simulations also provide predictions of total storm runoff volume which can be 

compared to the stream gage analysis conducted at Eldorado Springs. The following table, Table 
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21 presents the summary of the predicted volumes compared to those estimated from the gage 

analysis. 

Table 21 - Comparison of Predicted Runoff Volumes 

Recurrence Interval Thunderstorm Volume 
(million cubic feet) 

General Storm Volume 
(million cubic feet) 

FFA Volume (million 
cubic feet) 

2-yr 46.8 66.0 38.2 
5-yr 58.2 81.0 56.7 

10-yr 64.7 90.6 69.5 
20-yr NA NA 81.9 
25-yr 81.9 105.5 NA 
50-yr 89.4 117.1 98.5 

100-yr 121.6 128.3 111.0 
200-yr 143.7 139.5 124.0 
500-yr 163.0 154.2 142.0 

 
Note the tight grouping of the results demonstrating the reliability of the rainfall/runoff model to 

predict not only the peak flow, but also the corresponding volume of runoff with a high 

reliability. This will prove to be particularly important as the hydraulic evaluations are 

conducted. 

6.9.2 Discharges in the Lower Portions of the Watershed 

One significant value of the rainfall/runoff modeling effort is the ability to predict runoff at 

various locations within the basin for which gaged records do not exist. Such was the case with 

South Boulder Creek. Extending or modifying the gage record to locations other than the gage is 

not reliable. It is useful to use regression equations to develop estimates, but the reliability of 

these methods is questionable. 

The focus of this modeling effort is peak flow estimates along the mainstem of South Boulder 

Creek. The design storm evaluation and all the model development and calibration have had this 

objective in mind. The design storm location evaluation described earlier recognizes the potential 

impact of other storm locations to tributary inflows; however, the estimation of those flows was 

not a part of this study. 

The hydrologic model is the best tool to predict peak flows along the mainstem of South Boulder 

Creek downstream of Eldorado Springs. These flows are predicted at several key locations and 

presented in Table 22. 
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Table 22 - Rainfall/ Runoff Model Results 

  Simulated Discharge 
Eldorado Gage Hwy 93 US 36 Baseline Road Confluence Event FFA 

Discharge TStorm GStorm TStorm GStorm TStorm GStorm TStorm GStorm TStorm GStorm

2-yr 550 670 1000 870 1350 910 1420 1020 1580 1020 1610 

5-yr 952 1060 1330 1300 1930 1390 2040 1680 2260 1680 2310 

10-yr 1360 1310 1520 1770 2270 1950 2400 2400 2660 2440 2720 

25-yr 1910 2280 1800 3270 2760 3510 2930 3980 3240 4020 3320 

50-yr 2910 2640 2020 3770 3130 4030 3330 4560 3690 4620 3780 

100-yr 3970 4520 2230 7120 3490 7690 3710 8770 4120 8910 4220 

200-yr 

5360 6210 2450 9520 3870 

1009

0 4120 

1109

0 4580 

1110

0 4690 

500-yr 

7930 7400 2735 

1136

0 4360 

1203

0 4640 

1317

0 5160 

1313

0 5290 

 
The predicted peak flows using the design thunderstorm footprint differ substantially from the 

estimates reported in earlier studies. As has been noted, several evaluations were conducted to 

validate the study results, including a comparison to the other past studies. These include a 

comparison to the estimated flow rates of the 2000 Urban Drainage and Flood Control District 

study as well as an evaluation of the runoff from the MIKE 11 model using a more conventional 

uniformly distributed design storm input. These comparisons are presented in Table 23. 
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Table 23 - Comparison of Study Results 

LOCATION G&O 
Regulatory   

(cfs) 

US Army 
Corps 1969   

(cfs) 

2000 
TEA    
(cfs) 

MIKE 11 
Uniform 
Rainfall     

(cfs) 

T-Storm 
Original 

 (cfs) 

T-Storm 
Revised 

 (cfs) 

Eldorado Gage 4800 5000 7880 4500 3260 4520 

Highway 93 5740 5000 9550  3940 7120 

US 36 6200 5000 9430 7500 3930 7690 

Baseline Road 6400 5000 8870  3930 8770 

Confluence 6600 5000 7520 8700 3910 8910 

6.9.3 Hydraulic Routing Impacts 

The hydraulic model used to represent the floodplain of South Boulder Creek includes a 

sophisticated analysis of the flood wave propagation down the floodplain. Flood flows are 

introduced into the model and they are unrestrained as they move downstream. That is, they can 

move downstream along the channel or, if flow conditions demand, can move away from the 

channel and across the floodplain. This movement often results in the flows filling floodplain 

storage or in taking a more circuitous path downstream. In either case, the end result is often a 

significant reduction in peak flows along the channel mainstem. This phenomenon is call 

attenuation. 

The complexity of such flow attenuation is often beyond the capabilities of a hydrologic model 

and is not comprehensively simulated. That is the case with the typical floodplain study in the 

Denver/Boulder metropolitan area and is also the case with MIKE 11. However, the MIKE 21 

model used for floodplain delineation during this study has the capability to simulate this 

floodplain storage and attenuation. The model uses the hydrographs developed for the mainstem 

of South Boulder Creek and the downstream tributaries and simulates their movement 

downstream across the floodplain. The resulting flow distribution can be summed to determine 

the actual peak flows at various points across the floodplain. These results are reported in Table 

24 with a comparison to the values determined using only the hydrologic model. The existing 

regulatory flows are also included in this table to offer an additional point of comparison. 
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Table 24 - Routed Flow Summary Table 

Location RR Model (cfs) HD Model (cfs) Regulatory (cfs) 
 Eldorado 4520 4340 4800 
 US93 7120 4900 5740 
 Hwy36 7690 5850 6200 
 Baseline Road 8770 6900 6400 
 Confluence 8910 5430 6600 
 

7.0 CONCLUSION 

The discharges reported in this revised climatology/hydrology document reflect an update of the 

earlier peak flow estimates presented to the public and to various agencies for review and 

comment. The earlier work products were reviewed in detail by FEMA, USACE, CWCB, and 

the Peer Review Evaluation Panel (PREP) and their opinions and comments were considered 

and, when judged applicable, were incorporated into the work effort presented herein. Additional 

reviews were conducted by several other stakeholders including members of the public and the 

Urban Drainage and Flood Control District (UDFCD). These comments were also evaluated and 

incorporated into the study as appropriate. The revisions resulted in some refinements of the 

study and how some of the data was processed. When completely synthesized, the material 

impact of their comments was the discovery of additional rainfall data that resulted in significant 

changes to the design thunderstorm rainfall. No comments were made that materially changed 

the process of analysis or the other input parameters. 

The identification of a number of additional rainfall records allowed the team to update the 

analysis of the design storm and develop the new thunderstorm footprint and distribution. An 

extensive verification process was conducted to ensure that the new results would withstand a 

critical review. These processes included a comparison to updated stream gage analyses, a 

review of predicted runoff volumes with those recorded at the stream gage, and a review of the 

implications of floodplain routing that were not available during the earlier studies. 

The resulting routed peak discharges presented in Table 24 represent the estimates of flow along 

South Boulder Creek using a comprehensive process that is significantly more detailed than any 

past study. 
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NOAA Atlas II Update 

1. Observation Stations 
The original NOAA Atlas II was completed in 1973 and used precipitation data from Colorado 

stations through the end of 1970. Attempts to contact the National Weather Service Office of 

Hydrology to confirm the original NOAA Atlas II stations were unsuccessful. The combination 

of the geographical locations of these stations and the database of available stations at the 

NOAA-National Climatic Data Center (NCDC) helped in making a reasonable judgment about 

the identity of the official NOAA Atlas II stations. 

In NOAA Atlas II, there were seven stations that were located in Boulder County. Four of these 

stations are listed as “non-recording” stations in which the amount of observed precipitation at a 

site is recorded once a day at the same time every day. Three sites are listed as “recording” 

stations in which the precipitation that falls in a gage is recorded once an hour; these sites were 

helpful in defining the shorter-duration events. 

As of December 2003, two of the four non-recording stations were no longer in operation. Silver 

Lake, located in the western portions of Boulder County, ceased to operate in 1955, and 

Hawthorne, near Eldorado Springs, ceased to be an active recording site in 1976. Because there 

were no updated data for Silver Lake and only 5 to 6 years of additional information at 

Hawthorne, DDF updates were not performed for these locations. The two non-recording sites 

that are still in operation today are Boulder and Longmont 2ESE. These sites began recording 

precipitation in 1893 with intermittent gaps of no data. Updated DDF statistics were performed 

for these two sites. 

All three recording precipitation gages have been in operation since 1948 and are still active 

today. Two of the stations, Boulder 2 and Longmont 6 NW, have been fairly continuously 

recording precipitation throughout their history. The other site, Allenspark 2NNW, has been a bit 

more intermittent in nature but has a reasonable record of continuous recording. 

Table A-1 lists the precipitation sites that were used in this task. A discussion of station moves 

and station observation validity relative to the moves follows. 
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Table A-1: Official NOAA Cooperative Precipitation Stations Utilized in Task  

Station NWS-Coop. # Gage Type Period of Recorda 
Boulder 050848 Non-recording 1893-current 
Longmont 2ESE 055116 Non-recording 1893-current 
Boulder 2 050843 Recording 1948-current 
Longmont 6NW 055121 Recording 1948-current 
Allenspark 2NNW 050183 Recording 1948-current 

aFor some gages, there are years when the gage was inoperative for most, if not all, of a calendar year. 

2. Station Moves 
 For the 6- and 24-hour events, 

there are a variety of issues that 

were considered when selecting the 

annual maxima from each station. 

First, there was the issue of station 

moves with regard to horizontal 

and elevation changes. In NOAA 

Atlas II, the National Weather 

Service (NWS) used the basic 

guideline that if a station move was 

greater than 5 miles horizontally or 

100 feet vertically, the data from 

this station were actually considered to be from two different stations. This condition does not 

apply to the Boulder 2, Longmont 2ESE, and Longmont 6NW stations. 

Investigation of the official cooperative station metadata files at the Colorado Climate Center 

(CCC) confirmed that Allenspark 2NNW has remained within horizontal standards (only 

1.6 miles horizontal difference in its history) but has varied on the order of 180 feet vertically. 

See Figure A-1 for a graphic presentation of these criteria. 

The Boulder non-recording gage has experienced a number of moves within the city limits and 

within the 5-mile limit. The elevations of the early history of the site (1893 to 1912) and the last 

13 years (1990 to present) differ by approximately 120 feet. However, these criteria may not 

necessarily disqualify the data for these sites. Personal communication with Mr. Doesken at the 

CCC indicates that this strict interpretation should be reconsidered on a station-by-station basis. 

Figure A-1: Station Move Criteria from NOAA Atlas II 
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In a discussion about the Boulder site, he indicated that the position of a gage in the City of 

Boulder is more critical from an east-west perspective than a north-south or a vertical position. 

Figure 2.2-2 details the Boulder observation site moves from 1930 to present. Note that the gage 

location has moved from the City of Boulder (1931 to 1969) proper to a location within the 

lower South Boulder Creek basin (1970 to 1979) for 10 years. From there, the observation site 

was moved from a location north of downtown for 10 years (1980 to 1989) to its present site 2 

miles south of the city. This station has experienced moves more of a north-south nature rather 

than east-west.  

 The Allenspark 2NNW moves that have occurred have been between the town of Allenspark 

and a pair of nearby sites that are 1.6 miles from town (but ~180 feet lower in elevation). The 

inclusion/exclusion of the data from this site is also subject to examination in the opinion of Mr. 

Doesken, given the nearby 

topography of the area.  

3.Data Sources 
The precipitation data used in this 

analysis were derived from two 

primary sources. For the 

recording precipitation stations, 

all of the data were from the 

Hourly Precipitation Data CD 

from EarthInfo, Inc. EarthInfo 

acquires all of the data for this 

disk from NCDC. For the non-

recording precipitation stations, 

the data for the years 1949 to 

2000 were derived from the 

NCDC Summary of the Day disk 

from EarthInfo, and the data for the years 1893 to 1948 and 2001 to 2003 were directly acquired 

from NCDC via their “Climate Data Online” service. 

Figure A-2: Boulder Station Move Locations from 1931 to 2003 
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It was hoped that the precipitation analysis could be enhanced by using the existing Urban 

Drainage and Flood Control District (UDFCD) and Boulder County FDN rain gages. The South 

Boulder Creek FDN consists of nine ALERT tipping bucket rain gages and two stream gages 

that are co-located with rain gages. Many of these gages have been in use since the early 1980s 

when the Boulder FDN was established as a community early flood warning tool in response to 

the deadly Big Thompson Flash Flood of July 31-August 1, 1976. 

HDR performed a detailed review of the existing data at UDFCD and discussed its utility with 

Kevin Stewart of the District. Unfortunately, annual data quality control of the Boulder FDN 

observations had not been performed regularly, or at all, by the County through the years. All 

stations had significant periods of missing or incomplete data, making it extremely difficult or 

nearly impossible to develop a continuous period of record for any of the sites. Thus, the 

decision was made to not use the FDN observations in the precipitation frequency update.  

The District has acquired the historical data and negotiated an FDN maintenance agreement with 

the County in recent years. As the database maintained by UDFCD grows, the opportunity may 

exist in the future to revisit this analysis option. The Boulder FDN observations were used to 

“ground truth” the rainfall reconstructions discussed in a later section. 

4. DDF Calculations – NOAA Atlas II Update 
Precipitation data from the most recent 32 years of records were utilized to compute recurrence 

intervals for the stations in Boulder County that were used to create NOAA Atlas II. The overall 

findings for the stations in the City of Boulder (closest current stations to the South Boulder 

Creek basin) revealed that there has been either little change or a net reduction in the derived 

recurrence interval values. The calculated values indicate that the smallest changes were in the 

longer duration events (i.e., 24 hours) with more notable reductions in the shorter duration events 

(6 hours). 

Table 2 details the calculated/interpolated precipitation values for various recurrence intervals 

for various event durations. The values taken from NOAA Atlas II are labeled as such, and the 

values from this effort are listed in the row labeled “Updated.” 

The method of calculation of the frequency values for the 2-, 5-, 10-, 25-, 50-, 100-, 200-, and 

500-year values for the 6-hour and 24-hour precipitation periods was the Fisher-Tippett, Type I 
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distribution, also known as the Gumbel distribution. This distribution is the same one used to 

create NOAA Atlas II.  

The equations used in the calculation were detailed by Palutikof et al. (1999) and confirmed by 

Leftwich (1995).  Appendix A-1 (at end of this Appendix) evaluate the equations and present the 

methodologies used to calculate the recurrence values in Table 2. 

Table A-2: Computed DDF Values (in inches) for Boulder from NOAA Atlas II, Volume III 
Colorado and the Update Using the Latest 32 Complete Years of Record 

Recurr. Interval 2-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NOAA Atlas II 1.05 1.62 1.95 2.24 
Updated 0.77 1.32 1.76 2.22 
Percent Diff. -27% -23% -10% -1% 
Recurr. Interval 5-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NOAA Atlas II 1.48 1.97 2.43 2.92 
Updated 1.20 1.65 2.22 2.80 
Percent Diff. -19% -16% -9% -4% 
Recurr. Interval 10-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NOAA Atlas II 1.74 2.16 2.77 3.34 
Updated 1.41 1.87 2.58 3.21 
Percent Diff. -19% -13% -7% -4% 
Recurr. Interval 25-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NOAA Atlas II 2.08 2.64 3.25 3.91 
Updated 1.68 2.20 3.02 3.79 
Percent Diff. -19% -17% -7% -3% 
Recurr. Interval 50-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NOAA Atlas II 2.38 3.18 3.83 4.47 
Updated 1.91 2.46 3.34 4.24 
Percent Diff. -20% -13% -13% -5% 
Recurr. Interval 100-YEAR    
Event Duration 1-hour 6-hour 12-hour 24-hour 
NOAA Atlas II 2.73 3.81 4.38 5.03 
Updated 2.16 2.72 3.70 4.69 
Percent Diff. -21% -19% -16% -7% 
Recurr. Interval 200-YEAR 6-hour  24-hour 
Updated  2.97  5.14 
Recurr. Interval 500-YEAR 6-hour  24-hour 
Updated  3.31  5.74 
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Table 2 shows that an across-the-board reduction in the return values of precipitation from the 2-

year to 100-year return frequencies occurred. The most dramatic reductions were in the 1-hour 

and 6-hour values that dropped from 15 to 27 percent. The 12-hour to 24-hour values dropped 1 

to 16 percent. Figure A-3 and Figure A-4 show the differences in the NOAA Atlas II and updated 

6-hour and 24-hour frequency precipitation values, calculated by HDR. Note that most of the 

values have decreased by 15 to 30 percent with addition of the new observations.  

The number of significant precipitation events has decreased in Boulder and South Boulder 

Creeks since 1975. Two periods of drought in the mid-1970s and from 1999 to 2003 impacted 

the Boulder area. Apparently the reduction in significant events has affected most time intervals. 

5. Application of Results to South Boulder Creek DDF 
Comparable reductions were found in the return frequency values for the remaining Boulder 

County gages. A complete discussion of these results and the associated sensitivity testing 

applied to each location can be found in Appendix B. The reductions in values at the Boulder 

gage may or may not have applications to the South Boulder Creek basin. Before suggesting that 

the Boulder gage is representative of precipitation trends and return frequencies in South Boulder 

Creek, a simple evaluation was performed to test the validity of this assumption. 

The analysis examined the ratios of the annual total precipitation and the derived values for the 

24-hour, 100-year events between the Boulder cooperative site (non-recording) and the 

Hawthorne and Gross Reservoir gages.  

The two stations and their periods of record compared are: Boulder – Hawthorne: 1931 to 1975 

(45 years); and Boulder – Gross Reservoir: 1979 to 2003 (25 years). 

Figure 3 and Figure 4 show that the most noticeable reductions in the frequencies occurred at the 

6-hour and lower frequencies. The implications of these changes are not addressed in this 

assessment. 

Periods of missing data from these sites were reconciled in the following manner. For 

intermittent missing data, on the order of a day or two within a given month, the precipitation 

value for the corresponding day at the other gage site was used to examine whether precipitation 

was observed for that day. In all but one of these cases, the value at the corresponding gage was 

either zero or below 0.10 inch. 
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Comparison of the 6-hour Precipitation DDF Values 
    Between NOAA Atlas II and Updated Values
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Figure 3: Comparison of 6-hour Precipitation DDF Values 
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Figure 4: Comparison of 24-hour Precipitation DDF Values 
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In this instance, the corresponding value for the gage was applied to the missing days data for 

inclusion. The second case involved data where a substantial number (>10) of days in a single 

month were missing. In this case the following actions were taken: 

Linear regressions were computed on a month-by-month basis between the two stations for years 

where the data for both stations were complete (or near complete as described above).  

From this method, a value was estimated for the incomplete station for that month.  

The estimated value and the actual observed value for that period for that particular month were 

compared, keeping in mind that some of the “partial months” of data actually recorded some 

precipitation values. 

If the observed value for a month exceeded the estimated value calculated in step 1, then the 

observed value was used. If not, then the estimated value was used. 

The estimated value for the station for the month was used in instances where there were no data 

recorded for the entire month. 

Thus, a direct comparison was made of the ratio between the annual precipitation and the 

computed 100-year, 24-hour return value between each station and the Boulder gage. If the ratios 

were comparable in value, it was assumed a more valid assessment could be made of the 

transferability of the Boulder gage value to South Boulder Creek (Table 3). 

Table 3: Comparison of Boulder, Hawthorne and Gross Reservoir Gage Values (in inches) 

 
Average 
Annual Station/Boulder Ratio 

24-hour, 
100-year Station/Boulder Ratio 

Hawthorne (H) 20.73 20.73/18.41 = 1.14 5.10 5.1/4.42 = 1.15 
Gross Res. (G) 21.33 21.33/20.25 = 1.05 5.24 5.24/4.9 = 1.07 
Boulder 18.41 (H) 

20.25 (G) 
Average Annual Ratio 4.42 (H) 

4.90 (G) 
24-hour,  

100-year Ratio 
H = Hawthorne period of record;  G = Gross Reservoir period of record. 

 

One means of normalizing the Hawthorne and Gross Reservoir values to comparable periods of 

record was to calculate a normalized value by multiplying the Boulder 24-hour, 100-year value 

of 4.69 inches by the annual precipitation difference ratios obtained in the test periods. The result 

of applying the ratios was a 24-hour, 100-year value of 5.41 inches for Hawthorne gage and 5.02 

inches for the Gross Reservoir gage. Figure 5 shows the annual ratios for each observation site 
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and suggests that as elevation increases in South Boulder Creek, the 100-year, 24-hour 

precipitation value decreases.   

 
Figure 5: Normalized Comparison of the 24-hour, 100-year Return 

Frequencies of Boulder, Hawthorne, and Gross Reservoir Gages 
 

 
Table 4 Comparison of the NOAA II “old” and “new” process return frequencies for 

South Boulder Creek (area weighted values) 
  

Return frequency NOAAII 
6-hr 

New 
6-hr 

NOAAII 
24-hr 

New 
24-hr 

NOAAII 
72-hr 

New 
72-hr 

2-yr 1.62 1.65 2.24 2.37 3.26 2.91 
5-yr 2.18 2.23 2.92 3.04 4.30 3.80 

10-yr 2.52 2.57 3.34 3.45 4.95 4.35 
25-yr 3.00 3.06 3.91 4.09 5.60 5.19 
50-yr 3.39 3.46 4.47 4.59 6.26 5.85 

100-yr 3.81 3.89 5.03 5.09 7.02 6.54 
200-yr 4.17 4.25 5.49 5.59 7.61 7.14 
500-yr 4.68 4.78 6.05 6.24 8.44 8.00 

 

 

The new DDF values for SBC, shown in Table 4, were derived by through use of the updated 

DDF values for all-years from the Boulder gage and the calculated DDF ratios for the 
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Boulder/Hawthorne and Boulder/Gross Reservoir gage pairings for the time period when both 

gages were concurrently recording precipitation data.  The process entailed multiplying the ratio 

of the DDF values for each gage pairing (for each precipitation period and return frequency 

value) by the all-year updated Boulder DDF value.  Once complete, this value was basin area 

weighted for the basin by multiplying the value for Hawthorne by .3129 and adding the value of 

Gross Reservoir by .6871.  These values were determined to be the ‘new’ DDF values for the 

SBC basin for each precipitation period/ return frequency value and applied to the hydrology 

modeling.  Although the net results appear to be quite similar to the original (NOAA Atlas II) 

results, they are in fact ‘updates’ DDF statistics with a basin-specific application made for the 

SBC basin. 

Appendix A-1 – Methods used in determining the Depth/Duration/Frequency (DDF) values and 

DDF value adjustments for data considerations. 

The Fisher-Tippet Type I distribution (also known as the Gumbel distribution), is a method that 

utilizes the annual maxima of a particular measured value to help determine the effective ‘shape’ 

of the distribution of maxima over some period of time.  The primary purpose is to define the 

form of this ‘limiting distribution’ so that the theoretical value of an event with some defined 

return period (T) can be calculated. 

In summary, the first step involved calculating the moments estimators for the Gumbel 

distribution based on the sample mean (
−

x ) and standard deviation (s) of the sample of maxima 

(in this study, the ‘sample’ is made up of the annual maxima of the calendar year for every year 

that a station recorded data).   The moment estimators are defined as: 

π
α 6s
=

∧

  and, 
∧−∧

−= αγβ x ,  where  5771.0=γ  as Euler’s constant 

for the quantile XT for the return period T, the formula for calculating the return frequency 

follows the use of the Type I distribution (case where the shape parameter; k = 0): 

XT ( )[ ]T/11lnln −−−= αβ  

 

From this equation, T  was utilized as input into solving for the values for XT. 



 
 A - 12 HDR Engineering, Inc.  

Adjustments to DDF calculated values: 

Given that a fixed period of observations (i.e. 6 AM to 6 AM the next day for a non-recording 

gauge) is not likely to encompass the ‘true’ measured period of maximum precipitation of the 

period of interest, studies cited by NAII describe the adjustment necessary to given values to 

correct for this. 

For a non-recording gauges, the average difference between the 24-hour measured period and the 

maximum ‘true’ 24-hour precipitation is a factor of approximately 1.13.  Therefore, the 

calculated return frequencies of the non-recording sites have been multiplied by this factor for all 

return period.  

For the 6-hour events, NAII cites similar studies that show the difference between 6 consecutive 

once-an-hour observations and the ‘true’ 6-hourly precipitation maximum is a factor of 1.02.  

Therefore all calculated 6-hourly precipitation DDF values are multiplied by this value. 

Another adjustment that must be made in this process is for the difference between the selection 

of annual maxima, (called an annual duration series) and the actual value of the n largest 

precipitation events of a given return frequency (n equal to the years of annual precipitation data 

available).  According to studies cited by NAII, these adjustment factors (partial to annual 

duration) are 0.88 for 2-year, 0.96 for 5-year, and 0.99 for 10-year events.  The data used in NAII 

was translated from annual to partial data series.  Therefore as an example a 2-year event 

calculated for a given non-recording station using an annual data series for maxima would have 

to be divided by 0.88 to be converted to represent a partial duration series (this is in addition to 

the 1.13 multiplication factor mentioned above). 
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Appendix B 

 

Historic Rainfall Event Reconstruction 
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Historic Rainfall Event Reconstruction 

A crucial component of the basin model calibration work relied on the rainfall information 

provided by the radar-based reconstruction of two events: July 8, 1998, and August 4, 1999. A 

radar-based reconstruction of basin rainfall was used to calibrate the hydrologic response of the 

basin to rainfall. While neither of these events produced major flooding on South Boulder Creek, 

both were used for calibration of the basin model for lower-end storms.  

The observed peak basin precipitation for the July 8, 1998, of 2.76-inch/45-minute rainfall 

exceeds the 100-year, 1-hour intensity of 2.73 inches and provides a good temporal model for the 

most intense hour of rainfall. A general rain event with embedded thunderstorms was observed 

on August 4, 1999, in the South Boulder Creek basin, which dropped a lower basin average of 

3.07 inches/6 hours and an upper basin average of 2.36 inches of rain. The observed lower basin 

value is near the South Boulder Creek 50-year, 6-hour value of 3.18 inches, and the upper basin 

value is between a 10-year and 25-year 6-hour event. Thus, the two storms selected for 

reconstruction provide a reasonable approximation of storms that represent a hazard to the basin. 

1. Radar-rainfall Estimation for July 8, 1998 
A westward-moving evening thunderstorm was observed in the South Boulder Creek basin on 

July 8, 1998. Gage 4030 measured 2.48-inch/60-minute rainfall. The peak rainfall was observed 

in the foothills portions of the South Boulder Creek basin, below Gross Reservoir. The isolated 

heavy rain dissipated as it moved over higher terrain to the northwest. Table 1 shows the rainfall 

amounts for each of the gages used in the radar-rainfall conversion. 

Table 1: FDN Rainfall Observed p.m. in South Boulder Creek on July 8, 1998 –  
8:30 to 11:00 p.m. 

GAGE NUMBER RAINFALL (inches) 
4010 0.24 
4020 0.83 
4030 2.71 
4040 1.70 
4050 0.99 
4060 0.43 
4070 0.79 
4530 0.19 

Average Rainfall = 0.99 inch 
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The gaged 2.48-inch/60-minute rainfall exceeds the 100-year, 1-hour intensity and provides a 

good temporal model for the most intense hour of rainfall. Figure 1 shows the location of the 

South Boulder Creek FDN rain gages and the summed radar reflectivity values for the rainfall 

period. 

 
Figure 1: Summed Radar Reflectivity and South Boulder Creek Rain Gage Network for July 8, 1998 

 

The South Boulder Creek FDN is maintained by UDFCD for flood warning in South Boulder 

Creek. It consists of nine tipping-bucket ALERT recording rain gages and two stream gages. 

Gages # 4010-4060 were installed in 1979 through 1980 and Gage # 4530 was installed in 1984 

through 1985. Two of the rain gage sites are enhanced with stream gages to assist in measuring 

the stream flow with storm events in 1997. As indicated previously, the UDFCD South Boulder 

Creek FDN data were not archived by Boulder County or quality controlled in any manner prior 

to 1995 when the District began to maintain the FDN. Since 1995, the data quality has improved 

but data gaps still exist. Because of their remote locations, maintenance is hard to perform on 

many gages. 
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The process used to derive the radar-rainfall algorithm incorporated the sum of all eight rain 

gages listed in Table 1 in conjunction with the summed reflectivity values over the gages. Figure 

2 shows how the rainfall to radar (reflectivity) relationship varies throughout the storm. 

Summed Gage Rainfall vs. Summed Radar Reflectivity
July 8, 1998 (Gages 4010, 4020, 4030, 4040, 4050, 4060, 4070, 4530)
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Figure 2: July 8, 1998, Summed Gage Rainfall and Summed Reflectivity (Line Graphs) 

 

Figure 2 shows the summed basin rainfall at the gage sites and the summed radar reflectivity 

observed over the gage sites from 8:30 p.m. to 11:00 p.m. (MDT). Note that prior to 9:00 p.m., 

very little rain is recorded in the gages despite high reflectivity observations. The storm updrafts 

are over most of the gage sites during this time period. Radar reflectivity observations during this 

time period have been discounted. This high-reflectivity/no precipitation period is called the 

“updraft footprint.” Inclusion of this high-reflectivity period into radar precipitation mapping 

algorithms frequently leads to over-estimation of rainfall. After 10:00 p.m., little rainfall is noted 

as light showers and sprinkles fall after the passage of the primary storm core. 

The time period prior to 9:00 p.m. is considered to be the storm updraft period when water 

droplets grow in the storm updraft prior to falling. These droplets can reflect a strong radar return 

to the radar despite the fact that no rain is falling to the ground. Figure 2 shows a good 

representation of this concept. Adjustments had to be made to the radar-derived rainfall for this 

updraft period to reflect observed rain. A statistical evaluation of the gaged rainfall in relation to 
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the radar-estimated rainfall is presented on Figure 3. Figure 4 shows the areal distribution of the 

rainfall across the South Boulder Creek basin. 

 

The methodology described above resulted in an average rainfall value of 1.05 inches over the 

gages, very close to the gaged rainfall of 0.99 inch. Rather than match the recorded rainfall at 

any one gage, the algorithm matches the volume of the eight gages as an average value. 

 

 

 

Summed Gage Rainfall vs. Summed Radar-Rainfall Estimate
July 8, 1998 (Gages 4010, 4020, 4030, 4040, 4050, 4060, 4070, 4530)
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Figure 3: July 8, 1998, Summed Gaged Rainfall vs. Summed Radar-rainfall Estimate 
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Figure 4: Radar-estimated Rainfall for July 8, 1998, in the South Boulder Creek Basin 

 

2. Radar-rainfall Estimation for August 4, 1999 
A general rain event with embedded thunderstorms was observed on August 4, 1999, in the 

South Boulder Creek basin, which dropped a lower basin average of 3.07 inches/6 hours and an 

upper basin average of 2.36 inches of rain based on FDN gage observations shown in Table 2. 

Table 2: FDN Rainfall Observed in South Boulder Creek on August 4, 1999 

GAGE NUMBER RAINFALL (inches) 
Upper Basin Gauges 

4090 3.19 
4100 2.24 
4110 2.01 
4730 2.09 
4360 2.28 

Upper Basin Average Rainfall = 2.36 
Lower Basin Gages 

4010 3.07 
4020 2.68 
4030 3.15 
4040 3.19 
4050 2.95 
4060 3.39 

Lower Basin Average Rainfall = 3.07 
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Figure 5 and Figure 6 show the application of comparable methodology used on the July 8, 1998, 

case to the August 4, 1999, radar reflectivity and observed rainfall data. Figure 6 compares the 

sum of six precipitation gages with the sum of reflectivity grid values associated with the same 

six gages. Analyzing the graph on Figure 5, there seem to be artifacts of the bucket tip reports. 

The buckets tip with every 0.04 inch of precipitation. The spike at 3:05 p.m. was attributed to 

Gage 4030, which recorded 0.67 inch of precipitation in 15 minutes (2:59 to 3:10 p.m.). The next 

25 minutes showed a lagged response in correlation, and after 40 minutes, the two line graphs 

track fairly well together. While the graph on Figure 6 shows a relatively close relationship 

between summed reflectivity and summed rainfall, a more accurate distribution of rainfall was 

achieved using a customized radar-to-rainfall algorithm. 

 

Summed Gaged Rainfall vs. Summed Radar Reflectivity
August 4, 1999 (Gages 4010, 4020, 4030, 4040, 4050, 4060)
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Figure 5: August 4, 1999, Summed Gaged Rainfall and Summed Reflectivity (Line Graphs) 
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Summed Gage Rainfall vs. Summed Radar Reflectivity
August 4, 1999 (Gages 4010, 4020, 4030, 4040, 4050, 4060)

R2 = 0.6488
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Figure 6: August 4, 1999, Relationship of Summed Gaged Rainfall to Summed Reflectivity 

 

To accomplish a more accurate rainfall reconstruction, the summed rainfall values by time step 

were used to develop a relationship between the sum of individual time steps and the sum total 

rainfall observations. In other words, the summed rainfall from the first time step was divided by 

the total summed rainfall for the whole storm. This was done for each time step to develop the 

amount of rainfall to associate with the radar reflectivity by time step. If no rain fell in any of the 

gages during the time step, no rainfall was distributed across the reflectivity values. The use of 

rainfall observations to normalize the data resulted in a much higher radar-to-rainfall correlation 

(R2 = 0.98). 

Figure 7 shows the radar-estimated rainfall pattern. The temporal rainfall distribution followed 

the data plot of gaged rainfall on Figure 5 above. Peak estimated rainfall was approximately 3.75 

inches in the South Boulder Creek basin and 4.75 inches in Boulder Creek basin. These values 

were used to run the basin calibration tests in the appropriate task. 
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Figure 7: Radar-estimated Rainfall for August 4, 1999, in the South Boulder Creek Basin 
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Appendix C 

  

Extreme Event Transposition and Risk Assessment 
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Extreme Event Transposition and Risk Assessment 

The transposition of key extreme precipitation events over the South Boulder Creek basin is a 

key activity relative to basin calibration and risk assessment. The transposition of extreme 

precipitation events from one basin to another has evolved in discussion and practice in the realm 

of PMP determinations. The transposition techniques used in this project are consistent with the 

state of the PMP practice. 

Three events were transposed into the South Boulder Creek, basin and one event was examined 

in detail. The three transposed events are the 1976 Big Thompson event, the 1938 Genesee 

Mountain event, and the 1997 Fort Collins event. The 1969 precipitation event was digitized so 

rainfall could be entered into the basin model and a storm mass curve imposed on the temporal 

rain distribution. 

The key events were transposed over the South Boulder Creek basin using two storm 

transposition techniques for site-specific, Probable Maximum (SSPMP) extreme precipitation 

event transpositions. The two transposition techniques are: 

An objective GIS-technique used to produce quantitative adjustments to the extreme rainfall 

pattern based on the elevation differences of the two basins 

A unique relationship of the surface isohyetal pattern to the upper level storm steering winds and 

sub-cloud layer winds that bring moisture into the storm used to orient the rainfall pattern in the 

basin 

An objective GIS technique is used to produce quantitative adjustments to the extreme rainfall 

pattern of the historical event based on the elevation differences of the two basins. SSPMP 

transposition considerations include increasing/decreasing the event precipitation by + 9 percent 

for every 1,000-foot decrease/increase in elevation. This elevation relationship to rainfall was 

developed by the National Weather Service and is discussed in detail in HMR-57 (1994). The 

procedure has been used in developing PMP values throughout the world for transposing 

extreme precipitation events from one basin to another basin. The transposition of the 1976 Big 

Thompson Flash Flood and the 1997 Fort Collins Flash Flood both qualify as extreme 

precipitation events as defined by the CCC’s report on Extreme Precipitation (1997). 
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The methodology used was as follows. GIS was used to digitize the historical precipitation 

pattern and a rainfall amount (R1) and elevation (z1) were calculated for each GIS grid cell. The 

historical pattern (R1) was then placed over the South Boulder Creek basin (z2) using the sub-

cloud winds as a guide to placement. 

The equation used for the precipitation adjustment is listed below: 

(1.00 + [z1 – z2/1,000 feet x 0.08]) R1 = R2 

GIS determined the precipitation amount and elevation of the historical rainfall pattern isohyetal 

pattern in 1-inch increments. This pattern was then transposed over the South Boulder Creek 

basin, adjusted for the wind inflow patterns, and then elevation-adjusted by GIS calculation, 

resulting in a new storm rainfall pattern. 

 

 

 

 

 

 

 

 

 

 
 

Figure 1 - Relationship of the Sub-cloud and Cloud Layer Winds for Extreme Precipitation Events 
in Eastern Colorado and along the Front Range Foothills. 

 

The middle portion of the South Boulder Creek basin favors winds from a direction of 110 

degrees (see Figure 1). The sub-cloud level winds for the Fort Collins 1997 event and the Big 

Thompson 1976 event were both blowing from 120 to 130 degrees. Thus, minimal rotation of the 

historical rainfall patterns of these two events is needed, and the placement of the two storms is 

favored along the middle of the basin lined up with the low-level wind fetch direction. 
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Figure 2 shows the basic relationship of the sub-cloud to cloud-layer winds for Colorado extreme 

precipitation events. This relationship was developed as part of the meteorological analyses 

performed during the Cherry Creek SSPMP study (AWA, 2004). It was judged as an acceptable 

technique that enhanced the “physically possible” part of the PMP definition. The red arrow 

identifies the low-level wind source that feeds moist winds into the storm updraft that are used to 

produce heavy rainfall. The Cherry Creek study demonstrated that the low-level winds for all 

eastern Colorado extreme events were from the east (090 degrees) to southeast (130 degrees) in 

direction. 

The black arrow on Figure 2 signifies the upper-level wind direction that is blowing within the 

cloud layer. These winds steer the direction of motion of the storm and act to align the major axis 

of the rainfall’s isohyetal pattern shown in the green lines. The variation of the precipitation 

pattern’s major axis to the cloud layer winds was +10 degrees. The cloud layer wind direction 

varied considerably in eastern Colorado extreme precipitation events. However, the following 

key characteristics were found to exist for all extreme precipitation events: 

Axis of precipitation isohyetal pattern aligns itself +10 degrees of the cloud layer wind direction. 

The sub-cloud layer winds were located within an envelope of 40 to 90 degrees to the right of the 

cloud-layer winds. 

The ratio of the surface to 20,000-foot perceptible water index was approximately 15:1. 

Because the South Boulder Creek basin is open to winds from 110 to 130 degrees, the Big 

Thompson rainfall pattern was not rotated “to fit the basin.” In this way, the meteorology that 

produced the pattern was preserved. In some cases, an alignment adjustment could reduce the 

basin rain amounts. However, the South Boulder Creek basin naturally supports the intrusion of 

moist plains air to develop strong thunderstorm rainfall. 
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1. Big Thompson, July 31, 1976 
Flash Flood 

Figure 2: Relationship of the Sub-cloud and 
Cloud Layer Winds for Extreme Precipitation Events 

in Eastern Colorado and along the Front Range 
Foothills. 

The deadly flash flood of July 31, 1976, in the Big Thompson Canyon of Larimer County 

occurred just 45 miles north of South Boulder Creek and its watershed. The flash flood produced 

10 to 14 estimated inches of rain in less than 6 hours and killed 145 people as it swept down the 

canyons. This flood provided the motivation for the development of the Boulder County FDN to 

give its citizens and communities advance warning of an impending flood like the Big 

Thompson. 

This storm has been studied extensively and much is known about the storm and its runoff 

characteristics. Figure 3 shows a schematic of the storm over the Big Thompson basin on the left 

and an actual photo of the developing Big Thompson storm before sunset on the right. Note that 

the vertical wind profile is shown on the right with strong 20- to 40-mph winds near the surface 

feeding moist air into the storm and light south winds in the cloud layer. The strong east-
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southeast winds in the sub-cloud layer “anchored” the storm’s precipitation production core over 

the middle portion of the Big Thompson River basin. These east-southeast winds flowed up the 

canyon from Lyons to Estes Park in a fetch that is similar to the southeast-preferred fetch found 

in the South Boulder Creek basin. This similarity of the topography provides a physically based 

opportunity for a storm like Big Thompson to occur in some form in the South Boulder Creek 

basin. 

 

 

Figure 3: Actual Photo and Schematic of the Big Thompson  
Flash Flood Storm 

 

Figure 4 shows the estimated storm mass curve for the Glen Comfort storm center of the Big 

Thompson storm as calculated by the Colorado Geological Survey. Close inspection of this 

storm mass curve shows that more than 70 percent of the rainfall fell between 7:00 p.m. and 9:30 

p.m. on July 31, 1976. This storm mass curve was used for basin modeling of runoff.  
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Big Thompson Storm Curve (July 31, 1976)
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Figure 4: Storm Mass Curve of the Big Thompson Flash Flood of July 31, 1976 

 

Figure 5 shows the transposed precipitation pattern created by the application of a GIS 

digitization scheme. The storm’s isohyetal pattern was critically centered over the middle of the 

South Boulder Creek basin using the low-level inflow wind direction, the axis of the cloud-layer 

winds, and paleoflood hydrology observations as placement tools. This precipitation pattern will 

be used in the runoff modeling task later in the project. The blue-shaded precipitation maximum 

located in the middle South Boulder Creek basin represents a 10- to 12-inch rainfall amount. The 

return frequency of this event is well over a 10,000-year, 6-hour event. In all likelihood, South 

Boulder Creek would not face such an event in anyone’s lifetime; however, the event will be 

considered in the risk assessment portion of the study as a high-end event possibility. 
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Figure 5: Transposed Big Thompson Flash Flood of July 31, 1976, to South Boulder Creek Basin 

2. The Fort Collins Flood of July 28, 1997 
Front Range communities were given a rude awakening on July 28, 1997, when the City of Fort 

Collins, 45 miles north of Boulder, experienced a flash flood that killed 5 people in and along 

Spring Creek. The flash flood was part of a very wet 36-hour period that saw 10 to 14 inches of 

rain accumulate over the western portions of Fort Collins. The flash flood was caused by a burst 

of thunderstorm rainfall of 6 to 10 inches over a 5-hour period on soil that was already saturated 

by prior rains. This event has been estimated to exceed a 500-year, 24-hour return frequency. 

The Fort Collins storm was transposed over the lower portion of the South Boulder Creek basin 

in keeping with its occurrence at lower elevations. The sub-cloud inflow winds were from the 

southeast at 10 to 20 mph, so no rotation of the rainfall pattern was required. Figure 6 shows the 

storm mass curve, and Figure 7 shows the associated rainfall pattern of the Fort Collins storm as 

determined by the CCC. 
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1997 Fort Collins Storm Curve
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Figure 6: Fort Collins July 28, 1997, Storm Mass Curve 

 

 
Figure 7 -  Fort Collins Isohyetal Pattern 
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The transposed Fort Collins event is placed over the lower third of the South Boulder Creek 

basin in keeping with the original storm’s elevation of occurrence and is shown on Figure 8. 

Repeated storm development off the Flat Irons brings a series of thunderstorms producing heavy 

rainfall over the same location in what is figuratively called a storm “train-echo” effect. The lack 

of moderate to heavy rainfall (blue color tones) over the upper two-thirds of the basin is 

consistent with event observations in Fort Collins. The heavier rainfall (blue tones) falls over the 

lower-populated area of the basin near Highway 36 with amounts of 8 to 12 inches in a 4 to 6 

hour period. 

 
Figure 8 -  Transposed Fort Collins July 28, 1997, Isohyetal Pattern 

 

The occurrence of the Fort Collins flash flood led to a re-evaluation of the City of Fort Collins 

floodplains and a recalculation of city rainfall return frequencies. The ensuing political 

implications of this event in Fort Collins are still being resolved, but the storm detection, 

prediction, and response capabilities have been significantly enhanced. 

3. May 4 to 8, 1969, Flood 
The May 1969 rainfall pattern was chosen to serve as a model for the developing design storm 

concept because the Reclamation’s rain bucket survey provided a windfall of rainfall information 
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that otherwise would have been lost to posterity. Reclamation’s rainfall observations were 

digitized to enhance input to the basin calibration model that provided the distribution of 

precipitation with elevation and time. 

The digitized observed precipitation pattern (Figure 9) shows a range of 3.00 inches to almost 

13.00 inches distributed across the entire basin. The easterly to east-southeasterly winds 

observed from the surface to 14,000 feet during this protracted general storm created a 

precipitation maximum in the mid-portions of the basin with heavy precipitation falling both 

above and below Gross Reservoir. This observed spatial distribution was a critical input to both 

storm modeling and development of the design storm for the basin because it demonstrated that 

spatial precipitation distribution during significant general storms is non-uniform across the 

South Boulder Creek basin. The Boulder recording gage is the A-1, Boulder location used to 

create the storm mass curve shown on Figure 10. Although this gage location is not in the basin, 

it is the closest recording gage that shows the storm’s temporal distribution and is, therefore, a 

reasonable proxy for the South Boulder Creek basin. 

 
Figure 9 -  May 4-8, 1969, Observed Precipitation Pattern Digitized into GIS Format 
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1969 Storm Curve
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Figure 10 - May 4-8, 1969, Storm Mass Curve 
 
4. September 2, 1938 Genesee Mountain Storm Transposition 
The Genesee Mountain storm developed between 4:00 p.m. and 5:00 p.m. along the foothills of 

Jefferson County near Genesee Mountain and Mount Vernon Canyon. This very intense 

thunderstorm system centered over Genesee Mountain and produced 4 to 9 inches of rain 

between 5:00 p.m. and 8:00 p.m. The ensuing flash floods down Bear Creek and Mount Vernon 

Canyon led to eight deaths and destroyed the town of Morrison. The Reclamation conducted a 

rain-bucket survey of this storm and obtained 16 reliable rainfall observations from residents. 

Several of the reports included temporal estimates of the rainfall as it fell. These observations are 

the basis for the storm isohyetal pattern shown on Figure D-10 and a storm mass curve produced 

for the storm shown on Figure D-11. 

 

The existing observations of the Eldorado Springs flood of September 2, 1938, are sketchy at 

best. The peak rainfall is estimated to be 3 to 5 inches in a 2- to 3-hour period. The well-defined 

rainfall pattern for the Genesee Mountain storm was used as a surrogate for the lack of data in 

the South Boulder Creek basin. The eastern edge of the rainfall begins at the site of the 
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Hawthorne gage site and extends westward but remains downstream from Gross Reservoir. The 

results of this transposition are shown on Figure D-12. 

The 1938 Eldorado storm left paleoflood hydrology evidence (Jarrett and Pruss, 2003) that 

places the location of the storm’s heaviest rainfall and runoff along the south rim region of the 

South Boulder Creek basin. Placement of the transposed rainfall pattern was in accordance with 

this location and with consideration for the historical weather and anecdotal observations. 

 

 
Figure 11: September 2, 1938, Isohyetals 
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Genesee Mountain Storm Curve, September 2, 1938
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Figure 12: September 2, 1938, Storm Mass Curve 

 

 
 

Figure 13: Transposed September 2, 1938, Genesee Storm Rainfall Pattern 

5. Comments on the Importance of the Transpositions 
Both the 1969 general storm and the 1938 Eldorado Springs storm are considered to be extreme 

precipitation events by the CCC and the Colorado State Engineer’s Office. These storms are 
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included within the Extreme Precipitation Climatology study storm list and are regularly 

considered in the development of most Front Range SSPMP studies. 

Both the 1938 and 1969 storms contributed to our development of general storm and 

thunderstorm design storms for use in the modeling tasks. The South Boulder Creek basin has 

experienced these two significant flood events in the past 66 years but has not experienced a 

series of more normal lesser flooding events as would be expected. 

The lack of these lesser events suggests that either the orientation of the basin to low-level 

winds, topographic influence on storm development, or some measure of both may play an 

important and, possibly, controlling role in the formation, intensity, and frequency of storms 

within the basin. Although not as prone to flooding from heavy general rains as the Boulder 

Creek basin, the South Boulder Creek basin is still more exposed to the occurrence of heavy 

general rains with prevailing easterly to northeasterly upslope winds than to the southeasterly 

winds needed to support a strong thunderstorm rainfall such as the 1938 Eldorado Springs event. 

The transposition of both the 500-year+ Fort Collins Flood storm and the 10,000-year+ Big 

Thompson storm to the South Boulder Creek basin represent rare but physically possible storm 

scenarios that will be included in the risk assessment of the basin and the modeling tasks. The 

lack of paleoflood hydrology evidence of such catastrophic flooding events to this point does not 

negate the chance that it could happen. The occurrence of the major flooding event on South 

Boulder Creek during the rare September 2, 1938, heavy thunderstorm outbreak supports the 

contention that a severe flooding event from thunderstorms is physically possible on South 

Boulder Creek. 
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Appendix D 

 

Scientifically Defensible Design Storm (SDDS) 
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Scientifically Defensible Design Storm (SDDS)  
 

1. Original Design Storm (2004) 
 

The basic premise of a design storm’s utility is that a design storm of a given frequency will 

produce a simulated runoff peak and volume having the same return frequency.  Thus, a 100-

year design storm should produce a 100-yr runoff and volume.  Design storms have used to 

develop engineering solutions to counter the basin’s flooding responses.  Typically, design 

storms have been developed by statistical analysis of long term point precipitation records with 

little regard for the runoff consequences (Urbonas, 1979).  If developed in this manner, the 

design storm is likely flawed.   

An inherent weakness of the standard design storm is that it lacks true definition of the storm’s 

aerial coverage in a basin and the temporal distribution of the rainfall producing the runoff 

(Urbonas, 1979).  Typically, these factors are “backed into” by synthetic modeling efforts.  

Lacking both quantitative storm aerial and temporal distributions from observations, many 

contemporary design storm approaches have been based on a combination of long term 

precipitation point records and sophisticated modeling efforts.   

However, the SBC design storm has addressed these key weaknesses and is based on a strong 

local and regional observation base and related basin response modeling. The SBC design storm 

proposed is based on the integration of four key basin evaluations: 

statistical South Boulder Creek precipitation record evaluation and analyses to provide the storm 

magnitude and return frequencies and antecedent moisture characteristics,  

enhanced radar analysis of regional, historical 100-yr storms to refine the aerial coverage and 

temporal rainfall of observed Front Range 100-yr thunderstorms,  

observed topographic impacts on SBC storm placement and development on precipitation 

distribution within the basin and,  

paleo-hydrologic basin-specific evidence of past flooding events.  

Unlike traditional design storms that rely heavily on creative analyses of precipitation records or 

historically developed storm types from other parts of the country, the SBC design storm relies 

on the integration of aerial and temporal characteristics not available until the installation of the 

NWS WSR-88D Doppler radar network in the early 1990’s.  Application of the 1993-2003 
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WSR-88D data base has addressed the aerial and temporal distributions of storms not available 

from precipitation records.  We recognize that the 10-year WSR-88D record is short in 

comparison to the many long term precipitation records and that the relationship of radar 

reflectivity to rainfall is still an imperfect science.  Still the advantages of the radar data base 

outweigh any shortfalls. 

Thus, the definition of the SBC design storm is based on observed storm characteristics.  These 

analyses address the inherent weaknesses of most design storms.  Most standard design storms 

rely only on point or network precipitation analyses and statistically generated precipitation 

characteristics. The SBC design storm has been “observationally customized” for the SBC basin. 

The basin modeling tasks provide insights into the runoff characteristics generated by the design 

storm to provide a bridge between the basin design storm and its runoff characteristics.   

Instead of a typical, conservative uniform rainfall distribution and design storm application, the 

SBC design storm is based on the integrated, climatological analyses completed for this study. 

Based on the SBC storm climatology it evolved into two customized design storms: a 72-hour 

general storm and a 24-hour thunderstorm.  These two design storms reflect the primary 

meteorological causes of flooding in SBC basin. We refer to these design storms as our 

“scientifically defensible” Design Storm (SDDS) for South Boulder Creek. 

1.1      The Original SDDS process 

The development of the SBC SDDS required the following additional specific tasks: 

Utilize the statistically derived values of the 100-yr events based on the Boulder frequency 

analyses performed earlier in this task to define the event magnitude. 

Evaluate the observed antecedent moisture for both the general and the thunderstorm design 

storm scenarios for use in the storm modeling tasks. 

Utilize the 1969 general storm precipitation event as a model for the development of the general 

storm design storm. 

Develop aerial and temporal distributions from observed 100-yr, thunderstorm events based on a 

radar evaluation of Northern Colorado foothills-plains interface storms over the past ten years 

using Level II and III data bases of the NWS WSR-88D Doppler radars located at Cheyenne, 

Wyoming and Watkins, Colorado. 
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Develop a placement strategy for the aerial storm footprint based on the integration of observed 

historic storm wind patterns, basin topographic effects on precipitation distribution and paleo-

hydrologic evidence of severe flooding locations. 

A discussion of each of these tasks and its contribution to the SDDS follows. 

1.2       Statistical storm frequency values and antecedent moisture 

A prior task involved calculating the updated values of precipitation depth/duration/frequency 

(DDF) in Boulder County for the stations originally used in the creation of NOAA Atlas II 

Volume III - Colorado (1973 hereafter NAII).  The observation stations, data sources and the 

statistical techniques used to derive the values were detailed in a preceding section.  The addition 

of 30 years of precipitation data lowered the value of the 24-hr, 100-yr storm at the Boulder gage 

from 5.03 inches to 4.69 inches.  The lower value, however, was not recommended for 

acceptance since the Boulder gage is not accepted as being representative of precipitation in the 

South Boulder Creek basin. 

A comparison of the limited periods of record for the Hawthorne and Gross Reservoir gages in 

SBC basin to the Boulder gage record was accomplished.  One means of normalizing the gage 

values to comparable periods of record is to adjust the Boulder 24-hr, 100-yr value of 4.69 by the 

ratios of comparable annual precipitation for the compared sites.  The results are shown in 

Appendix A. This ratio adjusting of the 24-hr, 100-yr value for the Boulder gage computes 24-hr, 

100-yr values of 5.41 inches for the Hawthorne gage and 5.02 inches for the Gross Reservoir 

gage.   

These values are presented in Table 1 below along with values for the Boulder-new and 

Boulder-old 24-hr, 200 yr and 24-hr, 500-yr precipitation events.  Note that utilization for design 

of the Boulder-new gage values could result in a significant under-estimation of the actual 24-hr, 

100-yr values if the calculated Hawthorne and Gross Reservoir calculated values are 

representative of SBC 100-yr events.  Due to this uncertainty, the Boulder-old values were used 

in the SBC SDDS. 
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Table 1 - Comparison of Boulder, Hawthorne and Gross Reservoir gage 
return frequency values 

Station 24-hr, 100-yr 24-hr, 200-yr 24hr, 500-yr 
Hawthorne  5.41”   

Gross Reservoir 5.02”   
Boulder-new 4.69” 5.14” 5.74” 
Boulder-old 5.03” 5.40” 6.05” 

   

A second review was made of the gages to determine how many times the 100-yr, 24-hour value 

had been equaled or exceeded at any of the four Boulder gages closest to SBC.  The gages were 

the Boulder, Boulder 2, Hawthorne and Gross Reservoir gages.  The only 24-hr value that 

equaled or exceeded the 24-hr, 100-yr event was the 5.22” reported at Hawthorne during the 

September 2, 1938 flooding event.  Table 2 shows the peak 24-hr values reported at each site. 

 

Table 2 - Comparison of Boulder, Boulder 2, Hawthorne and Gross Reservoir gage values for 
peak observed 24-hr and 72-hr precipitation events 
Station Peak 24-hr value Peak 72-hr value Other 24-hr of interest 
Boulder 4.80”, 7-31-1919 6.37”, May 5-7, 1969 3.51”, 5-17-1995 
Boulder 2 2.90”, 6-08-1987   
Hawthorne 5.22”, 9-02-1938  4.09”, 5-07-1969 
Gross Reservoir 4.15”, 4-03-1986  3.47”, 8-05-1999 
 Co-op Observer  13.05”, May 5-7, 1969  

 

Note that only the Hawthorne gage value of 5.69” on September 2, 1938 reported on the night of 

the El Dorado flood is the only observation that exceeds or equals the 24-hr, 100-yr event value.   

Of interest is the 4.09” observed at the Hawthorne gage on May 7, 1969 during the 1969 

flooding event.  Apparently the Hawthorne gage that was discontinued in 1973 was the only gage 

to record both the 1938 and 1969 events magnitudes in a reasonable manner.  By comparison 

both Boulder gages showed peak responses in 24-hr precipitation to other events and the peak 

values were lower. 

During the 1969 general storm event the 6.37” recorded in the Boulder gage was just over half 

the maximum amount of 13.05” reported in SBC by a co-operative observer.   Thus, during 

significant general storm events, the Boulder gage tends to receive less precipitation than 

observed in the SBC basin.   
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While this result is not surprising, it further questions the use of the Boulder gage for developing 

100-yr frequency values for the SBC basin.  Similarly for thunderstorm events, the Boulder gage 

seems to report less precipitation than reported with the primary storm rainfall events for the 

date.  

Two good comparisons can be found by evaluating the July 8, 1998 thunderstorm and August 4, 

1999 general rain events used for basin calibration.  In addition to the standard gage values, SBC 

rainfall received in the SBC Flood Detection Network (FDN) gages provided an excellent 

comparison data set.  Table 3 shows the rain received at the Boulder gage and in the SBC FDN 

gages. 

Table 3 - Comparison of Boulder, Gross Reservoir and SBC FDN 
rainfalls 

Stations July 8, 1998 August 4, 1999 

Boulder 0.35 1.79 + 0.90 = 2.89 

Gross Reservoir 1.79 3.47 

#4010 0.28 3.07 

#4020 0.87 2.68 

#4030 2.80 3.15 

#4040 1.77 3.19 

#4050 1.02 2.95 

#4060 0.47 3.39 

#4530 0.20 1.89 

 

During the July 8, 1998 event the Boulder FDN Gage # 4030 reported 2.80” while the Boulder 

gage reported only 0.35 inches.  The Gross Reservoir gage collected 1.79” which is more 

representative but still less than the peak value. This thunderstorm example highlights the value 

of using a FDN of multiple gages as opposed to single site gages either nearby, such as the 

Boulder gage, or in the basin, such as the Gross Reservoir gage, to “catch” thunderstorm rainfalls 

for use in a frequency distribution.  If this example is representative of the Boulder gage’s 

performance, most SBC thunderstorms may be under-represented in the Boulder gage data. 
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On August 4, 1999, the Boulder gage reported 2.89” by summing both the August 4 and 5 rain 

observations while the SBC FDN had four stations that reported over 3.00” in less than 7 hours.  

Both of these events were used to assist in the basin calibration effort and were under-reported 

by the Boulder gage.  Thus it can be argued that the Boulder gage site is not representative of the 

rainfall that falls during key flooding events of record as indicated in the historical flooding 

review task.  This fact supports the likely under-estimation of the 24-hr, 100-yr precipitation 

values for SBC if the Boulder gage is used for the calculations.  Thus the “Boulder-old” values 

of the 24-hr, 100-yr, 200-yr and 500-yr events will be used in the SBC SDDS.   

Another key factor for the SDDS is the antecedent moisture before flooding events.  Table 4 

shows the observed rainfall during the prior 72-hours before the historic flooding events in 

Boulder/South Boulder Creeks if data is available.  Note that flooding events that occur in May, 

June or September received antecedent moisture that was 10-26 percent of the event 

precipitation.  In contrast, summer events occurring during July and August received 1-13 

percent antecedent moisture, or roughly half as much as the spring and fall events.   

Since it is hard to use point values to measure antecedent moisture in the SBC basin, as noted in 

earlier discussions, it is recommended that antecedent moisture values of 20-25 percent of the 

event value are reasonable for use in the SBC SDDS.  
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Table 4 - Antecedent moisture observations for Boulder/South Boulder Creeks historic flooding events 

Date # of days of 
Antecedent 

> 0.10 

Total 72 hr 
Antecedent in 

the SBC or 
Boulder gages 

Storm Total 
Precipitation 
in a SBC or 

Boulder gage 

% of 
Antecedent 
Rainfall to 

Total Rainfall

Comments 

1906 July 0 0.02 2.08 1 possible antecedent 
1916 July 1 0.32 1.26 25 24 hr antecedent 
1919 July 0 0.10 4.80 2 minimal antecedent 
1921 June 3 1.19 4.40 26 4.62" / 1.5 hr thunderstorm 
1929 July 0 0.00 2.95 0 None 
1938 Sept 2 0.87 5.22 17 7pm flood hit Eldorado 

Springs, 24 to 48 hr 
antecedent 

1941 June 0 0.00 1.31 – 3.00 0 no antecedent, late PM t-
storm 

1951 Aug 1 0.58 4.46 13 24 hr antecedent 
1955 Aug 0 Trace > 3.00 0 none 
1969 May 1 1.25 6.24 20 antecedent  
1995 June 1 0.18 1.87 10 antecedent  
1998 July 1 0.16 2.80 6 antecedent 
1999 Aug  0 0.12 3.47 3 antecedent 

 

In summary, two key components of the SBC SDDS were developed in this specific task.  Both 

are listed below: 

The “Boulder-old” or NOAA II 24-hr, 100-yr value of 5.03 inches will be used in both the 

general and thunderstorm SDDS based on the compelling observational evidence. 

Representative 72-hr antecedent moisture values for the SDDS will be 20-25 percent of the storm 

total precipitation. 

1.3    SDDS: 24-hour General Storm  

The design general storm is based on the May 4-7, 1969 event that is discussed in detail in an 

earlier section of this report.  The sprawling 1969 general storm developed over the Four Corners 

area and fed a steady diet of moist easterly winds off the plains into the Front Range.  The 

interaction of these persistent easterly winds with the topography of South Boulder Creek basin 

provides an excellent example of the terrain effects on precipitation distribution and amount 

within the basin.   
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Figure 1 shows this event’s aerial rainfall distribution and Figure 2 the temporal distribution along 

the Front Range during the five day event.  Storm totals in SBC basin ranged from 4-6 inches in 

the lower basin to over 13 inches in the middle basin.  Lesser amounts were observed in the 

upper third of the basin where most of the precipitation fell as snow.  The 1969 general storm 

was preceded by 72-hour precipitation total of 1.25” in the Hawthorne gage which was 20 

percent of the storm total Hawthorne precipitation of 6.24 inches. 

 

 
 

Figure 1 - Isohyetal pattern of rainfall from the May 4-8, 1969 event 
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Figure 2 - May 4-8, 1969 storm mass curve 

A GIS-based precipitation distribution analysis was used to develop an aerial distribution of 

rainfall in the SBC basin for the 100-year event.  Using the precipitation observed during the 

1969 event, the peak precipitation in any SBC sub-basin was identified.  This value was used to 

normalize the remaining sub-basins’ precipitation values as a percent of the peak sub-basin’s 

precipitation.  This process should provide a realistic simulation of the orographic impacts of 

topography on precipitation distribution and intensity during a general storm event.  Figure 3 

below shows the aerial precipitation distribution for the 24-hr, 100-yr general SDDS. 

 

 
Figure 3 - Aerial precipitation distribution for the 24-hr, 100-yr general SDDS 
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The normalized precipitation pattern described above was used to distribute the 5.03” 24-hr, 100-

yr event for a general storm across the SBC basin.  The peak sub-basin value is assigned the 

5.03” value and the other sub-basin values are calculated as a percent of this value.  

The observed storm mass curve for the 1969 event from Midnight, May 6 to Midnight, May 7 

was used as the model for the temporal distribution of the event.  The observed precipitation 

during this 24-hr period in the 1969 event was 5.25” and compares well to the 24-hr, 100-yr 

value of 5.03 inches.  The time distribution of this 24-hr period was used to distribute the 

precipitation in each of the sub-basins within the SBC basin.  Observations were not available to 

differentiate temporal distribution differences within the SBC basin so this “uniform temporal 

distribution” was chosen as the best and most realistic alternative. 

Thus the 24-hour, 100-yr general storm SDDS is based heavily on the orographically influenced 

aerial and temporal distributions of the 1969 flooding event. 

1.4     SDDS: 24-hour, 100-year Thunderstorm  

The characteristics of the 24-hr, 100-yr precipitation events produced by thunderstorms are not 

well observed along the Colorado Front Range.  In particular, the temporal and aerial 

distributions of these thunderstorm rainfalls have not been well documented.  Rain gages have 

observed enough strong thunderstorm events to give us a reasonable peak rainfall value of 5.03” 

in 24 hours for the 100-year event.  NWS WSR-88D Doppler radars were installed in locally in 

1993. 

The limitations of using WSR-88D Doppler radar observations to specify surface rainfall were 

discussed in detail an earlier section.  Use of the Storm Total Precipitation product to specify the 

aerial size of the surface rainfall are subject to these same limitations. Curtis, 1991 and 1993 

discusses these limitations and the advantages to using WSR-88D observations for developing 

design storm definitions and depth/duration values.  The STP product tends to be better for 

precipitation values of 2.00” or more and for defining the size of extreme precipitation events.  

Our study will use the STP product to define the aerial characteristics of the 100-yr events. 

The use of the radar reflectivity associated with the area of maximum precipitation to determine 

the storm mass curve or the temporal distribution of the rainfall is quite good.  Comparisons of 
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observed rainfall in the SBC FDN to the radar estimated rainfall showed very good correlations 

for the two correlation events.   

The use of these products in this study is a first step in preparing a radar-based climatology of 

rain events in Colorado for use in design storm and depth/duration studies. 

Development of the 100-yr regional storm list 

The lack of temporal and aerial distributions led to an investigation of observed 100-yr, 

thunderstorm events based on a radar evaluation of Northern Colorado foothills-plains interface 

storms over the past ten years using the continuous Level II and III data bases of the NWS WSR-

88D Doppler radars located at Cheyenne, Wyoming and Watkins, Colorado.   

A “long list” of candidate events was developed for the 10-year time frame of 1994 to 2003 for 

flood/flash-flood events that occurred in Larimer, Boulder, Jefferson, Douglas and El Paso 

Counties. The sources of these events were the “Colorado Extreme Storm Precipitation Study” 

(Doesken and McKee -1996), CoCoRahs precipitation data base and the online version of Storm 

Data (NOAA – 2004).   

These counties were selected because they possess similar plains/foothills interfaces like the one 

in South Boulder Creek.  A further selection criteria was that the event precipitation amounts 

should reach between the 3.81” (6-hr, 100-yr) and 5.03” (24-hr, 100-yr) SBC values with an 

arbitrary upper limit of 7.00 inches.  Lesser or greater events were not considered. 

A “short list” of 15 storm events that met all of the above criteria was developed. The next step 

was to insure that Level III Nexrad radar data was available from the automated database at the 

NOAA - National Climatic Data Center (NCDC) for each event.  Every attempt was made to 

acquire the radar data closest to the heavy rainfall, however, in some instances the data for that 

site was unavailable and an alternate site was used.   

No Level III data was available for one event (6/13/1997 – Larimer Co.) and radar data did not 

indicate any strong storm activity consistent with the report for another event (8/4/97 – Larimer 

Co.).  The final list of 13 storm events that met the above criteria is presented in Table 5.  
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Table 5 - 6-hr to 24-hr, 100-yr Flood events that occurred May-September, 1994-2003 in 
Larimer, Boulder, Jefferson, Douglas and El Paso Counties 

Case # Storm Dates Locations County Amount Duration 
1 8/10/94 Virginia Dale Larimer 6”-7" 4 hrs 
2 6/2/97 Fort Collins / 

Horsetooth 
Larimer 3"-4” 90 min 

3 6/7/97 Air Force Academy El Paso 4”-5" 6 hrs 
4 7/30/97 South Boulder 

Creek 
Boulder 3"-4” 90 min 

5 7/31/98 Security / Colorado 
Spgs 

El Paso 6-6.5" 4 hrs 

6 8/10/98 Lakewood Jefferson 3”-4”+ 90 min 
7 9/1/98 Wellington Larimer 4.58" 3 hrs + 
8 8/4/99 Broomfield Boulder 4" 90 min 
9 7/17/00 Whiskey Gulch Douglas 4”-6”  60-90 min 

10 8/16/00 Bobcat Burn Area Larimer 3"-4”+ 2 hrs 
11 7/12/01 Berthoud Larimer 3.5”-4.5" 3 hrs 
12 8/31/01 Colorado Springs El Paso 6”-6.5" 6 hrs 
13 6/18/03 West of Berthoud Larimer 3.3” - 4"+ 3 hrs 

 

The precipitation event amounts were obtained by a review of the available precipitation 

observations and the Nexrad-derived Storm Total Precipitation (STP) product.  The STP product 

was examined to identify the location of the heaviest radar-estimated rainfall and the aerial 

distribution of the event.  A cross-check was made to ensure that this central point was consistent 

with the related narrative of the reported location of the flooding. The reported surface rainfall 

was compared to the narrative amounts and the STP product and an event amount was assigned. 

The information obtained from the radar climatology of the Front Range storms identified above 

will form the basis for the aerial and temporal characteristics of the SDDS.  Key identifying 

characteristics should provide the information necessary to define the SDDS. 

Size and aerial characteristics of the regional 100-yr storms 

The size and aerial characteristics of the 13 100-yr storms identified above provide a solid basis 

for defining the SBC SDDS.  The first characteristic is length to width ratio.  NOAA Atlas II 

defined this ratio as 2.4:1 and Henz, 2003 reported a ratio of 3:1 in an evaluation of extreme 

eastern Colorado precipitation events.  The ratios of the storms evaluated in this study ranged 
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from 1.17:1, on July 12, 2000, to 3.1:1 on August 31, 2001 as shown in Table 6.  The average of 

the 13 storms was a 2.14:1 ratio and this value was rounded to SDDS value of 2:1. 

 

 

 
Table 6 - Thunderstorm length vs. width axis ratios for the 13 Northern Front Range 

100-yr precipitation events, 1994-2003. 
Storm Date Length(miles) Width(miles) Axis Ratio 
8/10/1994 7.00 3.80 1:84 
6/2/1997 10.20 3.40 3:1 
6/6/1997 12.80 6.00 1.64:1 

7/30/1997 6.40 4.80 1.38:1 
7/30/1998 6.00 3.60 1.67:1 
8/10/1998 3.40 2.40 1.42:1 
9/1/1998 6.20 3.40 1.82:1 
8/4/1999 7.20 3.60 2.19:1 

7/16/2000 5.00 3.60 1.39:1 
8/16/2000 5.80 1.40 4.14:1 
7/12/2001 5.60 4.80 1.17:1 
8/31/2001 6.20 2.00 3.1:1 
6/18/2003 6.00 2.60 2.73:1 

AVG. RATIO   2.14:1 
 

Table 7 shows individual and average aerial characteristics of the storms including: 

Storm length and width 

Area of precipitation of 2.0” to 3.5” in square miles 

Area of precipitation greater than 3.5” in square miles 

Storm total area of precipitation greater than 2.0 inches 

These characteristics provide aerial definition to the SBC SDDS.  It is interesting to note that the 

average size of the storm rainfall area of greater than 3.5” is only about 8 square miles in size 

and the area of 2.00” or more is about 23 square miles.  The relatively small size of these 100-yr 

storms explains why basins are hit so seldom by these events.  The odds of a 100-yr storm hitting 

a recording rain gage are even less as expected. 
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Table 7 - Thunderstorm size characteristics for the 13 Northern Front Range 100-yr precipitation 
events, 1994-2003 

 

  
DATE 

Length of 
Storm 
(miles) 

Width of 
Storm 
(miles) 

Square miles 
of > 2.0” - 3.5”

Square Miles 
of  > 3.5” 

Total Square 
Miles 

of > 2.0” 
8/10/1994 7.00 3.80 17.40 4.35 21.75 
6/27/1997 10.20 3.40 17.40 14.50 31.90 
6/7/1997 12.80 6.00 36.25 20.30 56.55 

7/30/1997 6.40 4.80 21.75 5.80 27.55 
7/31/1998 6.00 3.60 10.15 7.25 17.40 
8/10/1998 3.40 2.40 8.70 2.90 11.60 
9/1/1998 6.20 3.40 15.95 5.80 21.75 
8/4/1999 7.20 3.60 14.50 8.70 23.20 

7/17/2000 5.00 3.60 11.60 7.25 18.85 
8/16/2000 5.80 1.40 5.22 2.90 8.20 
7/12/2001 5.60 4.80 11.60 8.70 20.30 
8/31/2001 6.20 2.00 6.80 4.80 11.60 
6/18/2003 6.00 2.60 14.50 11.60 26.10 
Average 6.75 3.5 14.67 8.16 22.83 

 

A comparison of the aerial coverage of the square miles of rainfall of 2.0”-3.5” to rainfall of 

greater than 3.5” supports the observed tight gradient of rainfall over short distances during 

strong rainfall events.  Table 13 shows the aerial characteristics of different precipitation classes 

and the impact of multi-cell thunderstorms.   Six of the thunderstorm events were multi-cell 

storms and seven storms were single cell storms.  On average the multi-cell storms were about 

22 percent larger than the single cell storms.  

Since the SBC calibration storms were both multi-cell storm events, the SDDS will take on a 

multi-cell form with the second cell located to the north over the Boulder Creek basin as 

observed.  Perhaps the most interesting observations in Table 13 are the aerial ratios between the 

different precipitation classes and the most intense rainfall to the total storm size.  The key 

observation is that the heaviest precipitation (> 3.5”) is 36 percent of the storm precipitation 

pattern greater than 2 inches.  The implications of this observation are significant to the 

definition of the SDDS. 

Standard design storms are based on statistical evaluation of peak point rainfall amounts which 

are then aerially reduced to about 80-90 percent coverage of the entire basin.  Urban basins are 

typically less than 10 square miles and, given the average 8 square miles for the peak 

precipitation area, may produce a representative but conservative solution.  However, the 
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application of that methodology to larger basins, either urban or foothills, would tend to 

significantly over estimate the basin design precipitation.  In the case of the SBC basin, the 

design storm rainfall would be very conservatively, over-estimated using standard design storm 

methodology.  The observations in Table 8 show a reduction range of 20-50 percent with an 

average of 36 percent for a storm of less than 25 square miles in size. 

Table 8 - Thunderstorm aerial reduction characteristics for the 13 Northern Front Range 100-yr 
precipitation events, 1994-2003 
Date Total Size-sq 

Mi >2.0” 

Multi-cell  

size > 2” 

(sq mi) 

Total MC 

sq mi > 

2.0” 

Aerial  Ratio  

> 3.5”/

2.0-3.5” 

Aerial 

Ratio 

>3.5”/>2.0

” 

MC Aerial 

Ratio 

>3.5”/>2.0” 

8/10/1994 21.75 
  0.25 0.20  

6/27/1997 31.90 
  0.83 0.45  

6/7/1997 56.55 
  0.56 0.36  

7/30/1997 27.55 
  0.27 0.21  

7/31/1998 17.40 
5.8 23.2 0.71 0.42 0.31 

8/10/1998 11.60 
  0.33 0.25  

9/1/1998 21.75 
8.7 30.45 0.36 0.26 0.19 

8/4/1999 23.20 
2.9 26.1 0.6 0.38 0.35 

7/17/2000 18.85 
10.15 29 0.63 0.38 0.25 

8/16/2000 8.20 
  1.00 0.50  

7/12/2001 20.30 
4.35 24.65 0.75 0.42 0.35 

8/31/2001 11.60 
  1.00 0.50  

6/18/2003 26.10 
7.25 33.35 0.80 0.44 0.35 

Average 22.83 
 27.8 0.62 0.36 0.33 
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The SBC SDDS used the relationships determined in Tables 7 and 8 to guide the aerial 

precipitation distribution of the thunderstorm design storm as shown in Figure 4.  The SDDS has 

a length of 7 miles and width of 3.5 miles for a 2:1 ratio, covers 23 square miles with rainfall of 

2” or more, is a multi-cell storm and has just over 8 sq. miles of rainfall greater than 4 inches. 

 

 
 

Figure 4  - Aerial precipitation distribution for the 24-hr, 100-yr thunderstorm SDDS 

 

Figure 5 below shows the SBC 24-hr, 100-yr SDDS plotted with transpositioned and maximized 

extreme precipitation events for the Cherry Creek basin for the purpose of size comparisons 

only. Clearly the extreme precipitation events, including the Fort Collins 1997 flood event, dwarf 

the SBC SDDS in size and depth.  However, the slope of the depth-area curve for the SBC SDDS 

24-hr, 100-yr thunderstorm event appears reasonable.  The dashed line is estimated from 

subjective observation of the 13 evaluated storm events. 
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Transpositioned and Maximized Depth-Area Curves for the Total Storm
Isohyetal Patterns Analyzed in the Cherry Creek Site-Specific PMP Study
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Figure 5 - Depth-area curve for the 24-hr, 100-yr thunderstorm SDDS compared to transpositioned 
and maximized extreme eastern Colorado precipitation events 

 

Temporal characteristics of the regional 100-yr storms 

It is interesting to note that all the 100-yr thunderstorm events in Table 6 had durations of 6 

hours or less for precipitation.  The duration of each event was cross-checked against the Level 

lll maximum radar reflectivity values that corresponded closest to the event location.  The value 

of the point radar reflectivity (dbZ) of the identified central point was used to derive the temporal 

reflectivity pattern.   

The actual reflectivity value of that point was converted to a scale that only included reflectivity 

values equal to or greater than 40 dbZ.  Lower reflectivity values are not associated with 

thunderstorm rainfall thresholds. Some leeway was allowed for values where the point was near 

the divider between radar ‘bins’, and subjective averages were used if these situations existed.   

These reflectivity values were plotted using the 5-minute observations provided to develop 

temporal storm distribution.  Note that the reflectivity temporal pattern closely fits the observed 

SBC 24-hr, 100-yr 
SDDS 
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rainfall temporal pattern relative to the limitations of updraft influences described in detail 

earlier.  

The temporal distributions of the collective 13 events was used to construct a SDDS 24-hr, 100-

yr temporal distribution.  Based on observation, the entire 5.03” of rain was placed in a 6-hour, 

storm window.  Review of the historic rainfall records for SBC indicated that over 80 percent of 

the summer thunderstorm rainfall events occurred in 6 hours or less.  Based on the 13 events the  

30-minute temporal distribution shown in Table 9 was developed.  The rainfall is equally divided 

by 5-minute time steps within each 30-munite block.  The “slow start” to the precipitation event 

over the first 30 minutes is reflected in development of the storm updraft.  While high reflectivity 

values may be present during this updraft time, little precipitation has been observed.  

Table 14 - Thunderstorm SDDS temporal precipitation distribution based on the 13 
Northern Front Range 100-yr precipitation events, 1994-2003 

Time Interval Precipitation amount Accumulated Percent Accumulation
0 0 0 0 

30 0 0 0 
60 1.00 1.00 0.20 
90 1.00 2.00 0.40 

120 0.30 2.30 0.46 
150 0.50 2.80 0.56 
180 0.50 3.30 0.66 
210 0.50 3.80 0.76 
240 0.25 4.05 0.80 
270 0.25 4.30 0.85 
300 0.25 4.55 0.90 
330 0.25 4.80 0.95 
360 0.23 5.03 1.00 

 

Placement of the SDDS thunderstorm within the SBC basin 

The SDDS thunderstorm placement strategy for the aerial storm footprint was based on the 

integration of observed historic storm wind patterns, basin topographic effects on precipitation 

distribution and paleo-hydrologic evidence of severe flooding locations.  The controlling factor, 

however, was the final placement of the storm center based on modeling maximization of the 

basin runoff. 

Figure 4 shows the aerial placement of the 24-hr, 100-yr SDDS thunderstorm within the SBC 

basin based on the above factors.  Note that the yellow arrow represents the upper level steering 

winds that are used to orient the “long axis” of the precipitation pattern.  The red arrow 
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represents the low level winds feeding the primary moisture supply into the storm.  Note that the 

low level winds are southeasterly and feed into the central SBC basin.  This pattern is consistent 

with the observations of most heavy and intense rainfall events occurring below Gross Reservoir.  

Additionally, paleo-hydrologic observations favor the heaviest rainfall occurring to the south of 

South Boulder Creek and north of the South Rim of the basin. 

These general guidelines were used by Chad Kudym of HDR and Eric Fontenot of DHI in 

placing the storm pattern in a location within the basin that produces the maximum storm runoff.  

Thus the final solution is based on a combination of observational evidence with the controlling 

factor being the most stressing hydrologic runoff location based on modeling.  Thus the SDDS 

thunderstorm is based on solid observation evidence with consideration of runoff maximization. 

 
1. Final Design Storm (2005) 
 
The following section is the result of work performed during the course of 2005, which laid 
the foundation for the final version of the SDDS incorporated in the modeling results of the 
study. 
 
The purpose of this section is to provide the South Boulder Creek (SBC) team, reviewing 

agencies, PREP and the public with an update of the recent enhancements made to the SBC 

scientifically defensible design storm (SDDS).  The enhancements are a natural result of both 

internal team QA/QC of products and team responses to agency and PREP questions. 

The enhancements impacted the following components of the SBC SDDS: 

 
Definition of the return frequencies of the 2-yr to 500-yr storms at the Boulder, Hawthorne and 

Gross Reservoir gages and their application to the definition of the SDDS thunderstorm and 

general storm. 

Refinement of the areal definition of the SDDS 100-yr, 6-hr thunderstorm and areal confirmation 

of the SDDS100-yr, 72-hr general storm. 

Refinement of the temporal distribution of both the SDDS 100-yr, 6-hr thunderstorm and the 

SDDS100-yr, 72-hr general storm. 

 
Internal QA/QC was directed at the entire climatology task and SDDS data base, the utilization 

of the data bases in hydrologic modeling and preparation of the climatology task report.  Internal 



 
 D - 21 HDR Engineering, Inc.  

QA/QC uncovered two mistakes: a miscalculation of the 72-hr, 100-yr values of the SDDS 

general storm and a team miscommunication of the correct thunderstorm spatial distribution to 

be used as input to the hydrologic modeling task.  Additionally, a misstatement was made at 

Progress Meeting No. 9 regarding the embedding of the 24-hr, 100-yr precipitation value within 

the 72-hr general storm. 

The following questions were posed to the team by the reviewing agencies concerning the 

original SDDS that led to described enhancements: 

 
The SDDS is a “moving storm”.  Wouldn’t it be better defined if stationary? 

Is the manual WSR-88D Doppler radar analysis technique used to define the SDDS 

thunderstorm reproducible? 

Is it possible to use a larger sample of thunderstorm events than the 13 events chosen to enhance 

the validity of the deductions? 

Shouldn’t the 24-hr general SDDS areal and temporal coverage be based on more than the 1969 

general storm? 

Would it be more physically defensible to use a 6-hour definition of the thunderstorm SDDS 

than a 24-hr definition? 

 
This report describes how HDR answered these questions and incorporated the QA/QC results 

into enhancements to the SDDS thunderstorm and general storm definitions and applications.  

HDR will refer to both “old” and “new” versions of the SDDS throughout the report.  “Old” 

implies the SDDS version reported in the original Climatology task report or modeled for the 

original Hydrology task report.  The use of the term “new” implies the enhanced SDDS version 

described in this report.  We will explicitly specify when we refer to either the reported or the 

modeled versions.   

 
2.0  Definition of the SDDS return frequency values (QA/QC) 
 
A normal part of the project’s QA/QC is the internal review of the existing Boulder, Gross 

Reservoir and Hawthorne data bases, the methodology used to create return frequencies and the 

return frequency values.  The process identified several potential enhancements that could be 
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applied to both the data base and the methodology used to compute the return frequencies of the 

thunderstorm SDDS and the general storm SDDS that would improve their scientific 

defensibility of the results. The resulting differences are discussed and comparisons of the “old” 

and “new” versions are presented. 

 
2.1 Review of the SBC precipitation data bases 
 
A thorough review of the project’s precipitation data base was completed and no errors in data 

entry or the reported data were found.  The data bases reviewed were the complete Boulder gage 

record and the partial duration series of the Hawthorne and the Gross Reservoir gages.  The 

Boulder gage, the Hawthorne and the Gross Reservoir gages report only 24-hr precipitation 

values.  No hourly reporting stations were used. 

During the review it was decided that the “old” period of record for the Hawthorne gage of 1931-

1975 could be extended using newly available precipitation observations for 1909-1930.  The 

addition of the added 22 years of record was the result of an arduous quality control review of 

the newly acquired data.  Thus, the “new” Hawthorne period of record is 1909-1975 and this 

change is reflected in the “new” calculated values of the 6-hr, 24-hr and 72-hr, 100-yr events for 

the SBC basin. 

 
2.2 Refinement of the return frequency calculations 
 
The calculation of return frequencies in the SBC basin is complicated by several factors: 
 
Only two precipitation gages, Hawthorne and Gross Reservoir, are located in the basin with 

reliable, long periods of record.   

The period of record for these two gages does not overlap. 

The two gages report only 24-hour precipitation values. 

The elevation of the SBC basin varies from about 5,500 ft to over 13,000 ft. 

 
The characteristics of the Hawthorne (H) and Gross Reservoir (GR) gages are discussed in the 

original Climatology Task report and will not be repeated here.  It would have been valuable to 

use the data from the South Boulder Creek flood detection network.  However this data base has 

never been quality controlled and many data gaps and periods of unreliable data exist in each 
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gage’s record.  Thus all frequency calculations are based on using the H, GR and Boulder gages.  

A discussion follows on the “old” and “new” process followed for calculation of the 

thunderstorm SDDS and the general storm SDDS values. 

 
“The old process” 
 
The process used in calculating the “old” return frequencies started with using the Boulder gage 

as the primary basis for calculations and comparisons.  The “old” but updated Boulder gage 24-

hr, 100-yr value is 4.69 inches.  HDR calculated the 24-hr, 100-yr values for Hawthorne gage 

(5.10”) and again at Boulder (4.42”) for the Hawthorne gage’s period of record.  The ratio of 

these two 24-hr, 100-yr values (5.10”/4.42”) is 1.154.  The “old” period of record (1931-1975) 

for the Hawthorne gage was used.  

HDR used this ratio value and the Boulder long term 100-yr, 24-hr value of 4.69 inches to 

estimate a long term 24-hr, 100-yr value at Hawthorne by multiplying 4.69 inches times 1.154 

to calculate 5.41 inches.  Similarly, the Gross Reservoir gage record was “extended” by using 

its ratio of 1.07 times 4.69 inches to calculate an estimated 24-hr, 100-yr value of 5.02 inches. 

HDR compared these two estimated 24-hr, 100-yr values to the updated Boulder gage value of 

4.69 inches and recommended that the pre-updating Boulder gage 24-hr, 100-yr value of 5.03 

inches was more representative of the SBC basin when considering the estimated 24-hr, 100-

yr values of the Hawthorne and Gross Reservoir gages.  Later, in the “new process”, the actual 

Hawthorne and Gross Reservoir values were used specifically to calculate the SBC values. 

The same process was followed to calculate the 72-hr, 100-yr values.  However, while 

calculating the 72-hr, 100-yr event, HDR made a calculation mistake and multiplied the wrong 

ratio value (Annual Precipitation ratio instead of the 100-yr value ratio) times the Gross 

Reservoir and Hawthorne values.  This mistake was carried into the next step of area-weighting 

the values.  QA/QC caught this error but not before it was reported in the Climatology task report 

as the “old” 72-hr, 100-yr value and used for modeling the “old” general storm SDDS. 

 
The “new” process 
 
The “new” process used the longer, updated Hawthorne period of record (1909-1975) to re-

calculate the “new” 24-hr and 72-hr, 100-yr values for Hawthorne and Gross Reservoir and used 
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the correct ratios in the calculations.  These two changes accounted for differences reported in 

Table 1 between the “old” and “new” 6-hr, 24-hr and 72-hr, 100-yr values. 

2.3 Areal weighting the 72-hr, 100-yr values 
 
HDR recognized that the large size (~136 sq. mi.) of the SBC basin and the presence of only two 

reliable rain gages required an area weighting of the value of the two gages 72-hr, 100-yr values. 

The simple but effective approach was to calculate the basin area above (0.6871) and below 

(0.3129) Gross Reservoir.  The 72-hr, 100-yr event was then calculated by the equation below: 

(1) 0.6871 (6.60” GR) plus 0.3129 (6.42” H) = 6.54 inches 

Where 6.60 inches is the Gross Reservoir and 6.42 inches are the Hawthorne, 72-hr, 100-yr 

events respectively. 

2.4 Use of NOAA methodology to calculate the 6-hr, 100-yr event for lack of  hourly 
data at Hawthorne and Gross Reservoir gages. (Question 5) 
 
The definition of the 6-hr, 100-yr rain event for the thunderstorm SDDS required a decision on 

the method to use to calculate the value.  The Boulder, Hawthorne and Gross Reservoir gages 

report a daily 24-hr precipitation value.   

Since hourly precipitation values are not available, it was decided to use the NOAA II graphical 

technique to calculate the 6-hr, 100-yr value for the thunderstorm SDDS.  The appropriate 

diagrams were used in Figures 16 and 17, located on page16 of NOAA II, Precipitation-

Frequency Atlas of the Western United States, Volume III,-Colorado. 

 
2.5 Comparison of the “old” and the “new” 6-hr, 24-hr and 72-hr, 2-yr to 500-yr  
 values for the South Boulder Creek basin. 
 
The differences in the “old” and the “new” values of the South Boulder Creek basin return 

frequencies presented in Table 10 are due to two primary factors: 

 
Use of the “new” Hawthorne precipitation data base of 1909-1975 instead of the “old” 1931-

1975 data base. 

The calculation process mistake used to calculate the “old” 72-hr events caught by QA/QC.  

The differences in the “old” and “new” 6-hr, 100-yr (2%) and 24-hr, 100-yr (1%) event values 

are quite small.  The difference in the “old” and “new” 72-hr, 100-yr event is about seven 
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percent.  The “old” and ”new” values are bolded and highlighted in Table 10 for the 100-yr 

events used in defining the SDDS in South Boulder Creek.  All values were area weighted using 

Equation 1 described in Section 2.3. 

 
Table 10 - Comparison of the NOAAII “old” and “new” process return frequencies for 

South Boulder Creek (area weighted values). 
Return frequency NOAAII 

6-hr 
New 
6-hr 

NOAAII 
24-hr 

New 
24-hr 

Old 
72-hr 

New 
72-hr 

2-yr 1.62 1.65 2.24 2.37 3.26 2.91 
5-yr 2.18 2.23 2.92 3.04 4.30 3.80 

10-yr 2.52 2.57 3.34 3.45 4.95 4.35 
25-yr 3.00 3.06 3.91 4.09 5.60 5.19 
50-yr 3.39 3.46 4.47 4.59 6.26 5.85 

100-yr 3.81 3.89 5.03 5.09 7.02 6.54 
200-yr 4.17 4.25 5.49 5.59 7.61 7.14 
500-yr 4.68 4.78 6.05 6.24 8.44 8.00 

 
 
The NOAA graphical process was used to calculate all the “Old” and “new” 6-hr values from the 

2-yr to 500-yr events.  The next changes to the SDDS events were areal and temporal 

enhancements based on the expanded thunderstorm data base. 

 
3.0 Enhancement of the SDDS 6-hr, 100-yr thunderstorm (Questions 1-3, and 5) 
 
3.1 Enlargement and enhancement of the “old” thunderstorm data base  (Question 3) 
 
The “old” thunderstorm SDDS data base consisted of 13 thunderstorms that produced 6-hr, 100-

yr surface observed rainfalls along the Colorado Front Range from Fort Collins to Colorado 

Springs.  Comments by the PREP and the reviewing agencies indicated that the results of the 

radar-based thunderstorm information could be enhanced if the number of thunderstorms was 

increased.  A prior limiting consideration in the size of the thunderstorm data base was the 

manual analyses of the WSR-88D Storm Total Precipitation (STP) products. 

In early 2005 the National Weather Service developed a new software tool that could be used 

convert WSR-88D Doppler radar products into GIS-compatible shape files.  The data is available 

from the National Climate Data Center (NCDC) as is the software.  The GIS data base covers the 

period from 1997 to 2005.  By comparison, the “old” data base included storms from 1994 to 

2003.  The STP product used to define the storm rainfall fields is one of the new GIS products 

available from NCDC. 
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HDR used this GIS WSR-88D data base to increase the size of the original thirteen storm 

database.  The decision was made to search for thunderstorms that occurred on Message days as 

defined by the UDFCD Flash Flood Prediction Program (F2P2).  Message days are typically 

storm days when storm rainfall is expected to exceed 1.00 inch per hour.  Most of these days are 

days when warm coalescence rainfall dominates and hail is a minimal problem, especially from 

July into August.  HDR meteorologists maintain a data base of the heavy rain, “hail-free” 

flooding days.  The data base was used to identify likely days when heavy rainfall producing 

thunderstorms were present with minimal “hail-pollution” impacts on the STP products. 

The decision was made to eliminate storms that occurred along and south of the Palmer Divide 

located just south of the Denver metro area.  The decision is consistent with the Colorado 

Extreme Precipitation Committee’s recognition that storms occurring north and south of the 

Palmer Divide should be maintained in separate data sets.  The orographic impacts of Palmer 

Divide and the frequency of low level weather features like low level jets and the Denver 

Cyclone were primary dynamic considerations in the separation. 

Use of the GIS-defined observation fields of WSR-88D radar reflectivity and the Storm Total 

Precipitation products allowed objective analysis of storm areas, depths and temporal 

distributions.  Additionally, it significantly shortened the time required for analyses and allowed 

investigation of a larger data set. 

Selection of the thunderstorms was based on essentially the same criteria as the “old” 

thunderstorm SDDS.  The criteria with two changes are listed below: 

 
Heavy rain days within the time period for which NWS shape files available (1997 to present).  

UDFCD Flash Flood Prediction Program verified Message Days were reviewed to assist 

selection of heavy rain days with minimal hail issues. 

Located in 7 county metro area – Denver, Boulder, Larimer, Arapahoe, Adams, Jefferson and 

Douglas (El Paso excluded because of Palmer Divide effect of intensifying storms and peer 

consensus that storms along and south of Palmer Divide occur in a different climate region). 

Radar-estimated rain depth of > 1.5 inches but less than or equal to 5.00 inches. Radar-estimated 

rainfall amounts and resolution are substantially more reliable for amounts of 1.5 inches or more. 
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Note that the “old” thunderstorm data base included storms from El Paso County and used a 2.00 

inch radar-estimated lower cutoff value rather than the 1.5 inch value used for the “new” 

analyses.  Table 11 shows the 50 storms that met the criteria for rainfall depth, data availability 

and analysis fields.  Figure 6 shows the location of the 50 storms in the “new” data base. 

 
Table 11 - Front Range thunderstorms producing > 1.50” rainfall 1997 to 2004,  May to 
September with Storm Total Precipitation products available. 

< 2.50” 3.00” to 4.00” > 4.50” 
June 2, 1997 July 30, 1997 August 19, 1999 
July 27, 1997 July 8, 1998 July 8, 2001 Large  
July 30, 1997 July 25, 1998 East July 8, 2001 Small  
August 4, 1997 July 25, 1998 North July 3, 2002 
August 10, 1998 July 25, 1998 West July 27, 2003 
August 4, 1999 West September 1, 1998  
August 16, 2000 August 4, 1999 East  
August 17, 2000 W August 5, 1999  
August 29, 2000 August 10, 1999  
July 14, 2001 May 17, 2000  
July 29, 2003 July 16, 2000  
August 8, 2003 July 17, 2000  
June 9, 2004 August 17, 2000 NE  
July 23, 2004 August 17, 2000 SW  
August 4, 2004 July 10, 2001 East  
August 5, 2004 July 10, 2001 West  

 July 12, 2001  
 August 5, 2002  
 August 27, 2002  
 September 12, 2002  
 June 18, 2003  
 July 18, 2003 North  
 July 18, 2003 South  
 July 28, 2003  
 June 27, 2004 North  
 June 27, 2004 South  
 August 18, 2004 Cent.  
 August 18, 2004 So.  
 August 18, 2004 West  

16 29 5 
Original storms   

 
Note in Table 11 that the nine lightly shaded storm events were part of the original thirteen 

thunderstorm SDDS sample.  Two of the missing original events were El Paso County storms, 

one occurred in 1994 before the 1997 GIS data cutoff and the final storm not included did not 

have a complete GIS-based data set for the storm’s duration. 
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Figure 6 - Locations of the 50 “new” thunderstorms in the SDDS data base. 

 
 
HDR did a simple “ground-truthing” of the heavy rain occurrence by cross-checking the surface 

observed amounts against the radar-estimated location and amounts.  This procedure followed 

the one done for the original thunderstorm SDDS events. 

The inclusion of information for 50 storms compared to the “old” 13 storms provided an almost 

four-fold increase in the data sampled.  A review of the data required the deletion of some 

storms.  The list of storms in Table 11 does not include storms that occurred in El Paso County 

of which there were three in the original list of thirteen storms evaluated.  El Paso County storms 

were located on the south crest of the Palmer Divide and represent storms that are in a different 

climate regime than the storms along the Front Range.   

Table 11 does not include the Fort Collins 1997 flood events because the return frequency of the 

storm was well beyond the 100-yr value of the SDDS.  Additionally, the Fort Collins storm had a 

well-documented problem with the rainfall algorithm.  Similarly the June 8, 2004 Golden 
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rain/hail storm was deleted because wet hail frequently over-stimulates the Z-R relationship into 

gross rainfall over-estimation.  

 
3.2 A reproducible GIS-based WSR-88D STP areal analyses methodology 
 (Question 2) 
 
The use of the objective GIS data base and GIS calculation of storms areas, locations and the 

temporal radar reflectivity fields created a “new” objective technique. Concerns raised about the 

reproducible aspects of the thunderstorm SDDS should be answered by the use of GIS to replace 

manual analyses.   

Rob Rahrs of HDR developed the “new” GIS-based objective methodology for analyzing the 

STP fields with assistance from Chad Kudym of UDFCD and other HDR IT personnel.  The 

simplified six-step methodology is listed below: 

 
Step 1 – Gather Radar Data from National Climatic Data Center for the storm event. 
 
Step 2 – Convert radar observation data into a GIS-based shape file. 
 
Step 3 – Classify radar estimated rainfall into 0.50” increments beginning at 1.50”. 
 
Step 4 - Isolate storm of interest and merge radar cells by rainfall amount.   
 
Step 5 – Use ArcGIS 9 Spatial Analyst to determine the area and average elevation of 
the radar-estimated rainfall-footprints for the storm in 0.5 inch increments. 
 
Step 6 - Output numerical data into Excel. 

 
This methodology uses shape file format of the NWS Storm Total Precipitation (universal 

algorithm for depth determination) and the base reflectivity (storm temporal distribution).  GIS 

analyzes the shape files to objectively determine the areas and dimensions of the radar-estimated 

precipitation areas in 0.50 inch increments. 

After gathering and evaluating the data HDR determined that the grouping of the spatial and 

temporal data that made the most sense is listed as three 6-hr storm classes: 

 
1. < 25-yr storms:  STP < 2.5 inches 

 
2. 25-yr to 100-yr storms: STP 3.0 inches to 4.0 inches 

 
3. > 100-yr storms:  STP > 4.5 inches 
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The return period for these precipitation bands is based on a comparison to the 3.89 inches for 

the 6-hr, 100-yr event.  It is likely that this range band will be applicable in many other Front 

Range locations where the 6-hr, 100-yr rain event is between 3.00 inches and 4.00 inches.  These 

three classes of storm partitioning are used throughout the remainder of the report to provide the 

basis of comparison between the storm types.   

 
3.3 Comparison of the areal and volumetric differences between the “old” and “new” 
 SDDS  thunderstorm.   
 
HDR developed the storm areal data for each of the events in Table 11 using the methodology 

described above.  HDR used the three classes of storms defined above to develop average class 

areal characteristics.  Table 12 shows the values for each class compared to the “old” thirteen 

events.   

Table 12 - Comparison of the areal coverage (sq mi) of the new storm footprints to the 
original 13 storm footprint. 
Storm <1.5” 1.50” 2.00” 2.50” 3.00” 3.50” 4.00” 4.50” 5.00” 

 Area Sq mi        
Old 13   22.83   8.16    
< 25yr 70 33.96 8.36 2.42      
25-100 74.8 58.04 33.03 15.16 6.95 2.80 1.85   
>100 y 223 92.86 68.20 49.92 33.44 20.99 11.72 2.75 2.75 

Table 12 shows that as the storms become progressively larger as the return frequency increases 

from less than 25-yrstorm to the over 100-year storm.  Of interest is the fact that the “old” 

thirteen SDDS event storms appear to fall between the 25-yr to 100-yr storm average size 

characteristics.  The area of the “old” storms that is > 2.00 inches is 67 percent of the “new” 

values while the “old” area of > 3.50 inches is almost 3 times larger.   

Another comparison between the “old” storms and the “new” can be found in comparing the 

length and width of the average events for each class.  Table 13 shows the comparison for the 

three “new” storm classes and the “old” storm classes.  The “old” storms showed an average 

length-to-width ratio of 2.14: 1.  This value is less than the general NOAA ratio of 2.5:1 for 

thunderstorms but is based on Colorado thunderstorms.   

The 100-yr “old” and “new” SDDS ratios of 2.14 : 1 and 2.23 : 1 respectively are less than 5 

percent different and suggests that the “old” storms are similar in areal coverage to the “new” 

storms.  On the other hand, the > 100-yr events show an average ratio of 1.86:1 which is more 



 
 D - 31 HDR Engineering, Inc.  

circular than the “old” storm value.  These “new” observations are more consistent with the 

initial evaluations done on the “old” thirteen storms. 

Table 13 - Comparison of the observed length to width ratios of the original 13 storms to the 
new storms sample for the 2 inch or greater precipitation area. 

Storm Length Width Ratio 
Old 13 (> 2.0”) 6.5  3.5 2.14:1 

< 25 yr 5.6 1.9 3.02:1 
25-100yr 10.0 4.2 2.23:1 
> 100 yr 13.0 6.8 1.86:1 

 
 
The next step in the evaluation and analyses was the construction of the SDDS footprint for each 

storm class.  This footprint was developed using the standard NWS Office of Hydrology ellipse 

found in HMR 52, p21, Figure 5 with areal relationships for the isohyetal bands.   

HDR used the observed 25-100-yr storm class areas from Table 12 and calculated the length and 

width axis needed to preserve this area for the STP areas of 1.5 inches or greater.  The HMR 52 

table ellipse relationships were used to determine the 0 to 1.50 inches boundaries but the 

appropriate observed length: width relationship for the storm class was used instead of the 2.5:1 

used by Table 8, p22 in HMR-52. 

These values can be seen in Table 14 along with the storm class areas from Table 12.  The 

ellipses described were then placed in South Boulder Creek basin in the exact same place as the 

original SDDS storm.   

Table 14 - Length (miles), width (miles) and area (sq mi) values of precipitation band 
ellipses computed for the < 25-yr, 25-yr to 100-yr and > 100-yr Front Range design storm 
footprints using observed average areas. 

 
Storm 0-1.5 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
< 25-yr          

L 16.8 11.8 5.6 3.0      
W 5.3 3.7 1.9 1.1      

Area 70 33.96 8.36 2.42      
25-100-yr          

L 14 13 10 6.6 4.25 2.9 2.3   
W 6.8 5.7 4.2 2.9 2.1 1.3 1.1   

Area 74.8 58.04 33.03 15.16 6.95 2.80 1.85   
> 100-yr          

L 23 15 13 11 9 7 5.4 2.5 2.5 
W 12.5 7.7 6.8 5.9 4.8 3.8 2.8 1.4 1.4 

Area 223 92.86 68.20 49.92 33.44 20.99 11.72 2.75 2.75 
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The “old” 6-hr, 100-yr SDDS thunderstorm is shown in Figure 7 as it appeared in the “old” 

Climatology task report.  This storm was used as the model for the “old” hydrologic modeling.  

It is based on the “old” thirteen storms and was calculated using manual techniques.  This storm 

was ”the old moving multi-cell storm”.  Storm areal calculations included the entire area and 

volume of the storms both within and without the SBC basin. 

The “new” 6-hr, 25-yr to 100-yr thunderstorm is shown in Figure 8.  This storm provides the 

model for use in the “new” hydrologic modeling.  It is based on the “new” 50-storm areal data 

base and was calculated using GIS-based techniques.  Storm areal calculations included the 

entire area and volume of the storms both within and without the SBC basin.  The placement of 

the “new” storm in the basin is consistent with storm steering winds and paelo-hyrologic 

observations. Visually the “old” thunderstorm appears to be larger than the “new” thunderstorm.  

However the “old” storm’s red area is larger than the “new” storm’s green area.  Precipitation in 

the green area is much heavier than in the red area. 

 
Figure 7 - “Old” 6-hr, 25-yr to 100-yr, South Boulder Creek thunderstorm 
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Figure 8 - “New” 6-hr, 25-yr to100-yr, South Boulder Creek thunderstorm. 

 
A comparison of the areal and volumetric coverage is shown in Figures 9 and 10.  While the 

visual difference in the “old” and the “new” storms is subjective, the areal and volumetric 

differences are readily and objectively apparent in the 0.50” to 2.50” bands. 
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"Old" vs. "New" 6-hr, 100-yr Thunderstorm SDDS Precipitation areal coverage 
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Figure 9 - “Old” vs. new” 6-hr, 100-yr thunderstorm areal coverage 
 

"Old" vs. "New" 6-hr, 100-yr Thunderstorm SDDS Precipitation volume 
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Figure 10 - “Old” vs. new” 6-hr, 100-yr thunderstorm precipitation volume 
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The “bulging” of the “new” storm’s areal and volumetric values is based on observed values 

shown in Tables 15 and 16.  These differences will have an impact in the hydrologic modeling 

that will likely increase the modeled “new” runoff. 

 
Table 15 - Comparison of the “old” and “new” 6-hr, 100-yr storm areal precipitation 
coverage as shown in Figure 4. 

Rainfall (inches) Old Storm 
Area (Sq Miles) 

New Storm 
Area (Sq Miles) 

0.00" 93.49 74.57 
0.50" 48.65 69.32 
1.00" 36.63 64.30 
1.50" 27.24 58.16 
2.00" 18.83 33.15 
2.50" 12.67 15.00 
3.00" 8.34 7.41 
3.50" 5.37 2.96 
4.00" 2.97  
4.50" 1.48  
5.00" 0.21  

 
 
Table 16 - Comparison of the “old” and “new” 6-hr, 100-yr storm volumetric precipitation 
coverage as shown in Figure 5. 

 
Rainfall Increments Peak Rainfall: 5.03" 

Old Storm (Acre-Ft) 
Peak Rainfall: 3.89" 

New 100yr Storm (Acre-Ft) 
0.50" 1,616.77 1919.43 
1.00" 1,126.41 1783.20 
1.50" 849.22 1640.80 
2.00" 611.25 1342.34 
2.50" 415.75 595.43 
3.00" 275.86 288.95 
3.50" 180.29 129.20 
4.00" 108.10 54.08 
4.50" 58.62  
5.00" 22.54  
Total 5,264.81 7,753.43 

 
 
3.5 Enhancement of the SDDS thunderstorm temporal distribution (Question 5) 
 
The temporal distribution of precipitation of the “new” storm data base was determined by 

plotting the 5-minute radar reflectivity of each storm’s peak precipitation area as determined 

using an objective GIS location for the storm’s duration.  This methodology was described in the 
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Climatology Task chapter.  None of the 50 storms had a duration that exceeded five hours.  Thus 

HDR used this observational support to use the 6-hr, 100-yr value of 3.89 inches rather than a 

24-hr, 100-yr storm of 5.09 inches to define the SDDS thunderstorm.  This approach is consistent 

with the observed storm duration.  It is inappropriate to extend the design thunderstorm beyond 

6-hours or use the 24-hr, 100-yr precipitation value of 5.09 inches.  These observationally driven 

facts support the dropping of mixed population analyses discussed in an earlier technical memo. 

 
Figure 11 shows a comparison of the temporal distribution of “new” SDDS thunderstorms, the 

“old” 13 storms and the UDFCD 6-hr, 100-yr design storm.  The following observations can be 

made: 

The UDFCD 6-hr, 100-yr design storm is almost a perfect fit with the 6-hr, < 25-yr “new” SDDS 

thunderstorm temporal profile for the first 75 minutes. 

The 25-yr to 100-yr and the > 100-yr, 6-hr “new” SDDS temporal distributions are similar and 

are not as severe as the UDFCD design storm in dropping precipitation for the first two hours.   

The "old" thunderstorm SDDS placed the 24-hr, 100-yr value of 5.03 inches into a 6-hr period 

using the temporal distribution of the observed "old" 13 t-storms reported on p 54, Table 2.5-11 in 
the Climatological Task Report. 
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Temporal Distribution Comparison of the "New(>25-yr to >100-YR), the Original 13 storms and the UDFCD 100-YR
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Figure 11 - Temporal distribution of the “new”, the “old” and the UDFCD 6-hr, 100-yr 

thunderstorm precipitation. 
 
 
Finally a review of the peak 15-min, storm masses in the 6-hr, 100-yr events for the UDFCD 

design storm, the “old” SDDS and the “new” SDDS is shown in Table 17. 

The observationally driven “new” storms demonstrate a less severe increase in precipitation 

production for their peak 15-min time step than does the UDFCD design storm.  The impacts of 

the more severe temporal distribution in the UDFCD storm would likely increase the calculated 

storm runoff. 

 
 

Table 17 - Comparison of the peak 15-min storm mass curve increases for three design storms 
considered in the South Boulder Creek study. 

Design storm Peak 15 min storm mass increase 
6-hr, 100-yr UDFCD 32.5 %; time step 15-min to 30-min 

“Old” 6-hr, 100-yr SDDS Uniform 10%/15-min increment for time steps 30 min to 90 min 
“New” 6-hr, 100-yr SDDS 17%, time steps 30-min to 45-min 
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By comparison the “old” storm temporal distribution appears more uniform and may be a result 

of the manual analysis technique or the actual characteristics of the storms in the “old” data base 

which included several > 100-yr events.  However, it appears that the “old” and “new” storm 

temporal distributions in general are more similar than different. 

 
3.6 Discussion on the use of a stationary SDDS thunderstorm vs. the “old  moving” 
SDDS thunderstorm. (Question 1) 
 
The “old” SDDS thunderstorm was developed as a thunderstorm that moved both across and 

down the South Boulder Creek basin.  The impact of this design “smeared” the precipitation 

fields and may have impacted the hydrologic modeling runs.  

After review of the “new” thunderstorm data set, it was decided that the “stationary” storm is an 

equally scientifically defensible storm and makes more sense for hydrologic modeling.  Both the 

reviewing agencies and the PREP agreed with this recommendation.  Thus the “new” SDDS 

thunderstorms will be stationary.  

 
3.7 Final comments on the “new” 6-hr, 100-yr SDDS thunderstorm. 
 
The “new” observation-based SDDS thunderstorm is based on a significantly larger data base 

than the “old” SDDS thunderstorm.  Comparisons between the two show that the “new” storm 

appears different than the “old” storm.  The “old” storm relied on a data base of 13 storms that 

produced 6-hr, 100-yr or more precipitation.  Four of the storms in this “old” data base produced 

more than the 6-hr, 200-yr precipitation.  The “new storm data base relies on a 50-storm data that 

was GIS-calculated. 

 
4.0 Enhancement of the SDDS 72-hr, 100-yr general storm (Questions 4, QA/QC) 
 
4.1 Front Range general storms areal coverage of precipitation. 
 
HDR found 20 Front Range general storms that produced 4.00 inches or more of precipitation 

since 1894.  The storms are shown in Table 18 partitioned by precipitation amount produced.  

Detailed areal coverage of precipitation was available only for the 1969 storm and recent March 

2003 blizzard in this storm sample.   

WSR-88D Doppler radar data became available in 1995 and was available for only the 1999 and 

2003 storms.  Ice in the 1999 event’s clouds “polluted” the radar’s precipitation record.  Radar 
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data was simply “missing” according to NCDC though records show observations were taken 

during the event. 

 
Table 18 - Front Range general storms that produced at least 4.00 inches of  or more of precipitation 
since 1894. 
> 8.00”  (4) 6.00” – 7.99” (5) 4.00” – 5.99” (10) 

 
May 20-22, 1904, 8” Boxelder in 
Larimer County 

Sep 20-22, 1902, 6.22” in 
Northern Front Range, 4.44” in 
Boulder County 

May 29-31, 1894,  
5.50” in 24- 72-hours 

June 2-6, 1921, 9” in 72-hour in 
Arkansas River, Pueblo flood 

May 1-3, 1904, 6.40” in 
Northern Front Range 

May 19-21, 1901, 5.02” 
Northern Front Range 

May 4-8, 1969, 6”-20” along Front 
Range (6-13” SBC), South Platte 
floods 

April 14-16, 1921, 5-7.60” 
Colorado Front Range 

Sep 3-7, 1909, 4.49” 
Northern Front Range 

Apr 28-May 2, 1999, 6-13” in El 
Paso, Pueblo Counties, Arkansas 
River flood 

June 4-7, 1949, 4.70-7.28” 
Colorado Front Range, 4.91” in 
Boulder County 

Sep 8-11, 1933, 4.24” 
 Northern Front Range 

March 17-20, 2003, Massive wet 
snow storm blankets eastern 
Colorado with 4.00” to over 
11.00” of precipitation. 

May 5-7, 1973, 5.31” to 7.20” 
Colorado Front Range 

April 23-24, 1942, 3.70” 
Hawthorne 

  May 9-10, 1947, 5.43” 
  May 8-12, 1957, 4-5” Front 

Range 
  May 4-6, 1978, 3-5” Front 

Range, 4.02” Boulder County 
  Aug 23-25, 1992, T.S. Lester 1-

5” Front Range 
  May 18-20, 1988, 2-5” rains 

Northern Front Range 
 
 
The reviewing agencies requested that the team review recent general storms to verify the 

validity of the 1969 storm’s areal coverage.  The 1969 storm’s precipitation coverage in the SBC 

basin was determined by using “rain-bucket” survey observations retrieved by the Bureau of 

Reclamation.  A peak value of 13.01 inches was used to “normalize” the other values and 

produce the percentage areal coverage shown in Figure 12.  Note that the heaviest precipitation 

accumulation during the 1969 event was observed in the middle of the South Boulder Creek 

basin. 
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Figure 12 - Observed and normalized areal coverage of precipitation in the  South Boulder Creek 

basin during the May 1969 precipitation event. 
 
HDR used this precipitation areal distribution for its “old” general storm SDDS.  The only storm 

with useful areal precipitation data for comparison to the 1969 storm was the St. Patrick’s Day 

storm of 2003. 

4.2 Analyses of the 2003 March St. Patrick’s Day  
 
HDR contacted the National Weather Service office in Boulder, Colorado, the Colorado State 

Climatologist office and the storm files of the Bureau of Reclamation to obtain precipitation data 

for the St. Patrick ’s Day storms of March 2003.  Efforts to obtain the radar data for the St 

Patrick’s Day storm of March 17-19, 2003 have proven fruitless as the entire bank of radar data 

for March 17 and 18 has been “removed” from the radar archive for some reason that is 

unexplainable by NCDC personnel. (update: 1/27/2007 – the data is back in the archive of 

NCDC, however it was unavailable at the time of the Enhanced SDDS work in 2005). 

 

Figure 13 below was created by merging NWS cooperative observer and Colorado State 

Climatologist CoCoRahs precipitation data.  It shows the four-day liquid equivalent of 

precipitation in South Boulder County.  It appears that the 2003 storm conforms to the areal 
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distribution observed during the 1969 storm with the heaviest precipitation accumulation 

observed in the middle of the basin.  HDR will perform a detailed analysis of the WSR-88D 

radar data when and if it becomes available.  For now, it appears that the 1969 areal distribution 

will serve as the proxy for “new” general storms SDDS as it did for the “old” storm. 

 
Figure 13 - Total liquid equivalent of precipitation in south Boulder County during the March 17-

20, 2003 St Patrick’s Day snowstorm. 
 
 

Table 19 shows the observed liquid equivalent of the melted snow from the March 2004 event 

plotted by elevation.  Again the results are supportive of the “old” areal distribution with the 

heaviest precipitation observed in the middle portion of the basin.  Note that the Lake Eldora site 

value includes snow shower precipitation that spilled over the Continental Divide and is not 

technically “upslope” precipitation.   
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Table 19 - Precipitation observations from stations in the vicinity of South Boulder Creek 
for the 2003 storm of March 17-21st, 2003. 

Station Elevation Liquid Equivalent Precip. 
Lake Eldora (SNOTEL) 9700’ 7.30” 

Coal Creek Canyon (COOP) 8,950 8.96”* 
CO-BO-75 8,422 5.69” 
CO-BO-62 8,394 6.60” 

Gross Reservoir (COOP) 7,970 6.32” 
CO-BO-57 7,910 8.17” 
CO-BO-42 5,532 4.93” 
CO-BO-74 5,512 4.63” 

Boulder (COOP) 5,484 4.75” 
* Includes a thunderstorm rainfall on the first day of the event. 
 
Given the availability of only one other major general storm’s areal precipitation distribution and 

its apparent verification of the mid-basin precipitation maximum, HDR will use the “old” areal 

distribution for the “new” general storm SDDS. 

4.4 Comparison of the “old” and “new” general storm SDDS areal coverage.   
 
HDR presents the areal coverage of the “new” general storm that uses the “new” value of 6.54 

inches for the 72-hr, 100-yr general storm SDDS in Figure 14.  The figure shows the color coded 

precipitation amounts over the normalized precipitation distribution that is being used in both the 

“old” and the “new” storms areal distributions.   

 

Figure 14 - Areal distribution of “new” general storm based on the normalized precipitation from 
the 1969 general storm and 6.54 inches. 
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HDR presents the areal coverage of the “old” general storm that uses the “old” value of 7.02 

inches for the 72-hr, 100-yr general storm SDDS in Figure 15.  The figure shows the color coded 

precipitation amounts over the normalized precipitation distribution that is being used in both the 

“old” and the “new” storms areal distributions.   

The change from a 72-hr, 100-yr value of 7.02 inches to 6.54 inches represents about a 7 percent 

reduction of the “old” value.  As indicated earlier the “old” value was determined by a 

calculation mistake that was caught during the internal QA/QC of the project. 

While it is not readily apparent from subjective evaluation of the two figures a more important 

enhancement of the “new” storm was the revised temporal distribution of the precipitation in the 

storm.  It is discussed in the next section. 

 
Figure 15 - Areal distribution of “old” general storm based on the normalized precipitation from 

the 1969 general storm and 7.02 inches. 
 
 
4.5 SDDS general storm temporal distribution  
 
As described earlier the 5.09 inch 24-hr, 100-yr value and the 6.54 inch 72-hr, 100-yr values are 

the “new” general storm SDDS values.  A review of the “old” general storm SDDS temporal 

distribution indicates that the peak 24-hr precipitation amount was 3.61 inches embedded in the 
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7.02 inches 72-hr period.  A team miscommunication at Progress meeting #9 indicated that the 

“old” 24-hr, 100-yr value of 5.03 inches was embedded in the middle 24-hr period.  A 

comparison of the “old” and “new” general storms temporal distributions is shown in Figure 16.  

Note that the embedded 5.09 inches in the middle 24-hr periods of the “new” 72-hr, 100-yr storm 

provides a noticeable temporal change in precipitation. 

Figure 17 shows the “new” general storms temporal distribution compared to the observed 

temporal distributions observed during the May 1969 event.  Note the very uniform distribution 

of the rainfall at all reporting stations.  Figure 18 shows the locations of the observation sites.  

The distribution of the sites roughly parallels South Boulder Creek and suggests that a uniform 

temporal distribution can be applied to the basin. 

 
4.6 Discussion of the “old” and “new” SDDS general storm characteristics. 
 
In summary, the “new” general storm SDDS shares the same areal precipitation distribution as 

the “old” general storm SDDS.  The major change came in the re-calculation of the 72-hr, 100yr 

precipitation event that changed a value from 7.02 inches (“old”) to 6.54 inches (“new”).  It is 

anticipated that the “new” temporal distribution will increase runoff in “new” model runs. 
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General Storm Temporal Distribution 
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Figure 16 - Comparison of the “old” and the “new” general storm temporal distributions 

Temporal Distribution 100-Year General Storm 72-Hour 6.54" and Embedded 24-Hour 5.09"
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Figure 17 - Temporal distribution of the 72-hr, 100-yr general storms compared to observed 

precipitation during the May 1969 precipitation event. 
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Figure 18 - Locations of May 1969 events precipitation observation sites 

 
5.0 Summary 
 
5.1 Implications of the “old” and “new” SDDS thunderstorm 
 
The “new” 6-hr, 100-yr thunderstorm SDDS has several profound enhancements over the “old” 

24-hr, 100-yr SDDS thunderstorm.  The enhancements are: 

The 6-hr duration of the “new” thunderstorm is consistent with the observed duration of 

thunderstorms in the “new” 50-storm data base.  The 6-hr duration eliminates concern about a 

“mixed population” data analysis.   

An objective and reproducible GIS-based data base of WSR-88D Doppler radar characteristics 

was used to define the areal and temporal characteristics of the “new” 6-hr, 100-yr thunderstorm 

SDDS. 

The “new” thunderstorm temporal distribution is much less severe than the UDFCD 6-hr, 100-yr 

thunderstorm distribution.  This factor suggests that “new” runoff peaks will be less than would 

be generated by the UDFCD storm. 
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The “new” thunderstorm covers only about 40 percent of the SBC basin while the UDFCD 

design storm covers the entire basin.  A more complete comparison of these designs storms will 

be completed for the “new” Climatology task report. 

The “new” thunderstorm has a greater areal coverage and volume of precipitation over the SBC 

basin.  Additionally the “new” thunderstorm’s temporal distribution is more severe than the 

“old” thunderstorm.  As a result of these observations, “new” runoff volumes and peaks will 

likely be higher than the “old” thunderstorm values. 

5.2 Implications of the “old” and “new” SDDS general storm 
 
Both the “old” and the “new” 72-hr, 100-yr general storm SDDS use the same verified areal 

precipitation distribution based on the May 1969 storm.  A comparison of the 1969 storm’s areal 

precipitation distribution to that of the recent March 2003 storm verified the mid-basin 

precipitation maximum.  Detailed comparisons of the 1969 and 2003 storms were not possible 

due to the non-availability of radar data and limited surface precipitation observations of the 

2003 storm. 

The “new” 72-hr, 100-yr general storm SDDS has several enhancements over the “old” 72-hr, 

100-yr general storm SDDS.  The enhancements are: 

The “new” general storm was defined quantitatively by revised frequency values and consistent 

application of an areal weighting and ratio methodology. 

The “new” storm’s temporal distribution dumps the most significant portion of the precipitation 

in the middle 24-hr of the 72-hr period.  It is 29 percent larger than the old storm’s precipitation 

amount during this period (“old – 3.61” vs. “new”- 5.09”).  the implication is that the “new” 

storm’s modeled runoff will likely create higher volume and higher peaks than the “old” storm’s 

modeled runoff. 

5.3 Answers to the PREP and review agency’s five questions. 
 
The following questions were posed to the team by the reviewing agencies.  Responses 

developed to each question are paraphrased below in italics. More detailed responses can be 

found in the text of this report: 

1. The SDDS is a “moving storm”.  Wouldn’t it be better defined if stationary? 
 
The team agreed to use a scientifically defensible stationary storm.  
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2. Is the manual WSR-88D Doppler radar analysis technique used to define the SDDS 

thunderstorm reproducible? 
 
HDR developed a GIS-based objective methodology to use with the new NCDC WSR-
88D Doppler GIS-compatible shape file data base.  This “new” technique replaces the 
“old” manual technique. 

 
3. Is it possible to use a larger sample of thunderstorm events than the 13 events chosen 

to enhance the validity of the deductions? 
 
HDR used 50-storms selected from the new NCDC GIS WSR-88D Doppler radar storm 
data base to define the areal and temporal characteristics of the “new” 6-hr, 100-yr 
thunderstorm. 

 
4. Shouldn’t the 24-hr general SDDS areal and temporal coverage be based on more than 

the 1969 general storm? 
 
HDR evaluated 20 general storms of comparable intensity to the May 1969 event.  Only 
the March 2003 storm had comparable areal precipitation information.  It confirmed the 
mid-basin precipitation maximum location but was of insufficient detail to validate the 
percentage distribution. Qualitatively it verified the May 1969 storm’s distributions.  

 
5. Would it be more physically defensible to use a 6-hour definition of the thunderstorm 

SDDS than a 24-hr definition? 
 
The team agreed that the definition of the thunderstorm SDDS should be a 6-hr event 
after evaluations of the “new” 50-storm data base confirmed that all events were of 5 
hours or less duration. 

 
5.4 Final comments. 
 
The efforts by the SBC team to develop a scientifically defensible design storm (SDDS) for both 

the 6-hr, 100-yr and 72-hr, 100-yr storms in South Boulder Creek’s basin has been a very 

valuable and, at times, humbling effort.  It has helped to re-define the areal and temporal 

characteristics of thunderstorms along the Colorado Front Range for use in design storm studies.  

An innovative method was developed to apply precipitation to basins in general storms for use in 

design studies along the Front Range foothills-plains interface where no realistic methodologies 

existed.  The application of WSR-88D Doppler radar data bases in GIS has opened new 

possibilities to realistically define thunderstorms in a meaningful and quantitatively consistent 

manner that is reproducible. 

Mistakes made in calculations of the “old” storms were detected and removed.  “New” storm 

information has been effectively communicated and used in “new” modeling efforts. 
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Appendix E 

 

FLOOD FREQUENCY ANALYSIS 



 
 E - 2 HDR Engineering, Inc.  

FLOOD FREQUENCY ANALYSIS 

Annual peak data from a stream gage can be used to perform a flood frequency analysis. 
The computer program that was used for the flood frequency analysis was the US Army 
Corps of Engineers HEC-Flood Frequency Analysis (FFA) program (US Army Corps of 
Engineers, 1992).   The flood frequency analysis model takes the peak annual flow rates, 
performs a statistical analysis on the data to determine basic parameters, and produces 
predicted peak return period flows at specific exceedance probabilities using a Log 
Pearson Type III distribution as described in the Guidelines for Determining Flood Flow 
Frequency, Bulletin 17B (USGS, 1982).  Peak flow rates for the 2-year, 5-year, 10-year, 
20-year, 50-year, 100-year, 200-year and 500-year return periods are calculated.  The 
results of this analysis will be compared to the simulated peak flows developed using 
return period rainfalls in the South Boulder Creek basin hydrologic model.  
 
Historic annual peak data was collected for South Boulder Creek from all stream gages.  
However, only the Eldorado Springs gage has sufficient data to support a flood frequency 
analysis.  A list of all of the gages found for South Boulder Creek is provided as 
Appendix A.  The Eldorado Springs stream gage has a record of 108 years.  However, the 
Moffat Tunnel (1937), the South Boulder Creek Diversion Canal (1937), and Gross 
Reservoir (1955) were constructed during this period.   
 
The Moffat Tunnel transfers water into the basin and the South Boulder Creek Diversion 
Canal diverts that water out of the basin above the gaging station.  Therefore, the 
construction of these diversions is assumed to not have affected the historic peak record 
at the Eldorado Springs gage for the period before Gross Reservoir was completed.  
However, the data for the Moffat Tunnel and South Boulder Creek Diversion Canal was 
not available during this period to confirm the assumption.   
 
The Eldorado Springs stream gage record was also reviewed to see if there could be a 
further separation of the record into thunderstorm and general rain flood events. (See 
Meteorological Task 2.0) It was found that there is not sufficient data to engage this type 
of analysis.  
 
Therefore, only two, not three, separate flood frequency analysis models were run for the 
Eldorado Springs Stream Gage.  The first model includes the years prior to the 
construction of Gross Reservoir (1888-1954), and the second comprises the time frame 
after Gross Reservoir was constructed (1955-1995).  The computed results are shown 
below. 

Period of Record: 1888-1995 
Drainage Area: 111 square miles 
Generalized Skew Coefficient: -0.2    (USGS, 2000) 
Station Skew Coefficient: 1.2 
Adopted Weighted Skew Coefficient: 0.6 



 
 E - 3 HDR Engineering, Inc.  

The results are perceptibly different between the two FFA models.  Smaller values appear 
after Gross Reservoir was constructed which indicates possible incidental flood control.  
Gross Reservoir data were insufficient to adjust the peak flows in the 1955-1995 period 
and create a single, homogenous population for analysis. 

 
The difference between the regional skew and the station skew is 1.4. The USGS report 
Bulletin 17B states that if the difference is greater than 0.5 an examination of the data 
should occur and possibly more weight should be given to the station skew. Therefore, 
the FFA was also calculated using the station skew without performing the weighting and 
the values are listed below. The values are being used to help get another interpretation of 
the peak flow data to be used in comparison to the hydrologic model developed for the 
mapping of the South Boulder Creek Floodplain. 
 

Return 
Period 

FFA 1888-1954 
Station Skew 1.2 

(cfs) 
2 550 
5 952 

10 1360 
20 1910 
50 2910 

100 3970 
200 5360 
500 7930 

 
The values calculated using the USGS regression equations for Colorado (USGS, 2000) 
were compared to the results of the flood frequency analysis and will also be compared to 
the results of the hydrologic modeling effort in this study.  However, the regression 
equation methodology states that they are valid for streams not significantly affected by 
the works of man.  The construction of Gross Reservoir does appear to have a perceptible 
effect on the hydrologic response of the basin.  Therefore, the only valid comparison that 
can be made between the regression equations and the FFA results is for the first FFA 
model run for the time period before Gross Reservoir was constructed (1888-1954).  
 

Return Period 1888-1954 (n = 67) 1955-1995 (n = 41) 
2-year  582 433 
5-year  990 607 

10-year  1350 738 
20-year  1780 876 
50-year  2490 1070 

100-year 3140 1240 
200-year  3930 1420 
500-year 5200 1680 

  Note: All values in cfs
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The USGS divided Colorado into five different regression equation regions.  The basin 
above the Eldorado Springs gage falls in both the Plains Region and the Mountain Region 
as illustrated in Figure 1.  Approximately 97 square miles of the basin falls within the 
Mountain Region and 14 square miles in the Plains Region.  An area weighted average 
using both sets of equations is used to determine the flow rate of a basin that crosses two 
hydrologic boundaries (USGS, 2000).  In the USGS regression equations for the 
Mountain Region, the variables drainage area and mean basin slope (calculated using an 
average slope of all the grid cells) are used.  In the Plains Region equations, the only 
variable used is Drainage Area.   These variables were determined using GIS spatial 
analyst tools.  The results of the USGS regression equations are shown below.   
 
USGS Colorado Regression Equations - Mountain Region  
   
A (drainage area)= 97 sq. miles 
S (mean basin slope)= 0.284 ft/ft 
   

    Q2=(11*A0.663)*(S+1)3.465= 543 cfs 

    Q5=(17.9*A0.677)*(S+1)2.739= 786 cfs 

    Q10=(23.0*A0.685)*(S+1)2.364= 953 cfs 

    Q25= (29.4*A0.695)*(S+1)2.004= 1166 cfs 

    Q50=(34.5*A0.700)*(S+1)1.768= 1320 cfs 

    Q100=(39.5*A0.706)*(S+1)1.577= 1480 cfs 

    Q200=(44.6*A0.710)*(S+1)1.408= 1630 cfs 

    Q500=(51.5*A0.715)*(S+1)1.209= 1830 cfs 
 
 
USGS Colorado Regression Equations - Plains Region 
   

A (drainage area)= 14 sq.miles 
   
    Q2=39*A0.486= 141 cfs 

    Q5=195.8*A0.399= 561 cfs 

    Q10=364.6*A0.400= 1050 cfs 

    Q25=725.3*A0.395= 2060 cfs 

    Q50=1116*A0.392= 3140 cfs 

    Q100=1640*A0.388= 4570 cfs 

    Q200=2324*A0.385= 6420 cfs 

    Q500=3534*A0.380= 9630 cfs 
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USGS Colorado Regression Equations – Total Flow at the Gage 
   

A (drainage area)= 111 sq.miles 
   
    Q2=(Q2mountains*Amountains+Q2plains*Aplains)/Atotal= 492 cfs 

    Q5=(Q5mountains*Amountains+Q5plains*Aplains)/Atotal= 757 cfs 

    Q10=(Q10mountains*Amountains+Q10plains*Aplains)/Atotal= 966 cfs 

    Q25=(Q25mountains*Amountains+Q25plains*Aplains)/Atotal= 1280 cfs 

    Q50=(Q50mountains*Amountains+Q50plains*Aplains)/Atotal= 1550 cfs 

    Q100=(Q100mountains*Amountains+Q100plains*Aplains)/Atotal= 1870 cfs 

    Q200=(Q200mountains*Amountains+Q200plains*Aplains)/Atotal= 2230 cfs 

    Q500=(Q500mountains*Amountains+Q500plains*Aplains)/Atotal= 2810 cfs 
 
As shown by the above results, the USGS methodology for calculating an area weighted 
average flow for the Mountain and Plains Regions produces lower flows than those 
calculated using the Plains Region equations for the appropriate portion of this basin for 
the 10-year event and above.  It does not seem physically realistic for a basin to have less 
flow when combining the two regions’ flows in comparison to only the plains region 
portion.  Therefore, the flows that will be used for comparison to FFA results are the 
results from the Plains Region equation.       
 
The Colorado Water Conservation Board (CWCB) developed regression equations for 
the South Platte River Basin, but only for the 100-year return period (CWCB, 1999).  The 
basin above the Eldorado Springs gage also crosses two equation regions as defined by 
the CWCB:  the Mountains and the Central Foothills.  The dividing line is in the same 
location as the USGS regional line (Figure 1).  The CWCB states that the appropriate 
regional equation is determined by the location of the hydrologic point of interest 
(CWCB, 1999).  The Eldorado gage lies in the Central Foothills Region; however, the 
basin largely falls within the Mountain Region.  As a result, CWCB recommended 
calculating the flow for each regression region using the contributing drainage area and 
using the sum of the two as the flow rate for the specific location of interest.  The results 
of this methodology are shown below.   
 
CWCB Regression Equation - South Platte River Basin – Mountain Region 
   
     A (drainage area)= 97 sq. miles 
   

     Q100=39.4*(A).776= 1370 cfs 
 
CWCB Regression Equation - South Platte River Basin - Central Foothills Region 
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     A (drainage area)= 14 sq. miles 
   

     Q100=762.4*(A)0.546= 3220 cfs 
 
CWCB Regression Equations – Total Flow at the Gage 
   
     A (drainage area)= 111 sq. miles 
   
     Q100 = Q100mountains + Q100central foothills = 4590 cfs 
 
The methodology that was suggested by FEMA for calculating a flow rate for a location 
that crosses two regions was to use the total area of the basin in each equation and the do 
an area weighted addition of the two values. The results of this methodology are reported 
in the table below with the USGS and the CWCB equations.  
 

Return Period 
Recalculated USGS 

(cfs) 
Recalculated 
CWCB (cfs) 

2 567 NA 
5 914 NA 

10 1217 NA 
25 1707 NA 
50 2159 NA 

100 2711 2573 
200 3370 NA 
500 4434 NA 

 
The USGS has an additional set of regression equations developed for the front range of 
Colorado entitled Evaluation of the Flood Hydrology in the Colorado Front Range Using 
Precipitation, Streamflow, and Paleoflood Data for the Big Thompson River Basin 
(USGS, 1988). The equations have an input variable of the area in the drainage basin less 
than 8000 feet in elevation. The results from these equations are listed in the following 
table. 

  
AB8 (Drainage area below 8000 ft)= 15 sq. mi. 
Q2=36.9*(AB8)^0.61= 193 cfs 
Q10=111*(AB8)^0.75= 846 cfs 
Q50=231*(AB8)^0.83= 2187 cfs 
Q100=302*(AB8)^0.86= 3101 cfs 
Q500=533*(AB8)^0.92= 6438 cfs 

 
After review of the peak discharges from the gage record flood frequency analysis and 
the regression equations, they appear to be similar in magnitude at and below the 100-
year.  However, the results from the USGS regression equations above the 100-year 
return period show increasing deviation between the two lines, with the USGS line lying 
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above the FFA line.  The deviations between the two lines may be explained by the  
limited number of gages used in the USGS analysis and the relatively short data record.   
With these considerations in mind, the flood frequency results for the period 1888-1954 
at the Eldorado Springs gaging station are considered to be the most valid results for the 
South Boulder Creek basin.  The FFA results from the 1888-1954 time period, the USGS 
regression equation results (Plains Region), and the CWCB regression equation results 
are summarized in the table and graphs that follow. For comparison purposes, the 
regulatory flow rates are also shown. 
 
These various data sets demonstrate the uncertainty associated with peak flow estimates 
at the gage site.  The hydrologic model results will be compared with the estimates using 
the variety of different estimation techniques described herein.  Based on the information 
generated and the interpretations provided, it appears the best estimate of peak discharges 
at the gage site is provided by the gage record and that remains the basis for future 
comparisons.  
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Return 
Period 

FFA 1888-1954 
Weighted Skew 

0.6 (cfs) 

FFA 1888-1954 
Station Skew 1.2 

(cfs) 
USGS 
(cfs) 

RECALCULATED 
USGS (cfs) 

CWCB 
(cfs) 

RECALCULATED 
CWCB (cfs) 

JARRET 
AND 

COSTA 
(cfs) 

REGULATORY 
FIS (cfs) 

2 582 550 141 567 NA NA 193 NA 
5 990 952 561 914 NA NA NA NA 

10 1350 1360 1050 1217 NA NA 846 2060 
20 1780 1910 NA NA NA NA NA NA 
25 NA NA 2060 1707 NA NA NA NA 
50 2490 2910 3140 2159 NA NA 2187 4980 

100 3140 3970 4570 2711 4590 2573 3101 6630 
200 3930 5360 6420 3370 NA NA NA NA 
500 5200 7930 9630 4434 NA NA 6438 11500 



 
 E - 9 HDR Engineering, Inc.  

Flood Frequency Results
1888-1954

550

5200

1350

582

990

1780 2490 3140
3930

7930
5360

3970
2910

1360
952

1910

100

1000

10000

100000

1 10 100 1000

Return Period

Fl
ow

 (c
fs

)

Weighted Skew 0.6
Station Skew 1.2

 
 

South Boulder Creek - Runoff Com parisons
@ Eldorado Gage Location

100

1000

10000

100000

1 10 100 1000

Return Period (years)

Fl
ow

 R
at

e 
(c

fs
)

FFA 1888-1954 Weighted Skew 0.6 (cfs)

FFA 1888-1954 Station Skew 1.2 (cfs)

USGS (cfs)

RECALCULATED USGS (CFS)

CWCB (cfs)

RECALCULATED CWCB (CFS)

JARRET AND COSTA (cfs)

REGULATORY FIS @ Confluence

 
 



 
 E - 10 HDR Engineering, Inc.  

BIBLIOGRAPHY AND REFERENCES 

1. US Army Corps of Engineers, HEC-FFA - Flood Frequency Analysis, CPD, May 1992. 

2. U.S. Geological Survey, Guideline for Determining Flood Flow Frequency, March 1982, 
Bulletin #17B of the Hydrology Subcommittee 

3. U.S. Geological Survey, Analysis of the Magnitude and Frequency of Floods in Colorado, 
Water-Resources Investigations Report 99-4190, 2000. 

4. Department of Natural Resources and the Colorado Water Conservation Board, Guidelines 
For Determining 100-Year Flood Flows For Approximate Floodplains in Colorado, Version 
4 - Draft, July 1999. 

5. U.S. Geological Survey, Evaluation of the Flood Hydrology in the Colorado Front Range 
Using Precipitation, Streamflow, and Paleoflood Data for the Big Thompson River Basin, 
Water-Resources Investigations Report 87-4117, 1988 



 
 E - 11 HDR Engineering, Inc.  

Appendix A 
Stream Gage: USGS 06729500 South Boulder Creek Near Eldorado Springs, CO 
Period of Record: 1888-1995  

Stream Gage: UDFCD 4383 Eldorado Springs  
Period of Record:1997-2003 
Not enough data to run a HEC-FFA analysis.  Peak Record for each year undefined. 
 
Stream Gage: USGS 06729300 SOUTH BOULDER CREEK AT PINECLIFFE, CO. 
Period of Record: 1979-1980 
Drainage Area: 72.70  square miles 
Not enough data to run a HEC-FFA analysis. 
 
Stream Gage: USGS 06729000 SOUTH BOULDER CREEK NEAR ROLLINSVILLE, 
CO. 
Period of Record: 1911-1917, 1945-1949 
Drainage Area: 42.70  square miles 
Not enough data to run a HEC-FFA analysis. 
 
Stream Gage: UDFCD 4373 Gross Reservoir 
Period of Record:1997-2003 
Not enough data to run a HEC-FFA analysis. 
 
Stream Gage: UDFCD 4833 SBC @ San Souci 
Period of Record:2002-2003 
Not enough data to run a HEC-FFA analysis. 
 
Stream Gage: UDFCD 4843 SBC@S Boulder Ditch 
Period of Record:2002-2003 
Not enough data to run a HEC-FFA analysis. 
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Appendix F 

 

PALEOFLOOD PRESENTATION 

Unpublished paleoflood evaluations of South Boulder Creek were prepared by the USGS.  The 
information from this work was presented at a public meeting on April 22, 2004.  During that 
meeting, the information contained in this appendix was presented and discussed.  Since no 
formal report has been published, the information contained in this presentation represents the 
best information available to the study team.
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Appendix G 

 

MIKE 11 REF 

 

Included by reference only 

 

SEE PROJECT WEB SITE FOR FULL CONTENT 

 

www.southbouldercreek.com
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Appendix H 

 

HYDROLOGIC MODEL DEVELOPMENT 
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H.1  Sub-basin Delineation 

The South Boulder Creek watershed was delineated into 27 sub-basins, with 8 sub-basins upstream of 

Gross Reservoir and 19 downstream of Gross Reservoir. The sub-basin delineation considered stream 

gage locations, paleoflood information, watershed topography, and historical rainfall distribution 

patterns. As a first iteration in the delineation process, the watershed was delineated into 10 sub-basins 

based on the location of stream gages and existing paleoflood information. The set of 10 sub-basins was 

further refined using the watershed topography so that sub-basins followed natural hydrologic 

breaklines. After reviewing the sub-basin delineation in conjunction with the thunderstorm-type rainfall 

event distribution, it was noticed that a localized rainfall event might not be effectively captured at the 

existing sub-basin resolution. The sub-basins downstream of Gross Reservoir were further delineated so 

that local rainfall events would be captured and described within a single sub-basin. Figure H-1 shows 

the sub-basin delineations used for the hydrologic modeling. Table H-1 displays the sub-basin 

characteristics. 

Two types of storm events were identified in Task 2 as likely to cause out-of-bank flow in South 

Boulder Creek, general storms and thunderstorms. Summertime thunderstorm events occur as rainfall 

below Gross Reservoir. Accordingly, the sub-basins below Gross Reservoir have a smaller area, 

providing the required resolution to effectively capture the rainfall from an isolated thunderstorm cell. 

The sub-basins above Gross Reservoir exhibit a larger area and less resolution as the general type of 

rainfall events, show less spatial variation, and occur more as a basinwide rainfall.  

This sub-basin delineation provides adequate detail for a conceptually based model such as the MIKE 11 

rainfall runoff model. In a lumped conceptual model, the sub-basin response is the same at all locations 

within a sub-basin, so it is important to capture the overall response of the sub-basin in the model. 

Additional subdivision of these 27 basins in the absence of additional calibration data would not result in 

an increased understanding of the hydrologic response in the South Boulder Creek drainage basin. 

H.2  Boundary Conditions 

Several boundary conditions are required to run a simulation in the coupled rainfall runoff and 

hydrodynamic model, including rainfall, evaporation, and temperature time series for the rainfall runoff 

model simulation: Gross Reservoir discharge, inflow hydrograph from Moffat Tunnel, downstream 
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water level, and irrigation diversion time series for the preliminary hydrodynamic model. These time 

series were obtained from the Resource Atlas and reformatted to the model-specific file format before 

being used as inputs to the coupled rainfall runoff and hydrodynamic simulations for model calibration, 

validation, and design event simulations. 

H.3  Gross Reservoir 

The operation of Gross Reservoir can have a large impact on the hydraulic response in the South 

Boulder Creek watershed. Gross Reservoir is not operated as a flood control reservoir but as source of 

potable water for the City of Denver. Being a water supply reservoir, a primary objective will likely be 

to keep the reservoir at maximum pool elevation whenever possible; however, there is no formal 

documentation of reservoir operation for flood control. Historical time series documenting inflow, 

reservoir storage, and reservoir outflow do exist and show that the reservoir, at times, does attenuate 

flows and thus can have a peak shaving effect. These data also show that Gross Reservoir can be full 

during any month in which a flood-producing rainfall has occurred.  

Because the operation of Gross Reservoir is not intended for flood control, there are no defined 

operational rules that can be applied to simulate the dynamic storage and flow attenuation effect of the 

reservoir. The hydrologic responses of the sub-basins upstream of Gross Reservoir were calibrated to the 

observed stream flow at the Pine Cliff stream gage whenever possible. The hydrologic responses of the 

sub-basins downstream of Gross Reservoir but upstream of the Eldorado Springs gage, were calibrated 

to the observed flow at the Eldorado Springs gage.  
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Figure H-1: Catchment Delineations for South Boulder Creek Watershed 
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Table H-1: Sub-basin Characteristics 

Sub-basin 

ID 

Tributaries and Ditches of Sub-

basin 

Sub-basin 

Area (Acres) 

Elevation Zone 

Range (ft) 

Predominant Land Cover Sub-basin 

Slope (%) 

C1 
South Boulder Creek, East 

Boulder Ditch, Enterprise Ditch 
1,800 5,000-5,500 

Highly developed, urbanized land 

use 
0.88 

C2 Viele Channel 2,700 5,000-6,000 
Highly developed, urbanized land 

use 
2.48 

C3 
South Boulder Creek, Goodhue 

Ditch 
1,710 5,500-6,000 

Moderate development, borders the 

City of Boulder 
3.56 

C4 Davidson Ditch, Community Ditch 2,300 5,500-6,000 
Minor development, a large pond 

comprises majority of sub-basin 
1.35 

C5 

South Boulder Creek, Goodhue 

Ditch, Davidson Ditch

Community Ditch 

1,330 5,500-6,000 
Moderate development, homes in 

floodplain of South Boulder Creek 
4.28 

C6 
 

480 5,500-8,500 
Minor development present, roads, 

isolated homes and structures 
19.30 

C7 
 

630 5,500-8,500 
Minor development present, roads, 

isolated homes and structures 
23.66 
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Table H-1: Sub-basin Characteristics 

Sub-basin 

ID 

Tributaries and Ditches of Sub-

basin 

Sub-basin 

Area (Acres) 

Elevation Zone 

Range (ft) 

Predominant Land Cover Sub-basin 

Slope (%) 

C8 
 

230 5,500-7,000 
Minor development present, roads, 

isolated homes and structures 
15.11 

C9 
 

480 5,500-8,500 
Minor development present, roads, 

isolated homes and structures 
20.18 

C10 

South Boulder Creek Community 

Ditch, South Boulder Diversion 

Canal 

1,060 5,500-8,000 
Minor development present, roads, 

isolated homes and structures 
23.48 

C11 

South Boulder Creek Community 

Ditch, South Boulder Diversion 

Canal 

1,070 5,500-8,500 
Minor development present, roads, 

isolated homes and structures 
14.76 

C12 Dowdy Draw, Community Ditch 630 5,500-6,500 
Minor development present, roads, 

isolated homes and structures 
4.49 

C13 Woods Gulch 2,400 6,500-8,500 
Minor development present, roads, 

isolated homes and structures 
8.48 

C14 
South Boulder Creek, South 

Boulder Creek Diversion Canal 
3,380 6,000-9,000 

Minor development present, roads, 

isolated homes and structures 
2.48 



 
 H - 8 HDR Engineering, Inc.  

Table H-1: Sub-basin Characteristics 

Sub-basin 

ID 

Tributaries and Ditches of Sub-

basin 

Sub-basin 

Area (Acres) 

Elevation Zone 

Range (ft) 

Predominant Land Cover Sub-basin 

Slope (%) 

C15 South Draw 1,850 6,000-9,000 
Minor development present, roads, 

isolated homes and structures 
10.31 

C16 Bull Gulch 1,490 6,000-9,000 
Minor development present, roads, 

isolated homes and structures 
15.94 

C17 Retallack Gulch 2,430 6,500-8,500 
Minor development present, roads, 

isolated homes and structures 
9.66 

C18 
South Boulder Creek, Gross 

Reservoir 
2,320 7,000-9,000 

Predominately Gross Reservoir, 

almost no development 
9.88 

C19 
 

1,330 7,000-8,500 
Minor development present, roads, 

isolated homes and structures 
12.39 

C20 Forsythe Canyon 4,550 7,500-9,000 
Minor development present, roads, 

isolated homes and structures 
5.72 

C21 Winiger Gulch 1,680 7,500-8,500 
Minor development present, roads, 

isolated homes and structures 
6.76 



 
 H - 9 HDR Engineering, Inc.  

Table H-1: Sub-basin Characteristics 

Sub-basin 

ID 

Tributaries and Ditches of Sub-

basin 

Sub-basin 

Area (Acres) 

Elevation Zone 

Range (ft) 

Predominant Land Cover Sub-basin 

Slope (%) 

C22 South Boulder Creek 1,730 7,500-9,000 
Minor development present, roads, 

isolated homes and structures 
10.83 

C23 Black Gulch, Boiling Gulch 1,980 8,000-10,500 
Minor development present, roads, 

isolated homes and structures 
14.99 

C24 
South Boulder Creek, Beaver 

Creek, Burns Gulch 
14,280 8,000-11,000 

Minor development present, roads, 

single homes, alpine lakes 
6.35 

C25 South Beaver Creek,  5,600 8,000-10,500 
Minor development present, roads, 

single homes, alpine lakes 
6.07 

C26 

South Boulder Creek, Jenny 

Creek, Antelope Creek, Moon 

Gulch, Jenny Lind Gulch, Black 

Canyon, Mammoth Gulch 

21,820 8,500-13,500 
Undeveloped alpine terrain, 

presence of alpine lakes 
6.32 

C27 
South Boulder Creek, Arapahoe 

Creek 
5,710 9,000-13,500 

Undeveloped alpine terrain, 

presence of alpine lakes 
12.67 
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The two sub-models were hydraulically linked at Gross Reservoir using the historical discharge 

time series from Gross Reservoir into South Boulder Creek for the 1969, 1998, and 1999 events. 

For the 1938 calibration event (predating Gross Reservoir), the two sub-models were run 

together, so that the rainfall runoff model describes the hydrologic response in the entire study 

area. 

The impact of Gross Reservoir operation on the design event hydrographs was determined 

through a sensitivity analysis. The 100-year design event can be simulated using different 

operation assumptions of Gross Reservoir. The impact on the resulting hydrograph can be 

evaluated, and an appropriate operating condition for the reservoir can be applied for the design 

storm simulation based on the results of the sensitivity analysis for Gross Reservoir operation. 

H.4  Trans-basin Flows and Ditch Diversions 

Water is both imported into and exported out of South Boulder Creek. Besides Moffat Tunnel 

and South Boulder Diversion Canal operated by Denver Water, water can be imported to South 

Boulder Creek via Anderson Ditch and Wellman Canal and exported via New Dry Creek Carrier 

Ditch and Enterprise Ditch. Cross-basin transfer of water is also possible, with inflows from Bear 

Creek occurring during some flooding events. Trans-basin water transfers were not included in 

the rainfall runoff modeling, but will be considered in the hydrodynamic flood modeling as part 

of Task 4. The City of Boulder will provide inflow hydrographs at the trans-basin transfer points. 

This water moving into the South Boulder Creek drainage basin will be applied to the 2D grid in 

the MIKE FLOOD model and will contribute to flooding. The impact of typical irrigation 

diversions was addressed in the ditch sensitivity analysis. The impact of overtopping the ditch 

headgates and flooding along the irrigation ditch corridors will be evaluated in more detail 

during the floodplain modeling of Task 4. The volume of water diverted from South Boulder 

Creek will also be determined in the floodplain modeling effort.  

H.5  Groundwater Considerations 

Interaction between rainfall, infiltration, surface water, and groundwater is part of the hydrologic 

cycle. Variances in the groundwater table can affect the runoff generated from a rainfall event. 

Changes in the groundwater level over the course of a hydrologic season affect generated runoff 

by affecting the soil column’s ability to infiltrate and store water. When the groundwater table is 



 
 H - 11 HDR Engineering, Inc.  

low, the soil column has the ability to store more precipitation because of the open voids in the 

soil being filled with infiltrating water. Conversely, in soil with a high groundwater table, these 

voids are already filled with groundwater, so they are not available for storing falling rain. 

Normally, a lower groundwater table will result in higher abstraction of rainfall and a lower 

runoff, while a high groundwater table inhibits the soil’s ability to abstract rainfall and results in 

a higher runoff. The effects of a varying groundwater table were considered in the development 

and calibration of the rainfall runoff model sub-basin parameter sets, and were further 

investigated in the sensitivity analysis simulations.  

H.6  Description of MIKE FLOOD Rainfall Runoff Parameters 

A set of parameters used to describe individual sub-basins determines the hydrologic response to 

precipitation events. Table H-2 shows the parameters used in model calibration, the physical 

process affected by that parameter, and a typical range of physical values. 

Table H-2:  Rainfall Runoff Model Catchment Parameters 

Parameter Description Effects Typical 

Values 

Units 

Umax Maximum water 

content in 

surface storage 

zone 

Overland flow, infiltration, 

evapotranspiration, 

interflow, soil moisture 

content 

0.2-1.5 Inches 

Lmax Maximum water 

content in lower 

storage zone 

Soil moisture content, 

overland flow, infiltration, 

evapotranspiration, 

baseflow  

2-18 Inches 

CQOF Overland flow 

coefficient 

Volume of overland flow 

and infiltration 

0.6-1.0 Dimensionles

s 

CKIF Interflow 

drainage 

constant 

Drainage of surface storage 

as interflow 

75-250 Hours 
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Table H-2:  Rainfall Runoff Model Catchment Parameters 

Parameter Description Effects Typical 

Values 

Units 

TOF Overland flow 

threshold 

Soil moisture demand that 

must be satisfied for 

overland flow to occur 

0-1 Dimensionles

s 

TIF Interflow 

threshold 

Soil moisture demand that 

must be satisfied for 

interflow to occur 

0-1 Dimensionles

s 

TG Groundwater 

recharge 

threshold 

Soil moisture demand that 

must be satisfied for 

groundwater recharge to 

occur 

0.3-1 Dimensionles

s 

CK12 Timing constant 

for interflow and 

overland flow 

Routing overland flow 

along sub-basin slopes and 

channels 

2-15 Hours 

CKBF Timing constant 

for baseflow 

Routing recharge through 

linear groundwater recharge 

500-2,000 Hours 

 

The surface storage reservoir represents moisture intercepted by vegetation and trapped in 

depressions in the uppermost, cultivated part of the ground. Umax denotes the surface storage 

zone’s upper limit. The amount of water, U, in the surface storage is continuously diminished by 

evaporative consumption as well as by horizontal leakage (interflow). When there is maximum 

surface storage, some of the excess water enters the streams as overland flow; the remainder is 

diverted as infiltration into the lower zone and groundwater storage. 

The water content stored in the lower storage zone is defined by the parameter Lmax, which is the 

maximum soil moisture content in the lower storage zone available for vegetative transpiration. 

Lmax represents the average value for an entire sub-basin (i.e., an average value for the various 
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soil types and lower storage depths of the individual vegetation types). Hence, Lmax cannot be 

established from field data, but an expected interval can be defined.  

The overland flow runoff coefficient, CQOF, determines the extent to which excess rainfall runs 

off as overland flow and the magnitude of infiltration. CQOF is dimensionless with a value 

between zero and 1. Physically, in a lumped manner, it reflects the infiltration and also, to some 

extent, the recharge conditions. Smaller values of CQOF are expected for flat sub-basins having 

course, sandy soils and a large unsaturated zone, whereas larger CQOF values are expected for 

sub-basins having soils with low permeability, such as clay or bare rocks.  

The interflow timing constant, CKIF, determines, together with Umax, the amount of interflow. 

CKIF-1 is the quantity of the surface water content, U, that is drained to interflow every hour. 

Physical interpretation of the interflow is difficult. Because interflow is seldom the dominant 

stream flow component, CKIF is not, in general, a very sensitive parameter. 

The time constant for routing interflow and overland flow, CK12, determines the shape of the 

hydrograph peaks. The value of CK12 depends on the size of the sub-basin and how fast it 

responds to rainfall. The time constant can be inferred from calibration on peak events. If the 

simulated peak discharges are too low or arriving too late, decreasing CK12 may correct this, 

and vice versa. 

TOF is a threshold value for overland flow in the sense that no overland flow is generated if the 

relative moisture content of the lower zone storage, L/Lmax, is less than the value given for TOF. 

Similarly, the lower storage zone threshold values for interflow, TIF, and groundwater recharge, 

TG, act as threshold values for generating interflow and recharge, respectively. 

Physically, the three threshold values should reflect the degree of spatial variability in the sub-

basin characteristics so that a small, homogeneous sub-basin is expected have larger threshold 

values than a large, heterogeneous sub-basin. For sub-basins with alternating wet and dry 

periods, the threshold values determine the onset of the flow component in the periods when the 

lower storage zone is being filled up. This can be used in model calibration. It should be noted 

that the threshold values are of little importance in wet periods. 
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The time constant for baseflow, CKBF, determines the shape of the simulated hydrograph in dry 

periods. According to the linear reservoir description, the discharge in such periods is given by 

an exponential decay. CKBF can be estimated from hydrograph recession analysis. 

The lower storage zone threshold value for recharge, TG, has the same effect on recharge as TOF 

has on overland flow. It is an important parameter for simulating the rise of the groundwater 

table in the beginning of the wet season. 

H.7  Description of MIKE FLOOD Preliminary Hydrodynamic Model Used for Hydrologic 

Simulations 

The rainfall runoff model was linked to a preliminary 1D hydrodynamic model. The preliminary 

1D hydrodynamic model was constructed to route the rainfall runoff hydrograph downstream; it 

was not intended for detailed hydraulic analysis of South Boulder Creek. The detailed hydraulic 

analysis will be performed with a coupled 1D-2D hydrodynamic model as part of Task 4. The 

preliminary 1D hydrodynamic model consisted of an upstream channel from the headwaters to 

Gross Reservoir, Gross Reservoir, and a downstream section from Gross Reservoir through the 

confluence of South Boulder Creek with Boulder Creek. 

Channel transect geometry was not available for much of the South Boulder Creek channel at the 

time that the preliminary model was being constructed. From the South Boulder Creek headwater 

to Gross Reservoir, channel geometry is not available; this reach is described in the 1D 

hydrodynamic model using a trapezoidal cross section with a channel slope derived from the 

USGS 10-meter DEM. From Gross Reservoir through the confluence, the cross sectional 

geometry of the Eldorado Springs gage location was applied. Additionally, the channel used for 

hydrologic simulation did not include channel obstructions or hydraulic control structures such 

as weirs, culverts, or bridges. All flows generated from the rainfall runoff model for calibration, 

validation, design, and transposed events were contained within the channel and propagated 

downstream.  

The simple hydrodynamic model used during the hydrologic simulations does not account for 

out-of-bank flow or floodplain storage. The reported discharges at various locations along South 

Boulder Creek are an indication of the basins’ rainfall runoff responses and consist of simulated 

overland flow, interflows, and baseflow contributions. Instantaneous discharges simulated during 
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the detailed MIKE FLOOD hydrodynamic simulations are expected to differ from the values 

resulting from the hydrologic modeling because of floodplain storage, flow attenuation, and 

restriction of flow by structures such as weirs, culverts, and bridges. 

As previously stated, it was not the intention of Task 3 to account for these hydraulic conditions. 

The goal of Task 3 was to develop a rainfall runoff model capable of reproducing the 

watershed’s response to rainfall, generating the appropriate volume and timing of runoff 

resulting from different rainfall events. The specific hydraulic behavior of South Boulder Creek, 

the secondary channels, and the floodplain will be studied in depth using a detailed 

hydrodynamic model in Task 4. 
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Appendix I 

 

GROUNDWATER CONSIDERATIONS IN RAINFALL RUNOFF MODELING 
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Groundwater Considerations in Rainfall Runoff Modeling 

Interaction between rainfall, infiltration, surface water and groundwater is part of the hydrologic 

cycle.  Variances in the groundwater table can affect the runoff generated from a rainfall event.  

Changes in the groundwater level over the course of a hydrologic season affect generated runoff 

by affecting the soil column’s ability to infiltrate and store water.  Under normal circumstances, 

when the groundwater table is low, the soil column has the ability to infiltrate and store more 

precipitation.  This is due to the open voids in the soil being filled with infiltrating water.  

Conversely, in a soil with a high groundwater table, these voids are already filled with 

groundwater, so they are not available for storage of falling rain volume.  Normally, a lower 

groundwater table will result in higher abstraction of rainfall and a lower runoff, while a high 

groundwater table inhibits the soils ability to abstract rainfall and results in a higher runoff. 

The MIKE 11 rainfall runoff model nested within MIKE FLOOD employs a simplistic approach 

to account for storage of moisture in a groundwater storage zone and the baseflow contributions 

of groundwater to stream flow, but the rainfall runoff model is not a detailed groundwater model.  

However, MIKE 11 does provide an appropriate representation of the physical process and 

reflects the effects on infiltration and runoff of various groundwater conditions.  The effects of a 

varying groundwater table were considered in the development and calibration of the rainfall 

runoff model, and further investigated in the sensitivity analysis simulations performed. 

Hydrologic Modeling Approach 

There are distinct differences to the approaches used for the development and calibration of the 

rainfall runoff model, and the simulation of the design storm events.  The purpose of model 

development and calibration was to ensure that the defined sub-basin parameter sets produced 

the correct runoff volume and timing from different rainfall events.  The purpose of the design 

storm simulations was to produce a runoff hydrograph that will be used in conjunction with the 

hydraulic model to define the flooding hazard associated with each design storm event.  It is 

important that during model calibration, the correct sub-basin conditions are simulated at the 

time of the calibration rainfall, while for simulation of the design storm events, it was important 

that the most representative sub-basin conditions were simulated.  As an example, one-inch of 

rainfall on a very dry soil may produce only a minor amount of runoff, while that same one-inch 
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rainfall on a very wet soil will produce a much larger volume of runoff.  For the model 

calibration, it is important the soil moisture at the time of the rainfall be accurately simulated.  

For the design storm simulations, it is important that the soil moisture be representative of likely 

sub-basin conditions. 

Since the soil moisture conditions at the time of the calibration rainfall events were unknown, a 

model “warm-up” period was used so that the rainfall runoff model could simulate the 

antecedent soil moisture conditions.  The “warm-up” period consisted of simulation of a four 

month time period prior to the calibration rainfall event.  The “warm-up” period allowed the 

rainfall runoff model enough time to simulate the hydrologic processes in each sub-basin and 

bring the simulated soil moisture conditions into equilibrium prior to the application of the 

calibration rainfall event.   

Allowing the model to simulate the antecedent soil moisture conditions instead of relying on the 

model user to define them, removed the soil moisture as a calibration variable.  Calibration of the 

model consisted of varying the storage depths, threshold parameters, and timing constants within 

the model.  Varying these parameters resulted in different soil moisture conditions being 

simulated at the time of the calibration rainfall event.  Upon final calibration of the rainfall 

runoff model, the resulting sub-basin parameter set was able to simulate the correct soil moisture 

conditions for a variety of different rainfall events, which in turn, resulted in the correct runoff 

from these storm events being simulated.  The simulated runoff was compared to historical data 

to ensure that the model produced reliable results from different types of rainfall events. 

For the simulation of the design storm events, it was important to define the most likely 

antecedent soil moisture conditions at the time of the design rainfall event.  To do this, a “warm-

up” period was not required; the soil moisture conditions at the time of the rainfall event could 

be directly defined by the model user.  A sensitivity analysis was performed by the project team 

to provide an insight on how the model responded to varying the antecedent soil moisture 

conditions, operation of Gross Reservoir and irrigation ditch diversions.  The sensitivity analysis 

showed that the rainfall runoff model is very sensitive to the antecedent soil moisture conditions 

defined at the time of rainfall.  With the antecedent soil moisture conditions being a dominant 

parameter in determining runoff from the design storm events, special attention were paid to 
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these parameters to ensure that the correct antecedent soil moisture conditions were defined for 

the design storm events.   

With the most likely initial conditions applied in the rainfall runoff model for each sub-basin, the 

design storm simulations were performed.  The simulated runoff from the design storms were 

compared to the flood frequency analysis as a further check to ensure that the rainfall runoff 

model produced reliable results for use in defining the flooding hazard associated with each 

design storm event. 

Model Development and Calibration 

The MIKE 11 Rainfall Runoff model is a conceptual representation of the land phase of the 

hydrologic cycle.  The set of equations that comprise the numerical engine continuously 

simulates overland flow, baseflow and interflow as a function of the relative moisture contents in 

four inter-related storage zones; these storage zones are represented in the model as snow 

storage, surface storage, lower storage, and groundwater storage.  Storage of moisture in the 

snow storage zone is not explicitly defined; instead it is calculated by the model using input 

temperature and precipitation time series.  A storage depth, defined in inches, is specified for the 

surface storage zone and the lower storage zone.  Moisture may be added to the model as 

precipitation, and can be removed from the system as simulated evapotranspirative losses, 

overland flow, interflow or baseflow.   

As precipitation is added to the system, the rainfall runoff model determines the fate of this water 

through an accounting of the soil moisture in the separate storage zones.  The applied 

precipitation is added to the surface storage zone.  From the surface storage zone, water can 

either be transferred to the lower storage zone or can become runoff.  Likewise, water in the 

lower storage zone can be transferred to the groundwater storage zone or become interflow.  

Water in the groundwater storage zone can become baseflow.   

Surface storage represents the surface wetting losses such as precipitation intercepted on 

vegetation as well as water trapped in depressions and in the uppermost cultivated portion of the 

ground.  The surface storage depth, in inches, is represented in the rainfall runoff model by the 

parameter Umax.  The amount of water in the surface storage zone at any time step is represented 

by U, therefore the relative soil moisture is a ratio of U/Umax.  The amount of water in the surface 
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storage zone is diminished by evaporative consumption.  When the threshold for surface storage 

is satisfied, some of the excess precipitation becomes runoff, and the remainder is diverted as 

infiltration to the lower storage zone.  Overland flow is proportional to the excess precipitation 

and varies linearly with the relative soil moisture content of the lower storage zone.  The portion 

of excess water that is not diverted as runoff is infiltrated into the lower storage zone.   

The lower zone storage is represented by a linear reservoir in the rainfall runoff model.  

Interflow is subsurface flow that occurs in an unsaturated soil zone.  Interflow becomes part of 

stream flow, but has a slower response time than overland flow.  Interflow contributions are 

controlled by lower zone storage moisture, an interflow threshold, and an interflow timing 

constant.  If the threshold for interflow is exceeded, the interflow contribution is assumed to be 

proportional to the relative moisture content, represented by the ratio of U/Umax, in the lower 

storage zone.  Interflow is calculated as outflow from the lower storage zone linear reservoir 

based on the CKif timing constant.  The interflow threshold is simply fraction of the total lower 

storage zone storage.  For example, if the interflow threshold is equal to 0.20, then twenty 

percent of the lower zone storage must be fulfilled before interflow can start to occur.  Although 

interflow originates in the lower storage zone, Figure 1 shows the surface storage zone as the 

source of interflow.  Interflow is a function of the soil moisture in the lower storage zone, L/Lmax, 

and the interflow threshold, TIF.  Once the interflow threshold is exceeded, interflow can begin 

to occur.  Interflow is routed through two linear reservoirs in series, with an applied beta-factor 

to ensure that linear routing is maintained and that the depth of flow does not trigger a 

conversion to a kinematic routing.  The result of routing the interflow through these two linear 

reservoirs is that the ultimate interflow discharge to stream flow comes from the surface storage 

zone 

Water stored in the lower storage zone can also be used for groundwater recharge.  The amount 

of infiltrated water recharging the groundwater storage zone depends on the soil moisture of the 

lower storage zone, U/Umax, and the amount of excess precipitation available, and the threshold 

for groundwater recharge.  If the threshold for groundwater recharge is equal to 0.5, then U/Umax 

must be greater than 0.5 for groundwater recharge to occur.  This means that half of the lower 

zone storage must always be fulfilled for groundwater recharge to occur. 
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The groundwater storage zone is represented by a linear reservoir in the rainfall runoff model.  

Baseflow is calculated as outflow from the groundwater linear reservoir based on the CKbf 

timing constant and the threshold for groundwater flow (TG).  In the rainfall runoff model 

prepared for the South Boulder Creek Flood Mapping Study, TG is the dominant groundwater 

parameter and has been varied throughout the sub-basin groups.  Almost no influence was found 

in varying the CKbf parameter, between 500 hours and 1500 hours.  The CKbf parameter was set 

to 800 hours in all sub-basins.  This result is expected given the length of continuous calibration 

data available for, and that the project is focused on the surface water response from rainfall 

events. 

A detailed description of the moisture accounting in the rainfall runoff model can be found in the 

referenced MIKE 11 Reference Manual. 

The structure of the model is shown in Figure 1 below.  The rainfall runoff model consists of 

three interconnected linear reservoirs that represent the sub-surface soil moisture storage content.  

As precipitation is added to a sub-basin, an initial abstraction is made in the surface storage zone 

to satisfy surface wetting losses.  Surface wetting losses include such losses as vegetative 

interception as well as water trapped in depressions and in the uppermost, cultivated part of the 

ground.  When the surface wetting losses are fulfilled, runoff can begin to occur.  As additional 

precipitation is added to the model, water can also infiltrate into the lower zone and groundwater 

storage reservoirs.  Water in these two reservoirs is first used to fulfill soil moisture 

requirements.  The soil moisture requirements are defined by the threshold parameters that must 

be exceeded before a process can begin.  In the lower storage zone, there are two such 

thresholds, the interflow threshold and the groundwater recharge threshold.  If the soil moisture 

threshold requirement is exceeded, water in these two reservoirs may enter the river network as 

either interflow or be transferred to the groundwater storage zone where the stored water can 

become baseflow.  Water can be removed from the sub-basin via losses caused by simulated 

evapotranspiration. 
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Figure 1: MIKE 11 Rainfall Runoff Model Structure 

Where: 

OF = overland flow 
IF = interflow 
BF = baseflow 
Ep = potential evapotranspiration 
Ea = actual evapotranspiration 
P = precipitation 
L = lower zone moisture content 
BFu = groundwater recharge 
GWL = groundwater level 
x  = transfer point between storage zones 

 

The basic data input requirements for the MIKE 11 rainfall runoff model are, meteorological 

data, gaged stream discharge data for model calibration and verification, sub-basin parameter set, 

and a definition of initial conditions.  The sub-basin parameters available for model calibration 

are described in Table 1 below.  The basic meteorological data requirements are precipitation, 

evapotranspiration, and temperature timeseries for snow accumulation and snowmelt to be 
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modeled.  Snow accumulation and melt is an integrated sub-routine in the rainfall runoff model 

used for the South Boulder Creek Floodplain Mapping project.  On this basis, the model 

produces a time series of sub-basin overland flow, interflow and baseflow contributions to the 

channel, and information about other elements of the land phase of the hydrologic cycle, such as 

soil moisture content and groundwater recharge. 

Table 1: Sub-basin parameter descriptions 

Parameter Units Description Effects 

Umax Inches Maximum water 

content in surface 

storage 

Overland flow, infiltration, 

evapotranspiration, interflow, soil 

moisture content 

Lmax Inches Maximum water 

content in lower 

storage zone 

Soil moisture content, overland flow, 

infiltration, evapotranspiration, 

baseflow  

CQOF Hours Overland flow 

coefficient 

Volume of overland flow and 

infiltration 

CKIF Hours Interflow drainage 

constant 

Drainage of surface storage as 

interflow 

TOF None Overland flow 

threshold 

Soil moisture demand that must be 

satisfied for overland flow to occur 

TIF None Interflow threshold Soil moisture demand that must be 

satisfied for interflow to occur 

TG None Groundwater recharge 

threshold 

Soil moisture demand that must be 

satisfied for groundwater recharge to 

occur 

CK1 Hours Timing constant for 

overland flow 

Routing overland flow along sub-

basin slopes and channels 
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CK2 Hours Timing constant for 

interflow 

Routing interflow along sub-basin 

slopes 

CKBF Hours Timing constant for 

baseflow 

Routing recharge through linear 

groundwater recharge 

 

Initial estimates of input parameters were defined using information available to the study team.  

Soil survey information that included characterizations of soil types and properties served as the 

foundation for the initial estimates.  This was further refined through the use of topographic 

maps and anecdotal information regarding typical basin conditions obtained from study team 

members and the public. 

To assure that the model appropriately represented the actual conditions that might be expected 

during flood events, calibration was necessary.  Since the calibration of the rainfall runoff model 

was performed using a continuous simulation approach, the need to define the initial conditions 

in great accuracy at the start of the simulation is not required.  This may initially seem 

incongruous, recalling the discussion on the model “warm-up” period from the Task 3 TM in 

Section 5.4.  The purpose of the “warm-up” period is to allow an adequate simulation period 

prior to the calibration event for the rainfall runoff model to establish what the sub-basin 

conditions are at the time of the rainfall event of interest without those conditions having to be 

explicitly defined in the model.  For calibration purposes of a continuous model, it is not critical 

what the defined initial conditions are, even if they are incorrectly defined, because the warm-up 

period allows the system to settle into the appropriate conditions by the time the rainfall of 

interest occurs.   

The rainfall runoff model was calibrated to three reconstructed rainfall events; the 1938, 1969 

and 1998 storms.  To achieve the correct runoff volume and peak discharge, it is essential for the 

soil saturation conditions to be correct at the time of the rainfall event of interest.  Each of the 

calibration events represented differing rainfall distribution patterns and rainfall intensity.  As the 

calibration storms occurred at different times of the year, and in different years, it is probably 

safe to assume that the groundwater and soil moisture conditions were different for each storm.  

The calibration process sought to achieve the correct soil moisture conditions by defining the 
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correct depth of the storage zones, the threshold for transfer of moisture in the lower storage 

zone to the groundwater reservoir and the correct recession timing for baseflow in dry weather 

conditions.  Varying these model parameters during calibration sought to achieve the correct 

moisture content in the surface and lower storage zones.  The rainfall runoff model does not 

make a distinction between the moisture in the lower storage zone being caused by a high 

groundwater table or from preceding precipitation events.  

In calibrating the rainfall runoff model for South Boulder Creek, four distinct sub-basin groups 

emerged; urban, plains, mountainous-low and mountainous-high.  As the calibration and 

validation figures show, a parameter set providing an accurate description of the hydrologic 

response of the sub-basins in the South Boulder Creek watershed was achieved. The calibrated 

sub-basin parameter set is shown in Table 2 and Figure 2 shows the sub-basin groupings.  The 

calibrated sub-basin parameters presented in Table 2 represent the storage depths, timing 

constants and threshold values that resulted from the calibration process.  These parameters 

represent how the physical characteristics in each sub-basin affect their hydrologic response to 

precipitation.  The calibrated sub-basin parameter sets resulted in the model simulating the 

correct hydrologic response to three different calibration/validation rainfall events.   

The grouped sets of sub-basins displayed a similar hydrologic response to precipitation events.  

The similar responses are due to similar rainfall distribution patterns, land uses, soil 

characteristics and topographies among these sub-basin groups.   

 
Table 2:  Calibrated sub-basin parameter set 

Name Group Umax Lmax CQOF CK1,

2 

CKIF CKB

F 

TOF TIF TG 

C1 U 0.3 3.0 0.80 5.5 150 800 0.20 0.3 0.6 

C2 U 0.3 3.0 0.80 5.0 150 800 0.20 0.3 0.6 

C3 U 0.4 4.0 0.80 5.5 150 800 0.20 0.3 0.6 

C4 P 0.5 6.0 0.80 6.0 150 800 0.20 0.3 0.6 

C5 P 0.5 6.0 0.80 6.0 150 800 0.20 0.3 0.6 
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C6 P 0.6 4.5 0.80 6.5 150 800 0.55 0.4 0.6 

C7 P 0.6 4.5 0.80 6.5 150 800 0.55 0.4 0.6 

C8 P 0.6 4.5 0.80 6.5 150 800 0.55 0.4 0.6 

C9 M-L 0.6 4.0 0.80 6.5 150 800 0.55 0.4 0.5 

C10 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.8 

C11 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.8 

C12 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C13 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C14 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C15 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C16 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C17 M_L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C18 M-H 1.2 16.0 0.80 6.5 150 800 0.80 0.4 0.6 

C19 M-L 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C20 M-L 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C21 M-L 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C22 M-L 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C23 M-L 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C24 M-H 1.2 16.0 0.80 6.5 150 800 0.80 0.5 0.6 

C25 M-L 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C26 M-H 1.2 16.0 0.80 6.5 150 800 0.80 0.5 0.6 

C27 M-H 1.2 16.0 0.80 6.5 150 800 0.80 0.5 0.6 
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Figure 2:  Sub-basin groups 

 

As Figure 2 shows, the sub-basin groups change from mountainous high near the continental 

divide to the urban group near the confluence of South Boulder Creek with Boulder Creek.  In 

developing and calibrating the rainfall runoff model, the physical attributes of the sub-basin 

groups and anthropogenic impacts on groundwater within the sub-basin groups were taken into 

account.   

In reviewing the calibrated CK12 values, a larger variation in the CK12 timing constants 

between the mountainous sub-basins and the sub-basins in the lower portion of the water shed 

might be expected.  The relatively small differences in the CK12 timing constants can be 

explained by comparing the sub-basin sizes and physical characteristics between the basin sub-

groups.  In the upper basins, the slope is steeper, but the sub-basin’s hydraulic length is longer.  

Mountainous - High 

Mountainous - Low Plains 

Urban 
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In the lower basins, while the hydraulic length is shorter, these sub-basins have less dramatic 

slopes.  In the development of the sub-basin parameter sets, sub-basin characteristics such as 

land use, soil type, slope, sub-basin area were considered.  In the upper basins, the soil cover is 

thin, with rock outcroppings common.  This observation would tend to reduce the CK12 value.  

In the lower sub-basins, the soil cover is much more developed, but the land use has much more 

impermeable surfaces, which also tend to reduce the CK12 values.  Comparing the calibrated 

CK12 values with the typical range, the applied CK12 timing constants are short, indicating that 

all sub-basins are capable of producing a fast high runoff response to rainfall.   

It can also be seen that the baseflow timing constant, CKBF, is constant throughout the sub-

basins.  In calibrating the model’s response to baseflow recession, a timing constant of 800 hours 

was found to result in an appropriate baseflow recession response during dry periods.  Baseflow 

is a very small component of the flood producing flows that result from a sub-basin’s response to 

rainfall.  Additionally, it was discovered that the model is most insensitive to variations in the 

CKBF.  Changing the CKBF values from 500 hours to 1500 hours resulted in almost no changes 

to the simulated runoff and interflow response to rainfall. 

As Table 2 shows, the mountainous high group, consisting of sub-basins C18, C24, C26 and 

C27, has surface storage and lower storage zones deeper than one might expect to find in an area 

with such steep slopes and poorly developed soil cover.  The deeper applied storage zones are 

due to the numerous alpine lakes occurring in these sub-basins and result in this sub-basin 

group’s higher capacity for rainfall storage.  These alpine lakes intercept some of the rainfall and 

runoff, delaying or preventing it from becoming part of the observed flow in South Boulder 

Creek.  This calibration observation is also supported by the paleoflood observations that these 

sub-basins are not subject to large or intense flood events.  From a conceptual standpoint, these 

alpine lakes act like groundwater sinks within the rainfall runoff model.  Water can be stored and 

delayed from entering the stream flow in these alpine lakes.  These sub-basins also have a lower 

threshold for groundwater recharge than the other mountainous sub-basins, meaning that water 

can be more easily transferred from the lower storage zone to the groundwater storage zone.  The 

lower threshold for groundwater recharge in these sub-basins also allows water to be transferred 

from the thin soil column to the alpine lakes for storage.  The threshold for overland flow is set 

high in these sub-basins, indicating that the soil moisture capacity must be largely fulfilled 

before runoff can occur.  This sub-basin group generally shows low runoff response to rainfall 
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events.  Sub-basin C18 is included in this group because Gross Reservoir makes up the majority 

of land use in this sub-basin.   

The mountainous low sub-basin group, consisting of sub-basins C9-C17, C19-C23 and C25 have 

much lower surface storage and lower storage zones, as would be expected in rocky, 

mountainous terrain with steep slopes.  The threshold for overland flow and interflow is also 

lower in these sub-basins, indicating that these sub-basins may not have a well-developed soil 

cover.  Once the ground surface is initially wetted, runoff can occur without having to satisfy as 

much of the sub-basins total moisture holding capacity.  The interflow threshold in many of these 

sub-basins is set equal to zero, meaning that interflow can begin to occur without having to 

satisfy any moisture requirements in the lower storage zone.  This represents two physical 

characteristics in these sub-basins.  First, a TIF=0 is used to represent a sub-basin with a thin, 

poorly developed soil cover, one with exposed weathered rock.  Soils with weathered fissured 

rocks will alter overland flow paths, slowing the overland response.  The ability of these sub-

basins to begin the interflow process immediately is used to reflect this phenomenon.  Secondly, 

these sub-basins have a low potential to transfer water groundwater.  Setting the TIF=0 prevents 

excessive groundwater recharge from occurring in these sub-basins, and ensures that the 

dominant hydrologic response to rainfall is either runoff or interflow.  The shallow lower storage 

zones in these sub-basins coupled with the high threshold for groundwater recharge also 

represents these sub-basins low potential for transferring precipitation to deeper storage zones.  It 

would be unlikely to find large impacts from groundwater in these sub-basins. 

The plains sub-basin group consists of sub-basins C4-C8.  The lower storage zone in sub-basins 

C4 and C5 is deeper than the mountainous-low group, indicating a deeper soil cover that has a 

greater capacity for rainfall infiltration.  If the lower zone storage depth is comparing to an 

expected typical value of 10 – 14 inches for a relatively flat grassy sub-basin, it can be seen that 

the lower zone storage depth is still very shallow for topography and land use in these sub-

basins.  This shallow lower zone storage depth represents the effect of a high groundwater table 

filling the soil void area in the lower storage zone.  The thresholds for overland flow and 

interflow were lowered, as compared to the mountainous sub-groups, so that an intense rainfall 

would produce an appropriate runoff volume.  If these thresholds were not lowered, the soil 

column would have an artificially high infiltration capacity, and intense but short rainfalls may 

not produce the observed runoff volume.  Sub-basins C6-C8 have deeper storage zones, and 
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thresholds for both overland flow and baseflow as compared to the mountainous low group.  

These values were applied in this part of the watershed because these sub-basins are transitional 

from the mountains to the plains, and exhibit some behavior of both types of sub-basins.   

It might be expected for sub-basins with a relatively low slope and mature soil column 

development to have a deeper lower storage zone than what the basin calibration resulted in.  In 

these sub-basins the relatively shallow lower storage zone represents the affect of a high 

groundwater table filling some of the soil void and preventing a larger portion of the rainfall to 

be stored.  In addition to the shallower than expected lower storage zone, these basins also have a 

lower threshold for groundwater recharge than the mountainous sub-groups.  This lower 

threshold for groundwater recharge means that these sub-basins can transfer water to the 

groundwater storage zone.  While the threshold values for groundwater recharge are lower than 

the mountainous sub-groups, the defined value of 0.6 is high for a relatively flat sub-basin when 

compared to the typical values one would expect to find (0.3 – 0.4 would be expected).  This 

high value for groundwater recharge threshold in these flat sub-basins reflects the effect of a high 

groundwater table in these sub-basins.  A high groundwater table would prevent transfer of water 

from the lower storage zone to the groundwater storage zone.  The calibrated parameter set of 

lower storage zone depth and a threshold for groundwater recharge was further validated by 

anecdotal information from the public and the PREP group stating that the groundwater table in 

these sub-basins can be quite high during the spring and early summer months, and that the 

groundwater table and soil saturation in these basins may be further affected by irrigation 

practices.     

The urban sub-basin group consists of sub-basins C1-C3.  These sub-basins are largely 

comprised of developed land uses within the City of Boulder.  These sub-basins are more highly 

urbanized and the surface zone storage, lower zone storage, threshold for overland flow and 

threshold for baseflow have been lowered to account for the impervious areas in these sub-

basins.  Additionally, the timing constant for runoff has been shortened to account for these sub-

basins faster hydrologic response.  The lower storage zone and the threshold for groundwater 

recharge is in line with information received from the public, that groundwater levels can be high 

and that ditch operations can impact the local subsurface water levels.  In these areas the sub-

basin parameter set is indicative of the anthropogenic impact on the sub-basin hydrology, such as 
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irrigation of grassed areas, and ditch operation in these sub-basins.  In general these sub-basins 

will exhibit a higher runoff response due to the urbanized nature of their land-use.   

Antecedent Moisture Conditions (AMC) 

A sensitivity analysis was performed varying the relative soil moisture conditions in the surface 

and the lower storage zones for each sub-basin.  This sensitivity analysis was intended to 

establish the impacts of various groundwater conditions on the runoff from the watershed.  

Understanding these impacts enabled the team to better identify an appropriate starting condition 

for design storm simulations.  The soil moisture in the lower storage zone can be affected in two 

different ways.  The first mechanism for soil moisture affecting runoff volume is through 

infiltration.  Infiltration from a preceding rainfall event can leave a soil with high moisture 

content and inhibit infiltration and storage from subsequent rainfall events.  The second 

mechanism is from a high groundwater table.  The groundwater table can impinge upon the 

lower storage zone, filling soil void space and preventing infiltration and storage of precipitation, 

leading to excess runoff.  The impacts of a high groundwater table and antecedent soil moisture 

conditions are both described using rainfall runoff model parameters in the lower storage zone.  

The effect of a high groundwater table is reflected in the shallow storage depths assigned to the 

lower storage zone.  By reducing the effective volume in the lower storage zone, the affect of a 

high groundwater table filling soil void space is mimicked.  Since the dept of the lower storage 

zone was a calibration parameter, and there was ample anecdotal data to support the existence of 

a high groundwater table, the depth in the lower storage zone was not varied during the 

sensitivity analysis simulations.  The impacts of varying soil moisture content were investigated 

by varying the relative soil moisture content, L/Lmax, in the lower storage zone.  By varying the 

initial L/Lmax condition, the affects of soil moisture on the soils infiltration capacity were 

investigated.  An initial condition with a high L/Lmax value would decrease the soils infiltration 

capacity, resulting in higher simulated runoff.  An initial condition with a low L/Lmax value 

would be representative of a dry soil with a higher infiltration capacity, and would result in a 

lower simulated runoff.  Varying the relative soil moisture conditions in each sub-basin before 

applying a specific rainfall event, provided insight into how soil saturation from a preceding 

rainfall event, or from an existing high groundwater table affects generated runoff.  Soil moisture 

conditions were varied for both the 100-year thunderstorm and general storm events. 
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The 1998 rainfall event is an example of a thunderstorm type event, and the resulting soil 

moisture conditions from the 1998 calibration simulation represent a range of expected soil 

moisture conditions during the thunderstorm season.  Likewise, the 1969 rainfall event is an 

example of a general storm event, and the resulting soil moisture conditions for the 1969 

calibration simulation represent a range of expected soil moisture conditions during the general 

storm season.  For the AMC sensitivity analysis, three simulation runs with the 100-YR 

thunderstorm and 100-YR general storm rainfall events and varied soil moisture content were 

performed to evaluate the impact of the antecedent soil moisture condition on runoff resulting 

from the applied design rainfall events.  The sensitivity analysis simulations and initial soil 

moisture condition definitions are summarized in Table 3. 

 
Table 3: AMC Sensitivity Analysis Simulations 

Event Condition Soil Moisture Definition 

Dry Seasonal minimum values of U/Umax and L/Lmax

Typical Typical seasonal values of U/Umax and L/Lax 100YR 

Thunderstorm Wet Seasonal maximum values of U/Umax and 

L/Lmax 

Dry Seasonal minimum values of U/Umax and L/Lmax

Typical Typical seasonal values of U/Umax and L/Lax 100YR General 

Storm Wet Seasonal maximum values of U/Umax and 

L/Lmax 

 

During model calibration, a hydrologic simulation was made for the 1998 water year in the South 

Boulder Creek watershed.  The relative soil moisture content in the surface and lower storage 

zones, U/Umax and L/Lmax respectively, were examined and a seasonal minimum, typical value, 

and seasonal maximum relative moisture content in the lower zone were identified for each 

group of sub-basins.  The 1998 calibration simulation was representative of a late season 

thunderstorm, so the seasonal variation in soil moisture content was used to identify minimum 
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and maximum soil moisture contents for the thunderstorm sensitivity analysis simulations.  The 

soil moisture content was varied for each sensitivity analysis simulation by adjusting the initial 

conditions for the U/Umax and L/Lmax ratios.  These ratios represent the relative soil moisture 

content at the beginning of the sensitivity analysis simulation.  As an example, if a sub-basin has 

an Lmax depth of 5 inches, and the initial L/Lmax condition is defined as 0.75, then at the 

beginning of the simulation, the lower storage zone is filled to 3.75 inches.  The initial soil 

moisture conditions for the thunderstorm simulations are shown in Table 4. 
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Table 4: Thunderstorm AMC Initial Conditions 

 Tstorm, Dry Tstorm, Ave Tstorm, Wet 
Name U/Umax L/Lmax U/Umax L/Lmax U/Umax L/Lmax 

C1 0 0.10 0.5 0.35 1 0.75 
C2 0 0.10 0.5 0.35 1 0.75 
C3 0 0.10 0.5 0.35 1 0.75 
C4 0 0.10 0.5 0.35 1 0.75 
C5 0 0.10 0.5 0.35 1 0.75 
C6 0 0.20 0.5 0.65 1 0.90 
C7 0 0.20 0.5 0.65 1 0.90 
C8 0 0.20 0.5 0.65 1 0.90 
C9 0 0.20 0.5 0.65 1 0.90 
C10 0 0.20 0.5 0.65 1 0.90 
C11 0 0.20 0.5 0.65 1 0.90 
C12 0 0.20 0.5 0.65 1 0.90 
C13 0 0.20 0.5 0.65 1 0.90 
C14 0 0.20 0.5 0.65 1 0.90 
C15 0 0.20 0.5 0.65 1 0.90 
C16 0 0.20 0.5 0.65 1 0.90 
C17 0 0.10 0.5 0.60 1 0.90 
C18 0 0.10 0.5 0.60 1 0.90 
C19 0 0.10 0.5 0.60 1 0.90 
C20 0 0.10 0.5 0.60 1 0.90 
C21 0 0.10 0.5 0.60 1 0.90 
C22 0 0.10 0.5 0.60 1 0.90 
C23 0 0.10 0.5 0.60 1 0.90 
C24 0 0.10 0.5 0.65 1 0.85 
C25 0 0.45 0.5 0.60 1 0.90 
C26 0 0.45 0.5 0.65 1 0.85 
C27 0 0.45 0.5 0.65 1 0.85 

 

During model calibration, a hydrologic simulation was made for the 1969 water year in the South 

Boulder Creek watershed.  The relative soil moisture content in the surface and lower storage 

zones for each sub-basin group, U/Umax and L/Lmax, respectfully, were examined and a seasonal 

minimum, typical value, and a seasonal maximum value for relative moisture content in the 

lower zone were identified for each group of sub-basins.  The 1969 calibration simulation was 

representative of an early season general storm event.  The seasonal variation in soil moisture 

content observed in the 1969 calibration simulation result files were used to identify minimum, 

typical and maximum soil moisture contents for the general storm sensitivity analysis 

simulations.  The seasonal minimum, typical and maximum soil moisture conditions were used 
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to define the initial conditions for the general storm AMC sensitivity analysis.  The soil moisture 

content was varied in each sensitivity analysis simulation by adjusting the initial conditions for 

the U/Umax and L/Lmax ratios.  The initial soil moisture conditions for the general storm 

simulations are shown in Table 5. 

 

Table 5: General Storm AMC Initial Conditions 

 Gstorm Dry Gstorm Ave Gstorm Wet 
Name U/Umax L/Lmax U/Umax L/Lmax U/Umax L/Lmax 
C1 0.25 0.25 0.7 0.74 1 0.91 
C2 0.25 0.25 0.7 0.75 1 0.83 
C3 0.25 0.2 0.7 0.76 1 0.89 
C4 0.25 0.26 0.7 0.73 1 0.83 
C5 0.25 0.26 0.7 0.74 1 0.94 
C6 0.25 0.22 0.7 0.8 1 0.92 
C7 0.25 0.22 0.7 0.8 1 0.92 
C8 0.25 0.22 0.7 0.8 1 0.92 
C9 0.25 0.2 0.7 0.79 1 0.91 
C10 0.25 0.19 0.7 0.81 1 0.95 
C11 0.25 0.19 0.7 0.83 1 0.97 
C12 0.25 0.19 0.7 0.83 1 0.97 
C13 0.25 0.17 0.7 0.84 1 0.98 
C14 0.25 0.17 0.7 0.84 1 0.98 
C15 0.25 0.17 0.7 0.83 1 0.98 
C16 0.25 0.19 0.7 0.84 1 0.98 
C17 0.25 0.23 0.7 0.8 1 0.88 
C18 0.25 0.45 0.7 0.6 1 0.67 
C19 0.25 0.24 0.7 0.79 1 0.88 
C20 0.25 0.2 0.7 0.72 1 0.65 
C21 0.25 0.17 0.7 0.68 1 0.62 
C22 0.25 0.19 0.7 0.71 1 0.76 
C23 0.25 0.19 0.7 0.65 1 0.81 
C24 0.25 0.61 0.7 0.61 1 0.78 
C25 0.25 0.25 0.7 0.68 1 0.88 
C26 0.25 0.71 0.7 0.71 1 0.84 
C27 0.25 0.71 0.7 0.71 1 0.84 

 

As Tables 4 and 5 indicate, the initial AMC conditions vary between the thunderstorm event and 

the general event. This reflects the seasonal variation of groundwater conditions.  In general, and 

particularly in the lower parts of the watershed, the groundwater conditions at the time of the 

general storm reflected a higher level of moisture.  This would be expected as the general storm 

is an early season phenomena when spring rains and snowfall generally leave the basin with a 
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higher level of antecedent moisture.  Conversely, late season storms are likely to occur after 

times of prolonged hot, dry weather which would be expected to reduce the levels of antecedent 

moisture, however irrigation practices, both agricultural and residential, keep the soil moisture 

content in the plains and urban sub-basin groups quit high.   

For each type of rainfall event, the “dry” initial condition for the soil moisture content was 

defined as the seasonal minimum soil moisture content from the respective calibration water 

year.  This condition represents an extremely dry soil for this time of year, with the capacity to 

abstract a large volume of rainfall before runoff is generated.  For the “typical condition” the 

initial condition for soil moisture content was defined as the typical relative moisture content for 

the time of year when design storm of interest is most likely to occur.  For the “wet condition” 

the initial condition for the soil moisture content was defined as the simulated maximum for the 

respective simulated water year.  The “wet” condition represents a soil at field storage capacity 

with little additional infiltration capacity.  This soil condition represents a maximized runoff 

situation given the calibrated sub-basin parameter set.  The typical soil moisture conditions in the 

lower watershed took into account the impact of irrigation and ditch operation practices as well 

as the possibility of a high groundwater table. 

The simulated discharges from the 100-Year thunderstorm design event simulation at the 

Eldorado Gage, US-93, Highway-36, Baseline Road and the Confluence of South Boulder Creek 

and Boulder Creek for the differing antecedent soil moisture conditions are shown in Table 6 

and Figure 3. 

Table 6: Sensitivity analysis peak discharge results for AMC effect on thunderstorm runoff (cfs) 

AMC Eldorado US-93 Hwy-36 Baseline Rd Confluence 

Dry 880 930 980 980 980 

Ave 3110 3820 3830 3830 3820 

Wet 4230 4700 5390 5400 5380 

 

As seen in Table 6, the antecedent soil moisture content can have a large impact on the 

watershed’s response to the design thunderstorm.  Smaller rainfall volumes occurring in the days 
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and weeks prior to a larger event could have a significant impact on the runoff generated by a 

particular storm and the resultant flooding, if any.  Simulated peak discharges downstream of 

US-93 remain almost constant for the thunderstorm sensitivity analysis simulations.  This 

uniformity in peak discharges is an artifact of the spatial distribution of the design thunderstorm 

rainfall event, shown in Figure XX.  The design thunderstorm distributes rainfall primarily above 

US-93; there is insufficient rainfall volume and intensity to increase the peak discharge values as 

the flood wave moves downstream. 

 

 

 

 

 

 

 

 

 
Figure 3 – Thunderstorm Rainfall Distribution 

 

In an analogous effort for the investigation of the effect of AMC on a general storm simulation, 

the 1969 rainfall runoff modeling results were examined and the seasonal minimum, typical and 

maximum relative moisture content, L/Lmax and U/Umax, in the lower zone and surface zone, 

respectively, were identified for each sub-basin.  Three simulation runs at the 100-YR general 

storm rainfall recurrence interval were performed to evaluate the impact of the antecedent soil 

moisture condition on runoff resulting from the applied general storm.  Additionally, the 

climatology group provided an expected depth of snow for each elevation zone for the general 

storm season. 

The simulated discharges from the 100-Year general storm design event simulation at the 

Eldorado Gage, US-93, Highway-36, Baseline Road and the Confluence of South Boulder Creek 
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and Boulder Creek for the differing antecedent soil moisture conditions are shown in Table 7 

and Figure 4. 

Table 7: Sensitivity analysis results for AMC effect on general storm runoff 

AMC Eldorado US-93 Hwy-36 Baseline Rd Confluence 

Low 1605 1900 1950 2090 2120 

Ave 2770 3750 3890 4160 4230 

High 3150 4240 4400 4680 4760 

 

As seen in Table 7, much like the sensitivity analysis for the thunderstorm events, the AMC can 

have a large effect on the simulated runoff for general storm design events.  It might be expected 

to see higher peak discharges from the general design storm simulations, given the initial AMC 

values were higher, representing a wetter soil with a larger capacity to generate runoff.  Higher 

peak discharge values are not observed for the general design storm sensitivity analysis 

simulations due to the nature of the rainfall event.  The design general storm is a 72-hour rainfall 

event that has a relatively low peak intensity.  The rainfall intensity during the general design 

storm is insufficient to generate the high peak discharges that the design thunderstorm rainfall is 

capable of.  The lower peak discharges do not necessarily mean that the runoff from a general 

storm poses less of a flooding threat.  The flood volume associated with the general storm is 

larger than the flood volume associated with the thunderstorm.  The thunderstorm events result 

in a short duration, high peak discharge, a flash flood type scenario, while the general storm 

events results in a longer duration, slow rising flood that may last for several days.  Hydraulic 

modeling will help determine which type of storm poses the largest flooding risk. 

The “dry condition” under predicts runoff while the “wet condition” over predicts runoff, 

especially in the case of the thunderstorm type rainfall.  The “typical condition” for soil 

saturation results in the simulated discharge at Eldorado Springs falling within the 95% 

confidence interval of the flood frequency analysis performed on the Eldorado gage for both the 

thunderstorm and the general storm rainfall events.  For simulation of the design storm runoff, 

using the typical L/Lmax and U/Umax soil moisture as an initial condition for the rainfall runoff 

model was used. (Delete this statement) 
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Initial Conditions 

Simulations for the design events were run using both the thunderstorm type rainfall distribution 

and the general storm type rainfall distribution.  For the design and transposed event production 

runs the relative antecedent soil moisture conditions, L/Lmax and U/Umax were set equal to the 

typical values from the sensitivity analysis.  From the sensitivity analysis, it was determined that 

the typical values of relative soil moisture content in the model’s storage zones best represented 

the likely conditions in the sub-basins during the time of year the thunderstorms and general 

storms are likely to occur.  These soil moisture conditions represent the likely soil saturation 

from irrigation, seasonal rainfall, and groundwater impingement into the lower storage zone.  

The relative soil moisture content applied for the thunderstorm and general storm events are 

shown in Table 8. 

Table 8:  Applied relative soil moisture contents in design storms 

General Storm AMC Thunderstorm AMC 

Sub-basin U/Umax L/Lmax Sub-basin U/Umax L/Lmax 

C1 0.7 0.90 C1 0.5 0.85 

C2 0.7 0.90 C2 0.5 0.85 

C3 0.7 0.90 C3 0.5 0.85 

C4 0.7 0.90 C4 0.5 0.85 

C5 0.7 0.75 C5 0.5 0.85 

C6 0.7 0.80 C6 0.5 0.65 

C7 0.7 0.80 C7 0.5 0.65 

C8 0.7 0.80 C8 0.5 0.65 

C9 0.7 0.80 C9 0.5 0.65 

C10 0.7 0.80 C10 0.5 0.65 

C11 0.7 0.85 C11 0.5 0.65 
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C12 0.7 0.85 C12 0.5 0.65 

C13 0.7 0.85 C13 0.5 0.65 

C14 0.7 0.85 C14 0.5 0.65 

C15 0.7 0.85 C15 0.5 0.65 

C16 0.7 0.85 C16 0.5 0.65 

C17 0.7 0.80 C17 0.5 0.6 

C18 0.7 0.60 C18 0.5 0.6 

C19 0.7 0.80 C19 0.5 0.6 

C20 0.7 0.70 C20 0.5 0.6 

C21 0.7 0.70 C21 0.5 0.6 

C22 0.7 0.70 C22 0.5 0.6 

C23 0.7 0.65 C23 0.5 0.6 

C24 0.7 0.60 C24 0.5 0.65 

C25 0.7 0.70 C25 0.5 0.6 

C26 0.7 0.70 C26 0.5 0.65 

C27 0.7 0.70 C27 0.5 0.65 

 

The typical conditions for the general storm event represent a fairly wet soil, one which may be 

expected in spring during snow melt and a time of gentle saturating rainfalls.  The typical 

conditions for the thunderstorm represent late season sub-basin characteristics with the impacts 

of a high groundwater table and irrigation practices accounted for. 

Summary 

Ground water effects on runoff can be handled by the MIKE FLOOD model in a lumped, 

conceptual fashion, and these effects were examined carefully in our model development, 

calibration, and sensitivity analysis of AMC efforts. Ground water effects are included primarily 
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via soil zone capacity definition and saturation levels. Appropriate soil zone capacities are 

established through calibration for each sub-basin and used in the event simulations. Initial 

saturation levels are set, individually for each sub-basin, for thunderstorm and general storm 

events in the simulations. Drier conditions are set for thunderstorm and wetter conditions are set 

for general storms, based on calibration and sensitivity results. These factors effectively 

incorporate ground water influences and provide correspondingly appropriate levels of runoff 

from rainfall associated with mainstem flood events. Just as localized rainfall-runoff flooding 

may occur in a particular location that is not due to mainstem overflow, localized high ground 

water conditions may result in a different kind of localized flooding, such as flooding of 

basements or areas of long term standing water. The purpose of this study is to define hazards 

associated with mainstem flooding events and these localized overland and ground water issues 

are dealt with in other kinds of studies. 

The affects of groundwater on generated runoff were considered during the rainfall runoff model 

development and calibration effort.  Further, a varying groundwater table, and how that affects 

soil moisture conditions were evaluated in the antecedent soil moisture sensitivity analysis.  The 

calibration of the sub-basin parameter sought to capture and balance the effects of groundwater 

on soil storage capacity and transfer of water from the lower zone to the groundwater storage 

zone.  The project team believes that we have developed a rainfall runoff model that effectively 

and accurately reproduces the hydrologic response to precipitation of the South Boulder Creek 

drainage area.  
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Appendix J 

 

MODEL CALIBRATION 
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J.1  Key Parameters 

During calibration, the sub-basin parameters were adjusted until a good correlation between the 

combined simulated flow contributions (overland flow + interflow + baseflow) and gauged 

stream was achieved.  

Following are objectives of model calibration: 

Good agreement between the simulated and observed catchment runoff 

Good overall agreement of the shape of the hydrograph 

Good agreement of the peak flows with respect to timing, rate and volume 

Good agreement for baseflow 

For a general evaluation of the calibrated model, the simulated runoff was compared with 

discharge measurements and the key parameters were adjusted until the best fit between the 

simulated discharge and the observed discharge was achieved. Best fit is defined by the resultant 

calibration parameter set that minimized the relative errors for the 1938, 1969, and 1998 events 

for peak runoff discharge, and maximized the R-squared value for the fit of the simulated 

discharge hydrograph as compared to the observed hydrograph shape. The baseflow agreement 

was not considered in the model calibration and validation. In calibrating the rainfall runoff 

model, the calibration objectives listed above were prioritized in descending order.  

Because the calibration of the rainfall runoff model was performed using a continuous simulation 

approach, the need to define the initial soil moisture conditions with great accuracy at the start of 

the simulation did not exist. The model warm-up period described in Section 3.5.4 served to 

determine the sub-basin soil moisture conditions without those conditions having to be explicitly 

defined at the time of the rainfall event of interest. For calibration purposes of a continuous 

model, it not necessary to define initial conditions, because the warm-up ensures that the model 

has had sufficient time to come into equilibrium and that the correct soil moisture conditions that 

exist at the time of the rainfall event of interest are simulated. 

J.2  Calibration and Validation Results 

The rainfall runoff model was calibrated to three reconstructed rainfall events, the 1938, 1969, 

and 1998 storms. Each of the calibration events represented differing rainfall distribution 

patterns and rainfall intensity. Using these three events, the model calibration focused on 
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obtaining the best agreement between peak flows and volumes at available gaging locations. 

Once the rainfall runoff model calibration was complete, the model was validated using a blind 

test with the reconstructed 1999 rainfall event.  

In calibrating the rainfall runoff model for South Boulder Creek, four distinct sub-basin groups 

emerged: urban, plains, mountainous-low, and mountainous-high. A parameter set providing an 

accurate description of the hydrologic response of the sub-basins in the South Boulder Creek 

watershed was achieved. The calibrated sub-basin parameter set is shown in Table J-1. Figure J-1 

shows the sub-basin groupings. The calibrated sub-basin parameters presented in Table J-1 

represent the storage depths, timing constants and threshold values that resulted from the 

calibration process. These parameters represent how the physical characteristics in each sub-

basin affect their hydrologic response to precipitation. The calibrated sub-basin parameter sets 

resulted in the model simulating the correct hydrologic response to three separate 

calibration/validation rainfall events. The grouped sets of sub-basins displayed a similar 

hydrologic response to precipitation events. The similar responses are because of similar rainfall 

distribution patterns, land uses, soil characteristics, and topographies of sub-basins within these 

groups. 

Table J-1:  Calibrated Sub-Basin Parameter Set 

Name Umax 

(inches) 

Lmax 

(inches) 

 

CQOF 

CK12 

(hours) 

CKIF 

(hours) 

CKBF 

(hours) 

 

TOF 

 

TIF 

 

TG 

C1 0.3 3.0 0.80 5.5 150 800 0.20 0.3 0.6 

C2 0.3 3.0 0.80 5.0 150 800 0.20 0.3 0.6 

C3 0.4 4.0 0.80 5.5 150 800 0.20 0.3 0.6 

C4 0.5 6.0 0.80 6.0 150 800 0.20 0.3 0.6 

C5 0.5 6.0 0.80 6.0 150 800 0.20 0.3 0.6 

C6 0.6 4.5 0.80 6.5 150 800 0.55 0.4 0.6 

C7 0.6 4.5 0.80 6.5 150 800 0.55 0.4 0.6 

C8 0.6 4.5 0.80 6.5 150 800 0.55 0.4 0.6 

C9 0.6 4.0 0.80 6.5 150 800 0.55 0.4 0.5 
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C10 0.6 4.0 0.90 6.5 150 800 0.45 0 0.8 

C11 0.6 4.0 0.90 6.5 150 800 0.45 0 0.8 

C12 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C13 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C14 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C15 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C16 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C17 0.6 4.0 0.9`0 6.5 150 800 0.45 0 0.9 

C18 1.2 16.0 0.80 6.5 150 800 0.80 0.4 0.6 

C19 0.6 4.0 0.90 6.5 150 800 0.45 0 0.9 

C20 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C21 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C22 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C23 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C24 1.2 16.0 0.80 6.5 150 800 0.80 0.5 0.6 

C25 0.6 4.0 0.85 6.5 150 800 0.45 0 0.9 

C26 1.2 16.0 0.80 6.5 150 800 0.80 0.5 0.6 

C27 1.2 16.0 0.80 6.5 150 800 0.80 0.5 0.6 
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Figure J-1:  Sub-basin groups 

As Figure J-1 shows, the sub-basin groups transition from the mountainous-high group near the 

continental divide to the urban group near the confluence of South Boulder Creek with Boulder 

Creek. In developing and calibrating the rainfall runoff model, the physical attributes of the sub-

basin groups and anthropogenic impacts on hydrology within the sub-basin groups were taken 

into account.  

A larger variation in the CK12 timing constants between the mountainous sub-basins and the 

sub-basins in the lower portion of the watershed might be expected. To develop the sub-basin 

parameter sets, sub-basin characteristics such as land use, soil type, slope, sub-basin area were 

considered. The relatively small differences in the CK12 timing constants can be explained by 

comparing the sub-basin sizes and physical characteristics between the basin sub-groups. In the 

upper basins, the slope is steeper, but the sub-basin’s hydraulic length is longer. In the lower 

basins, while the hydraulic length is shorter, these sub-basins have less dramatic slopes. In the 

upper basins, the soil cover is thin, with rock outcroppings common. This observation would 

tend to reduce the CK12 value. In the lower sub-basins, the soil cover is much more developed, 

but the land use has resulted in much more impermeable surface. Comparing the calibrated 

CK12 values with the typical range, the applied CK12 timing constants are short, indicating that 

all sub-basins are capable of producing a fast, high runoff response to rainfall.  

 

Mountainous - High 

Mountainous - Low Plains 

Urban 
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The baseflow timing constant, CKBF, is constant throughout the sub-basins. In calibrating the 

model’s response to baseflow recession, a timing constant of 800 hours was found to result in an 

appropriate baseflow recession response during dry periods. Baseflow is a very small component 

of the flood-producing flows that result from a sub-basin’s response to rainfall. Additionally, it 

was found that the model is most insensitive to variations in the CKBF. Changing the CKBF 

values from 500 hours to 1,500 hours resulted in almost no changes to the simulated runoff and 

interflow response to rainfall. 

As Table J-1 shows, the mountainous-high group, consisting of sub-basins C18, C24, C26 and 

C27, has deeper than expected surface storage and lower storage zones. The deeper storage zones 

are attributed to the alpine lakes that are found in these sub-basins and result in their high 

capacity for rainfall storage. These alpine lakes intercept some of the rainfall and runoff, 

delaying or preventing it from becoming part of the observed flow in South Boulder Creek. From 

a conceptual standpoint, these alpine lakes act like sinks, where water can be stored and delayed 

from entering the stream. These sub-basins also have a lower threshold for groundwater recharge 

than other mountainous sub-basins. This lower threshold also allows water to be transferred from 

the thin soil column to the alpine lakes for storage. The threshold for overland flow is set high in 

these sub-basins, indicating that the soil moisture capacity must be largely fulfilled before runoff 

can occur. This sub-basin group generally shows low runoff response to rainfall events, which is 

in agreement with the paleoflood observations. Sub-basin C18 is included in this group because 

Gross Reservoir makes up the majority of land use in this sub-basin.  

The mountainous-low sub-basin group, consisting of sub-basins C9 to C17, C19 to C23, and 

C25, has much lower surface storage and lower storage zones than the mountainous-high sub-

group, as would be expected in rocky, mountainous terrain with steep slopes. The threshold for 

overland flow and interflow is also lower in these sub-basins, indicating that these sub-basins 

may not have a well developed soil cover. Once the ground surface is initially wetted, runoff can 

occur without having to satisfy as much of the sub-basins total moisture holding capacity. The 

interflow threshold in many of these sub-basins is set equal to zero, meaning that interflow can 

begin to occur without having to satisfy moisture requirements in the lower storage zone. This 

represents two physical characteristics in these sub-basins. First, a TIF=0 is used to represent a 

sub-basin with a thin, poorly developed soil cover. Soils with weathered, fissured rocks will alter 

overland flow paths, slowing the overland response. The ability of these sub-basins to begin the 

interflow process immediately is used to reflect this phenomenon. Secondly, these sub-basins 
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have a low potential to transfer water to groundwater. Setting the TIF=0 prevents excessive 

groundwater recharge from occurring in these sub-basins, and ensures that the dominant 

hydrologic response to rainfall is either runoff or interflow. The shallow lower zone storage in 

these sub-basins coupled with the high threshold for groundwater recharge, also represents these 

sub-basins’ low potential for transferring precipitation to deeper storage zones. It would be 

unexpected to find large impacts from groundwater in these sub-basins. 

The plains sub-basin group consists of sub-basins C4 to C8. The lower storage zone in sub-

basins C4 and C5 is deeper than the mountainous-low group, indicating a deeper soil cover that 

has a greater capacity for rainfall infiltration and storage. If the lower zone storage depth in sub-

basins C4 and C5 is compared to an expected typical value of 10 to 14 inches for a relatively flat, 

grassy sub-basin, the lower zone storage depth is still very shallow for topography and land use 

in these sub-basins. This shallow lower zone storage depth represents the effect of a high 

groundwater table filling the soil void area in the lower storage zone. The model thresholds for 

overland flow and interflow were lowered, as compared to the mountainous sub-groups, so that 

an intense rainfall would produce an appropriate runoff volume. If these thresholds were not 

lowered, the soil column would have an artificially high infiltration capacity, and intense but 

short rainfalls may not produce the observed runoff volume in model runs. Sub-basins C6 

through C8 have lower storage zone depths and threshold values for both overland flow and 

interflow that are intermediate between the mountainous-low group and sub-basins C4 and C5. 

These intermediate values were applied in this part of the watershed because these sub-basins are 

transitional from the mountains to the plains, and exhibit some hydrologic behavior of both types 

of sub-basin groups.  

It might be expected for sub-basins with a relatively low slope and mature soil column 

development to have a deeper lower storage zone that which the basin calibration resulted in. In 

these sub-basins, the relatively shallow lower storage zone represents the effect of a high 

groundwater table filling some of the soil void space and preventing a larger portion of the 

rainfall from being stored. In addition to the shallower than expected lower storage zone, these 

basins also have a lower threshold for groundwater recharge than the mountainous sub-groups. 

While the threshold values for groundwater recharge are lower than for the mountainous sub-

groups, the defined TG value of 0.6 is high for a relatively flat sub-basin when compared to the 

typical values one would expect to find (0.3 to 0.4), reflecting the effect of a high groundwater 

table in these sub-basins. The calibrated parameter set of lower storage zone depth and a 
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threshold for groundwater recharge was validated by anecdotal information from the public and 

the PREP group stating that the groundwater table in these sub-basins can be quite high during 

spring and early summer, and that the groundwater table and soil saturation in these basins may 

be further affected by irrigation practices 

The urban sub-basin group consists of sub-basins C1 through C3. These sub-basins largely 

comprise the more developed land uses found in the City of Boulder. These sub-basins are more 

highly urbanized, and the surface zone storage, lower zone storage, threshold for overland flow, 

and threshold for baseflow have been lowered in the model to reflect the impervious areas in 

these sub-basins. Additionally, the timing constant for runoff has been shortened to account for 

these sub-basins’ faster hydrologic response. In general, these sub-basins’ will exhibit a higher 

runoff response because of the urbanized nature of their land use. The lower storage zone depth 

and the threshold for groundwater recharge correlate with information received from the public, 

that groundwater levels can be high and that ditch operations can affect the local subsurface 

water levels. In these areas, the sub-basin parameter set indicates that the anthropogenic impact 

on the sub-basin hydrology, such as irrigation of grassed areas and ditch operation in these sub-

basins. 

The rainfall runoff event results for the model calibration and validation are shown on Figures J-2 

through J-7.  

A good fit for peak discharge in the storm hydrograph was achieved for the 1938 storm event 

(Figure J-2). The total event volume from baseflow to baseflow was just outside the calibration 

target of ±15 percent, at –18.38 percent. As the calibration plot shows, the simulated hydrograph 

recedes faster than the observed hydrograph, leading to the lower simulated volume in the 1938 

event. Calibration efforts were made to lengthen the time of recession by adjusting the 

calibration parameters CK12 and TIF; these efforts were unsuccessful in recreating the observed 

flow recession rate, and resulted in a significantly lower peak discharge. If the modeled volume 

is compared to the observed volume for the duration of the storm event, from baseflow to a 

recession flow of 500 cfs, the volume error is reduced to –11.85 percent. As this portion of the 

hydrograph represents the flooding hazard in South Boulder Creek, the calibration targets for the 

1938 event were deemed satisfied. 

The 1969 event calibration, like the 1938 event calibration, was able to meet the calibration 

target for peak discharge, but not for total overall volume. A good agreement exists between 
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simulated flows and observed flows before the rainfall event and during the rising limb of the 

hydrograph (Figure J-3). A departure between the two hydrographs is seen after the runoff 

portion of the hydrograph is complete, where the simulated hydrograph recedes faster than the 

observed hydrograph. As with the 1938 calibration, unsuccessful efforts were made to match the 

receding portion of the hydrograph. These efforts were met with the same results as observed for 

the 1938 calibration event. If the modeled volume is compared to the observed volume for the 

duration of the storm event, from baseflow to a recession flow of 500 cfs, the volume error is 

reduced to –13.87 percent. As this portion of the hydrograph represents the flooding hazard in 

South Boulder Creek, the calibration targets for the 1969 event were deemed satisfied. 
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Calibration Report Sheet 1938 Calibration Event Gage Name:  Eldorado Gage 

 

Event Calibration Statisticsa 

Correlation Coefficient (0)  0.978 

Max Positive Difference (cfs) 117.391 

Max Negative Difference (cfs) -1,192.761 

Volume Observed (cf) 287,148,600.000 

Volume Modelled (cf) 234,362,113.584 

Volume Error (%) -18.383 

Peak Observed Value (cf) 7,400.000 

Peak Modeled Value (cf) 7,498.847 

Peak Error (%) 1.336 

Figure J-2:  1938 Calibration Results Simulated vs. Observed Flow at Eldorado Springs Gage 



 
 J - 11 HDR Engineering, Inc.  

 
aThe reported statistical values for the calibration and validation simulations are generated by the 

MIKE VIEW statistical analysis package. MIKE VIEW is a results viewing package for MIKE 

FLOOD. The number of significant digits presented should not be construed to mean that the 

results are presented to be accurate to that level. 

 

Calibration Report Sheet 1969 Calibration Event Gage Name:  Eldorado Gage 

 

Event Calibration Statisticsa 

Correlation Coefficient (0)  0.920 

Max Positive Difference (cfs) 258.077 

Max Negative Difference (cfs) -364.608 

Volume Observed (cf) 176,504,400.000 

Volume Modeled (cf) 150,745,314.990 
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Volume Error (%) -14.594 

Peak Observed Value (cf) 1,690.000 

Peak Modeled Value (cf) 2,018.810 

Peak Error (%) 16.25 

Figure J-3:  1969 Calibration Results Simulated vs. Observed Flow at Eldorado Springs Gage 

 
aThe reported statistical values for the calibration and validation simulations are generated by the 

MIKE VIEW statistical analysis package. MIKE VIEW is a results viewing package for MIKE 

FLOOD. The number of significant digits presented should not be construed to mean that the 

results are presented to be accurate to that level. 
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Calibration Report Sheet 1998 Calibration Event Gage Name:  Eldorado Gage 

 
Event Calibration Statisticsa 

Correlation Coefficient (0)  0.054 

Max Positive Difference (cfs) -22.877 

Max Negative Difference (cfs) -202.625 

Volume Observed (cf) 14,540,400.000 

Volume Modeled (cf) 9,721,179.478 

Volume Error (%) -33.144 

Peak Observed Value (cf) 318.000 

Peak Modeled Value (cf) 125.847 

Peak Error (%) -60.425 

Figure J-4:  1998 Calibration Results Simulated vs. Observed Flow at Eldorado Springs Gage 
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aThe reported statistical values for the calibration and validation simulations are generated by the 

MIKE VIEW statistical analysis package. MIKE VIEW is a results viewing package for MIKE 

FLOOD. The number of significant digits presented should not be construed to mean that the 

results are presented to be accurate to that level. 

 

 

 

Calibration Report Sheet 1998 Calibration Event Gage Name:  Pine Cliff Gage 

 

Event Calibration Statisticsa 

Correlation Coefficient (0)  0.526 

Max Positive Difference (cfs) -89.590 

Max Negative Difference (cfs) -115.124 
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Volume Observed (cf) 28,439,100.000 

Volume Modeled (cf) 19,554,380.887 

Volume Error (%) -31.241 

Peak Observed Value (cf) 347.000 

Peak Modeled Value (cf) 239.410 

Peak Error (%) -31.006 

Figure J-5:  1998 Calibration Results Simulated vs. Observed Flow at Pine Cliff Gage 

 
aThe reported statistical values for the calibration and validation simulations are generated by the 

MIKE VIEW statistical analysis package. MIKE VIEW is a results viewing package for MIKE 

FLOOD. The number of significant digits presented should not be construed to mean that the 

results are presented to be accurate to that level. 
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Calibration Report Sheet 1999 Validation Event 
Gage Name:  Eldorado Springs 

Gage 

 

Event Calibration Statisticsa 

Correlation Coefficient (0)  0.815 

Max Positive Difference (cfs) 72.905 

Max Negative Difference (cfs) -112.869 

Volume Observed (cf) 17,640,900.000 

Volume Modeled (cf) 17,177,282.449 

Volume Error (%) -2.628 

Peak Observed Value (cf) 380.000 

Peak Modeled Value (cf) 401.456 

Peak Error (%) 5.646 

Figure J-6:  1999 Validation Results Simulated vs. Observed Flow at Eldorado Gage 
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aThe reported statistical values for the calibration and validation simulations are generated by the 

MIKE VIEW statistical analysis package. MIKE VIEW is a results viewing package for MIKE 

FLOOD. The number of significant digits presented should not be construed to mean that the 

results are presented to be accurate to that level. 

 

Calibration Report Sheet 1999 Validation Event Gage Name:  Pine Cliff Gage 

 
Event Calibration Statisticsa 

Correlation Coefficient (0)  0.730 

Max Positive Difference (cfs) 39.499 

Max Negative Difference (cfs) -135.854 

Volume Observed (cf) 263,428,650.000 

Volume Modeled (cf) 236,084,056.544 
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Volume Error (%) -10.380 

Peak Observed Value (cf) 475.000 

Peak Modeled Value (cf) 347.962 

Peak Error (%) -26.745 

Figure J-7:  1999 Validation Results Simulated vs. Observed Flow at Pine Cliff Gage 
 

aThe reported statistical values for the calibration and validation simulations are generated by the 

MIKE VIEW statistical analysis package. MIKE VIEW is a results viewing package for MIKE 

FLOOD. The number of significant digits presented should not be construed to mean that the 

results are presented to be accurate to that level. 

 

The calibration effort for the 1998 event satisfied neither the volume nor discharge targets at the 

Eldorado Springs gage (Figure J-4). The smaller rainfall of the 1998 calibration event did not 

have the required volume to adequately satisfy the soil moisture demands and produce the 

observed runoff. Having an incorrect antecedent soil moisture condition (AMC) at the beginning 

of the rainfall event is the likely cause of the lack of simulated runoff in the 1998 event. Low 

historical rainfall records at the Boulder, Hawthorne, Caribou, or Squaw Mountain rain gages 

could cause the low AMC for the 1998 event. Localized thunderstorm precipitation, the 

predominant type of rainfall during the season of the 1998 calibration, is often not adequately 

captured by point rainfall gaging. The low AMC could also be caused by an evaporation time 

series that overestimates evaporation, causing the rainfall runoff model to simulate a drier soil 

with the ability to initially abstract most of the 1998 rainfall volume. Figure J-8 shows a plot of 

the evaporation time series used in the 1998 rainfall runoff modeling and the recorded rainfall at 

the Boulder precipitation gage. As the plot shows, the applied evaporation is higher than the 

accumulated rainfall, which could lead to a lower than expected AMC. This situation would 

result in the storage zones in the rainfall runoff model requiring a large portion of the rainfall 

event to satisfy the moisture demands prior to runoff. 
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Figure J-8: Precipitation and Evaporation Boundary Files 

The low simulated runoff could also be caused by the conceptual nature of the rainfall runoff 

model. As a conceptual model, infiltration is not directly simulated. In nature, rainfall intensities 

higher than the infiltration rate of the soil causes the soil to act as a partially impervious surface, 

leading to runoff before the soil is fully wetted. In the rainfall runoff model, runoff is generated 

as a function of the relative moisture content of the soil, not as a function of the soil’s infiltration 

capacity. This modeling approach could lead to a situation where a rainfall with intensity greater 

than the soil’s infiltration capacity may not generate the observed runoff.  

Additionally, the simulated hydrograph at the Pine Cliff gage location generally agrees in trend 

with the observed hydrograph, but is systematically low throughout the course of the simulation 

period. Possible explanations for the lower observed flows include: 

Low soil moisture in the model storage zones, resulting in runoff and snowmelt being used to 

satisfy moisture demands. 

Insufficient snowpack, resulting in a lower water volume from melting snow to satisfy soil 

moisture demands. This could be caused by an incomplete description of precipitation as snow in 

the rainfall runoff model. 

The rainfall runoff model was calibrated to best fit the larger historical discharges resulting from 

the rainfalls of the 1938 and 1969 events. During model calibration it was found that the rainfall 
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runoff model is highly sensitive to AMC. In arid climates like Boulder, this is not an unexpected 

model trait. Relatively small changes in Lmax and Umax result in large differences in simulated 

runoff. This relationship is in agreement with observed historical responses to rainfall in the 

South Boulder Creek watershed. It is not uncommon to find significant recorded rainfalls that do 

not result in a significant observed increase in recorded stream discharges.  

During the calibration effort, achieving good agreement between the simulated and observed 

catchment runoff was given the highest priority, while minimizing error in volume and shape of 

the hydrograph was a second-order calibration objective. This calibration priority ranking may 

have resulted in an overall sub-basin parameter set that slightly underestimates the rising and 

falling limbs of the rainfall runoff hydrograph. While this potential error is recognized, the errors 

in volume are considered within the acceptable calibration and uncertainty limits for the rainfall 

runoff modeling effort. 

 

The sub-basin parameter set resulting from model calibration was validated with a blind 

simulation of the 1999 rainfall event. The simulated results from the validation run were in good 

agreement with observed discharges at the Eldorado Springs stream gage locations for both 

discharge and volume, indicating that the sub-basin parameter set developed in the calibration 

process was able to recreate rainfall runoff. On the basis of these results and observations, the 

rainfall runoff model is considered successfully calibrated and validated.  

It is recognized that under-predicting the volume of runoff may result in under-predicting the 

flood inundation levels when the resulting design storm hydrographs are applied to the 

hydrodynamic flood model. A sensitivity analysis was performed on AMC to determine the 

initial soil moisture conditions that should be applied during design storm simulations. By 

applying a reasonable AMC at the beginning of the design storms, underestimating the resulting 

runoff volumes will be minimized, and the resulting flood from the different recurrence interval 

design storms should not be underestimated. 
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Appendix K 

 

SENSITIVITY ANALYSIS 
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K.1  Parameters Selected for Sensitivity Analysis 

The parameters identified as having the most likely impact on surface runoff and, consequently, 

out-of-bank flow events are the soil moisture content at the start of the rain event, the operation 

of Gross Reservoir and operation of the irrigation ditches downstream of Gross Reservoir. 

Sensitivity analyses were performed by varying these parameters from an expected low range 

through an expected high value. The sensitivity analysis runs are shown below in Table K-1. 

 

Table K-1:  Sensitivity Analysis Simulation Runs 

Sensitivity Parameter Value 

Dry condition: yearly lowest water content in the lower zone 

(Upper Zone Uinitial=0) 

Typical condition: Yearly Average water content in the lower 

zone (Upper Zone Uinitial= ½ * Umax) 
Antecedent Soil Moisture 

Conditions 

Wet condition: Yearly Highest water content in the lower 

zone (Upper Zone Uinitial = Umax) 

Minimum observed discharge 60 cfs 

Typical discharge for 

downstream demands 
450 cfs 

Gross Reservoir 
Typical discharge for 

downstream demands plus 

spillway overflow 

450 cfs plus overflow 

No diversion 0 cfs 

Typical flows 292 cfs (total) Irrigation Diversions 

Maximum estimated capacity 888 cfs (total) 
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K.2  Antecedent Soil Moisture Conditions 

A sensitivity analysis was performed varying the relative soil moisture conditions in the surface 

and the lower storage zones for each sub-basin. Varying the relative soil moisture conditions in 

each sub-basin before applying a specific rainfall event provided insight into how AMC, either 

from a preceding rainfall event or from an existing high groundwater table, affects generated 

runoff. Conceptually, the soil moisture in the lower storage zone can be affected in two different 

ways. First, infiltration from a preceding rainfall event or irrigation can leave soil with a high 

moisture content and inhibit infiltration and storage in subsequent rainfall events. Second, the 

groundwater table can impinge on the lower storage zone, filling soil void space and preventing 

infiltration and storage of precipitation, leading to excess runoff.  

The impacts of a high groundwater table and antecedent soil moisture conditions are both 

described using rainfall runoff model parameters in the lower storage zone. The effect of a high 

groundwater table is reflected in the shallow storage depths assigned to the lower storage zone. 

By reducing the effective volume in the lower storage zone, the effect of a high groundwater 

table filling soil void space is mimicked. Because the depth of the lower storage zone was found 

during model calibration based on anecdotal data supporting the existence of a high groundwater 

table, the depth in the lower storage zone was not varied during the sensitivity analysis 

simulations. The impacts on infiltration of varying soil moisture conditions were investigated by 

varying the relative soil moisture content, L/Lmax, in the lower storage zone. An initial condition 

with a high L/Lmax value would decrease the soils infiltration capacity, resulting in higher 

simulated runoff. An initial condition with a low L/Lmax value would represent a dry soil with a 

higher infiltration capacity, and would result in a lower simulated runoff. Soil moisture 

conditions were varied for both the 100-year thunderstorm and 100-year general storm events. 

During model calibration, a hydrologic simulation was made for the 1998 water year in the South 

Boulder Creek watershed. The relative soil moisture content in the lower storage zones, L/Lmax, 

was examined, and a seasonal minimum, typical value and a seasonal maximum relative 

moisture content in the lower zone were identified for each group of sub-basins. The 1998 

calibration simulation was representative of a late season thunderstorm, so the seasonal variation 

in soil moisture content was used to identify minimum and maximum soil moisture contents for 

the thunderstorm sensitivity analysis simulations. The soil moisture content was varied for each 
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sensitivity analysis simulation by adjusting the initial conditions for the U/Umax and L/Lmax 

ratios. These ratios represent the relative soil moisture content at the beginning of the sensitivity 

analysis simulation. For example, if a sub-basin has an Lmax depth of 5 inches, and the initial 

L/Lmax condition is defined as 0.75. Then, at the beginning of the simulation, the lower storage 

zone is filled to 3.75 inches. The initial soil moisture conditions for the thunderstorm simulations 

are shown in Table K-2. 

During model calibration, a hydrologic simulation was made for the 1969 water year in the South 

Boulder Creek watershed. The 1969 calibration simulation was representative of an early season 

general storm event. The relative soil moisture content in the lower storage zones for each sub-

basin group, L/Lmax, were examined, and seasonal minimums, typical values, and seasonal 

maximum values for relative moisture contents in the lower storage zone were identified for each 

group of sub-basins. The seasonal minimum, typical, and maximum soil moisture conditions 

were used to define the initial conditions for the general storm AMC sensitivity analysis. The soil 

moisture content was varied in each sensitivity analysis simulation by adjusting the initial 

conditions for the U/Umax and L/Lmax ratios. The initial soil moisture conditions for the general 

storm simulations are shown in Table K-3. Additionally, the Climatology group provided an 

expected depth of snow for each elevation zone during the general storm season. 

As Tables K-2 and K-3 indicate, the initial AMC conditions vary between the thunderstorm 

event and the general event. This reflects the seasonal variation in soil moisture content. In 

general, and particularly in the lower parts of the watershed, the groundwater conditions at the 

time of the general storm reflected a higher level of moisture. This would be expected as the 

general storm is an early season phenomenon occurring when spring rains and snowfall generally 

leave the basin with a higher AMC. Conversely, late season storms are likely to occur after times 

of prolonged hot, dry weather, which would be expected to reduce the levels of antecedent 

moisture. However, irrigation practices, both agricultural and residential, keep the soil moisture 

content in the plains and urban sub-basin groups relatively high.  

For each type of rainfall event, the “dry” initial condition for the soil moisture content was 

defined as the seasonal minimum soil moisture content from the respective calibration water 

year. This condition represents an extremely dry soil for the time of year, with the capacity to 

abstract a large volume of rainfall before runoff is generated. For the “typical” condition, the 
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initial condition for soil moisture content was defined as the typical relative moisture content for 

the time of year when the design storm of interest is most likely to occur. For the “wet” 

condition, the initial condition for the soil moisture content was defined as the simulated 

maximum for the respective simulated water year. The “wet” condition represents soil at field 

storage capacity with little additional infiltration capacity. This soil condition represents a 

maximized runoff situation given the calibrated sub-basin parameter set. Establishing the typical 

soil moisture conditions in the lower watershed took into account the impact of irrigation and 

ditch operation practices as well as the possibility of a high groundwater table. 
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Table K-2: Initial Conditions for the Thunderstorm AMC Sensitivity Analysis 

 Tstorm, Dry Tstorm, Avg Tstorm, Wet 

Name U/Umax L/Lmax U/Umax L/Lmax U/Umax L/Lmax 

C1 0 0.10 0.5 0.35 1 0.75 
C2 0 0.10 0.5 0.35 1 0.75 
C3 0 0.10 0.5 0.35 1 0.75 
C4 0 0.10 0.5 0.35 1 0.75 
C5 0 0.10 0.5 0.35 1 0.75 
C6 0 0.20 0.5 0.65 1 0.90 
C7 0 0.20 0.5 0.65 1 0.90 
C8 0 0.20 0.5 0.65 1 0.90 
C9 0 0.20 0.5 0.65 1 0.90 
C10 0 0.20 0.5 0.65 1 0.90 
C11 0 0.20 0.5 0.65 1 0.90 
C12 0 0.20 0.5 0.65 1 0.90 
C13 0 0.20 0.5 0.65 1 0.90 
C14 0 0.20 0.5 0.65 1 0.90 
C15 0 0.20 0.5 0.65 1 0.90 
C16 0 0.20 0.5 0.65 1 0.90 
C17 0 0.10 0.5 0.60 1 0.90 
C18 0 0.10 0.5 0.60 1 0.90 
C19 0 0.10 0.5 0.60 1 0.90 
C20 0 0.10 0.5 0.60 1 0.90 
C21 0 0.10 0.5 0.60 1 0.90 
C22 0 0.10 0.5 0.60 1 0.90 
C23 0 0.10 0.5 0.60 1 0.90 
C24 0 0.10 0.5 0.65 1 0.85 
C25 0 0.45 0.5 0.60 1 0.90 
C26 0 0.45 0.5 0.65 1 0.85 
C27 0 0.45 0.5 0.65 1 0.85 

 

The simulated discharges from the 100-year thunderstorm design event simulations and the 100-

year general storm design event simulations at the Eldorado Springs gage, US-93, Highway-36, 

Baseline Road, and the Confluence of South Boulder Creek and Boulder Creek for differing 

AMCs are shown in Table K-4. 
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Table K-3: Initial Conditions for the General Storm AMC Sensitivity Analysis 

 Gstorm Dry Gstorm Ave Gstorm Wet 
Name U/Umax L/Lmax U/Umax L/Lmax U/Umax L/Lmax 

C1 0.25 0.25 0.7 0.74 1 0.91 
C2 0.25 0.25 0.7 0.75 1 0.83 
C3 0.25 0.2 0.7 0.76 1 0.89 
C4 0.25 0.26 0.7 0.73 1 0.83 
C5 0.25 0.26 0.7 0.74 1 0.94 
C6 0.25 0.22 0.7 0.8 1 0.92 
C7 0.25 0.22 0.7 0.8 1 0.92 
C8 0.25 0.22 0.7 0.8 1 0.92 
C9 0.25 0.2 0.7 0.79 1 0.91 
C10 0.25 0.19 0.7 0.81 1 0.95 
C11 0.25 0.19 0.7 0.83 1 0.97 
C12 0.25 0.19 0.7 0.83 1 0.97 
C13 0.25 0.17 0.7 0.84 1 0.98 
C14 0.25 0.17 0.7 0.84 1 0.98 
C15 0.25 0.17 0.7 0.83 1 0.98 
C16 0.25 0.19 0.7 0.84 1 0.98 
C17 0.25 0.23 0.7 0.8 1 0.88 
C18 0.25 0.45 0.7 0.6 1 0.67 
C19 0.25 0.24 0.7 0.79 1 0.88 
C20 0.25 0.2 0.7 0.72 1 0.65 
C21 0.25 0.17 0.7 0.68 1 0.62 
C22 0.25 0.19 0.7 0.71 1 0.76 
C23 0.25 0.19 0.7 0.65 1 0.81 
C24 0.25 0.61 0.7 0.61 1 0.78 
C25 0.25 0.25 0.7 0.68 1 0.88 
C26 0.25 0.71 0.7 0.71 1 0.84 
C27 0.25 0.71 0.7 0.71 1 0.84 
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Table K-4: Peak Discharge Results from the Thunderstorm AMC Sensitivity Analysis Simulations (cfs) 

 AMC Eldorado US-93 Hwy-36 Baseline Rd Confluence 

Low 880 930 980 980 980 

Avg 3,110 3,820 3,830 3,830 3,820 
Thunderstorm 

Simulations 
High 4,230 4,700 5,390 5,400 5,380 

Low 1,605 1,900 1,950 2,090 2,120 

Avg 2,770 3,750 3,890 4,160 4,230 
General Storm 

Simulations 
High 3,150 4,240 4,400 4,680 4,760 

 

As seen in Table K-4, the AMC can have a large impact on the watershed’s response to the 

design thunderstorm. The sensitivity analysis suggests that a dry soil condition in the South 

Boulder Creek watershed has the ability to absorb a large rainfall event. This observation is in 

agreement with the 1998 rainfall event, in which a peak rainfall depth of approximately 1.3 

inches produced little runoff and observed stream response. Smaller rainfall volumes occurring 

in the days and weeks prior to a larger event could have a significant impact on the runoff 

generated by a particular storm and the resultant flooding, if any. Simulated peak discharges 

downstream of US-93 remain almost constant for the thunderstorm sensitivity analysis 

simulations. This uniformity in peak discharge is an artifact of the spatial distribution of the 

design thunderstorm rainfall event. The design thunderstorm distributes rainfall primarily 

upstream of US-93; there is insufficient rainfall volume and rainfall intensity to significantly 

increase the peak discharge values as the flood wave moves downstream. 

Table K-4 shows that, much like the sensitivity analysis for the thunderstorm events, the AMC 

can have a large effect on the simulated runoff from the general storm. Higher peak discharges 

might be expected from the general design storm simulations, because the initial AMC values 

were higher, representing wetter soil with a larger capacity to generate runoff. Higher peak 

discharge values are not observed for the general design storm sensitivity analysis simulations 

because of the nature of the rainfall event. The design general storm is a 72-hour rainfall event 
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that has a relatively low peak intensity. The rainfall intensity during the general design storm is 

insufficient to generate the high peak discharges that the design thunderstorm rainfall is capable 

of. The lower peak discharges do not necessarily mean that the runoff from a general storm pose 

less of a flooding threat. The flood volume associated with the general storm is larger than the 

flood volume associated with the thunderstorm. The thunderstorm events result in a short 

duration, high peak discharge, a flash flood scenario, while the general storm events results in a 

longer duration, slow-rising flood that may last for several days. Detailed hydraulic modeling in 

Task 4 will determine which type of storm poses the largest flooding risk. 

The “dry” condition under-predicts runoff while the “wet” condition over-predicts runoff, 

especially in the case of the thunderstorm type rainfall. The “typical” condition” for soil 

saturation results in the simulated discharge at Eldorado Springs falling within the 95 percent 

confidence interval of the FFA performed on the Eldorado Springs gage for both the 

thunderstorm and the general storm rainfall events. 

K.3  Gross Reservoir Operation 

Three simulation runs at the 100-year rainfall recurrence interval were performed, varying the 

discharges from the dam and the water surface elevation in Gross Reservoir to simulate three of 

the various possible operation scenarios of the reservoir: 1) an early season storm when Gross 

Reservoir would have adequate storage volume to capture runoff, and a minimal discharge, 2) 

Gross Reservoir having adequate storage capacity to store runoff, and a typical discharge, and 3) 

pool elevation equal to the spillway and discharge from Gross Reservoir to satisfy the irrigation 

demands. For both the first and second runs, the water level in Gross Reservoir was set 10 feet 

below the spillway elevation, allowing more than ample storage volume to prevent discharge 

from the spillway. Table K-5 shows the resulting discharges for differing Gross Reservoir 

operation scenarios. Figure K-1 shows the resulting hydrograph. With Gross Reservoir rim full, 

note the higher discharges and volumes resulting from the 100-year general storm. 
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Table K-5:  Sensitivity Analysis Results for Gross Reservoir Operation 

Gross Operation Eldorado US-93 Hwy-36 Baseline Rd Confluence 

Minimum Discharge 1,150 1,770 1,870 2,060 2,100 

Typical Discharge 1,580 2,210 2,300 2,500 2,540 

Typical Discharge plus 

Overflow 

2,500 3,120 3,220 3,400 3,450 

  

Figure K-1:  Resultant Hydrographs from Sensitivity Analysis of Gross Reservoir Operation 

The simulated flow for a typical discharge from Gross Reservoir plus overflow is lower than the 

reported design general storm flow because the sensitivity analysis for Gross Reservoir did not 

consider the effects of AMC. The discharges shown in Table K-5 are the result of the general 

storm being applied to a drier than typical soil. The goal of the Gross Reservoir sensitivity 

analysis was not to match the design event discharge, but to evaluate the reservoir’s potential for 

flood attenuation. 

K.4  Irrigation Diversions 

Three simulation runs at the 100-year thunderstorm recurrence interval were performed, varying 

the irrigation diversions: 1) all headgates are closed and no diversions into the irrigation ditches 

Min 
Typical 
Overflow
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occur, 2) normal operation of the irrigation ditches with the diversion from South Boulder Creek 

into the ditches set equal to the average of the recorded flows that occur during the months May 

through August, and 3) diversion into the irrigation ditches equal to the maximum estimated 

ditch capacities. All information was gathered from the CDSS hydrodata database. Table K-6 

shows the resulting rainfall runoff simulation discharges along South Boulder Creek. 

 

Table K-6:  Sensitivity Analysis Results for Irrigation Ditch Diversions 

Ditch Diversions Eldorado 

(cfs) 

US-93 

(cfs) 

Hwy-36 

(cfs) 

Baseline Rd 

(cfs) 

Confluence 

(cfs) 

Minimum Diversion 3,400 4,090 4,090 4,100 4,080 

Average Diversion 3,210 3,840 3,830 3,820 3,800 

Maximum Estimated 

Capacity 

2,450 2,670 2,855 2,810 2,770 
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Appendix L 

 

Storm Center TM 
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South Boulder Creek 

Hydrologic Impacts of Downstream Storm Centers 

February 24, 2005 

Background 

Hydrology of the South Boulder Creek basin was developed using the MIKE FLOOD model.  

The model allowed the estimation of peak runoff discharges within the various sub-basins and 

flows along the mainstem of the Creek.  This tool is the basis for the definition of flood 

quantities and the delineation of the floodplain for various events.  The basin delineation for the 

hydrologic analysis is shown as Figure 1 – Basin Delineation. 

Figure 1 – Basin Delineation 

 

 

 

 

 

 

 

 

 

The flood hazard and regulatory floodplain for South Boulder Creek are traditionally defined by 

flood flows in the mainstem.  As such, during the hydrologic analysis, the emphasis was on 

flows in the mainstem.  Our focus was to define the most critical condition for floods along the 

mainstem of the Creek.  However, the team and the community’s technical representatives (the 

Peer Review Evaluation Panel – PREP) recognized that other types of flood hazards exist.  

Recognition of these potential hazards due to flooding off the mainstem is the purpose of this 

special investigation. 
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Hydrology 

The hydrologic study performed for South Boulder Creek was intended to characterize the 

response of the watershed to extreme rainfall events.  The climatological study defined the 

characteristics of storms that were likely to cause flooding along the mainstem of the Creek.  

Two types of storms were defined, a general storm that falls over the entire watershed and a 

more localized thunderstorm that is more intense but has much smaller geographic coverage. 

To assure that the model represented actual basin conditions, an extensive calibration effort was 

undertaken.  During this calibration, recorded rainfall events were simulated and input into the 

model.  The resulting computed peak flows at the Eldorado Springs stream gage were compared 

with actual measured flows at that location.  Model parameters were adjusted to develop a model 

that reflected actual response to the recorded rainfalls. 

The developed design storms were then applied to the computer model to generate estimates of 

peak flood flows in South Boulder Creek.  The application of the general storm was very 

straightforward in that it covered the watershed and demonstrated little variation in response as a 

result of variations in its location.  The results of the general storm simulation also compared 

favorably to the estimated event discharges based on a stream gage analysis at Eldorado Springs 

(simulated 100-year discharge of 2770 cfs versus an estimated stream flow of 3140 cfs using the 

gaged flow record). 

The thunderstorm application required a more methodical approach to assure the proper 

application.  Because the rainfall was very localized and more intense than the general storm, the 

location of the storm center could cause the runoff response to vary widely.  The hydrologic 

modelers worked with the meteorologists to define a location that was meteorologically 

defensible and which produced the most stressing condition for the watershed.  For the purposes 

of this study, the most stressing condition was the one that produced the highest peak flows 

along the mainstem of South Boulder Creek in the lower reaches, generally below the gage at 

Eldorado Springs.   The results of this effort produced results that were very consistent with the 

discharge estimates based on a stream gage analysis at Eldorado Springs (simulated 100-year 

discharge of 3230 cfs versus an estimated stream flow of 3140 cfs using the gaged flow record) 

This storm location is shown in Figure 2 – Design Thunderstorm.  The results of this analysis are 

shown in Table 1 – Thunderstorm Peak Flow Summary. 
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Figure 2 - Design Thunderstorm 

 

 

 

 

 

 

 

 

 

Table 1 - Thunderstorm Peak Flow Summary 
  

Location Discharge (cfs) 

Eldorado 3230 
Hwy-93 3900 
US-36 3880 

Baseline Rd 3870 
Confluence 3850 

 

Alternative centers 

The work to locate the most stressing thunderstorm location also led to an important revelation; 

that the location of the storm center not only affected flows along the mainstem, but, in many 

cases, profoundly affected the runoff from the tributary watershed.  While the most stressing 

condition for peak flows along the mainstem has been reported and used in the study, higher 

flows along the tributaries to the mainstem of South Boulder Creek may be generated in other 

parts of the watershed as a result of these alternative locations.  In fact, in some cases, the highest 

hazard to properties located in the floodplain not immediately adjacent to the mainstem may be 

the result of a storm center at a location other than the one that was used to define the mainstem 

peak flow. 
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During the evaluation that defined the most stressing condition, two other storm center locations 

were evaluated.  These locations, depicted in Figures 3 and 4, were generally located at the mouth 

of Eldorado Canyon and over the lower urbanized portions of the watershed, respectively. 

Figure 3 – Eldorado Canyon Mouth Storm 

 

Figure 4 – Lower Urbanized Basin Storm 

  

As reported, these storms did not produce the most critical condition along the mainstem, 

however, they did produce significantly different flows from the tributary watersheds.   Table 2 

– Tributary Discharges presents the summary of the instantaneous tributary peak flows resulting 

from the alternative storm center locations.  
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Table 2 - Tributary 
Discharges 

 

    
 Adopted 

Design 
Storm 

Eldorado 
Canyon 
Storm 

Lower 
Basin 
Urban 
Storm 

Sub-Basin Discharge (cfs) 
C1 25 25 651 
C2 38 118 1,658 
C3 20 251 461 
C4 21 21 30 
C5 13 232 25 
C6 81 83 15 
C7 101 182 13 
C8 30 112 5 
C9 128 140 7 
C10 339 714 18 
C11 84 624 18 
C12 12 291 12 
C13 569 67 38 
C14 1,892 199 52 
C15 578 128 30 
C16 29 156 24 
C17 66 32 32 
C18 8 7 7 
C19 75 19 19 
C20 55 55 55 
C21 22 22 22 
C22 23 23 23 
C23 25 25 25 
C24 40 40 40 
C25 75 75 75 
C26 55 55 55 
C27 22 22 22 

 

Results 

As shown in Table 3 – Alternate Storm Peak Flow Summary, the peak flow along the mainstem 

is estimated using the highest mainstem values which correspond to the adopted design storm 

location.  The alternative storms produce widely varied discharges from the tributary watersheds, 

as shown in Table 2.  Of particular interest are the high peak flows in the lower sub-basins, C1, 

C2, and C3, for the storm entitled “Lower Basin Urban Storm”.  These basins represent the 

urbanized, developed portions of the watershed and that area in which most of the residents 
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reside.  While this storm doesn’t represent the design event, it does produce significantly higher 

runoff from these sub-basins. 

 
Table 3 - Alternate Storm Peak Flow 
Summary 

   
Location Discharge (cfs) 

 Adopted 
Design 
Storm 

Eldorado 
Canyon 
Storm 

Lower 
Basin 
Urban 
Storm 

Eldorado 3230 800 560 
Hwy-93 3900 3080 1650 
US-36 3880 3300 1960 

Baseline Rd 3870 3400 2480 
Confluence 3850 3380 2750 

 

The floodplain delineations that are a part of this study represent flooding resulting from the 

storms which cause the worst conditions along the mainstem.  As the flood wave propagates 

downstream, the water level in the main channel rises.  As this happens, water eventually 

overtops the stream banks and flows across the floodplain.  This condition has been simulated 

and depicted in the animations that have been presented at public meetings and on the web site.  

While these conditions represent the mainstem flooding design condition, it may not represent 

the greatest risk to property off the mainstem. 

Tributary inflow to the stream must flow from its point of origin to the stream.  For the design 

event, these local inflows in the lower part of the watershed are very small and will probably not 

present a significant burden to the collection system.  However, particularly for the lower urban 

storm center, the peak inflow from local basins may be 20 to 40 times higher than the design 

storm.  These flows must also make their way to the mainstem but are very likely to create 

problems along the way.  As an example, the peak flow in basin C2 alone is over 1600 cfs, a 

discharge of over 40% of the mainstem flows and 40 times the tributary inflow from the adopted 

design storm.  The systems in the tributary are not likely to handle these high flows and are 

likely to cause localized flooding, some of which may be severe. 
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Recommendations 

Flood hazard exists as a result of flows other than those emanating from the mainstem.  In fact, 

as the discharge estimates in Table 2 point out, in some cases, the flood hazard from localized 

storms may far exceed the hazard associated with mainstem floods.  While the evaluation of this 

tributary hazard is outside the scope of the current project, these impacts may be of greater 

concern to many of the residents within the lower portion of the watershed. 

To address the hazard from the tributary watershed, we recommend a more site specific 

evaluation.  This evaluation should consider a detailed look at the lower tributaries of South 

Boulder Creek, a detailed assessment of an appropriate design storm event, a more refined sub-

basin delineation, an updated estimate of peak discharges, and an evaluation of the flood 

inundation hazard associated with this runoff.  The City has already mentioned a storm drainage 

master plan or an outfall systems planning effort is being considered.  We think such an 

evaluation is highly warranted based on the findings of our storm centers evaluation. 

We think that the hazard associated with these lower sub-basin storms can be defined in a variety 

of ways: a modification of the MIKE FLOOD approach used in this study or a more 

conventional approach as favored by the UDFCD.  In either case, the objective should be to 

focus on the elements described above, but with a higher level of attention and resolution to the 

effects of the flow as it travels toward the South Boulder Creek mainstem rather than the impacts 

once in the mainstem.  MIKE FLOOD offers the advantage of being able to identify the actual 

path of overland flows and to assess the hazard in an objective and very physically based way.  

The more conventional UDFCD approach provides the benefit of economy and convention, but 

must presuppose flow paths and model them accordingly.  In the hands of an experienced 

hydraulic engineer, this is not inappropriate and can produce clear and acceptable results. 

It is important to remember that the flood hazard associated with localized storms falling on 

other parts of the watershed should be defined and factored into any floodplain management and 

flood mitigation strategies. 
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Appendix M 

 

Comparison To Taggart Study TM 
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MIKE FLOOD Model Comparison to CUHP/UDSWM Model 

INTRODUCTION 

The MIKE FLOOD model used in the South Boulder Creek Flood Mapping Study has not 

previously been applied in the Front Range. The MIKE FLOOD rainfall-runoff component is a 

lumped-parameter conceptual model that represents the land phase of the hydrologic cycle. It can 

continuously account for water storage in surface and sub-surface zones while simulating 

overland flow (runoff from the surface zone), interflow (root zone) and baseflow (ground water 

zone). 

Conventional hydrologic models that have been applied in the Front Range and used in previous 

South Boulder Creek studies include the Environmental Protection Agency’s (EPA) Storm Water 

Management Model (SWMM), used in the regulatory 1986 “South Boulder Creek Flood Hazard 

Area Delineation (FHAD),” and the Urban Drainage and Flood Control District’s (UDFCD) 

Colorado Urban Hydrograph Procedure (CUHP/UDSWM) application, used in Taggart 

Engineering Associates (TEA) 2000 “South Boulder Creek Interim Hydrology Study.” These are 

lumped-parameter deterministic models that synthesize the physical characteristics of the 

watershed, including shape, slope, infiltration and drainage pattern. 

In an effort to understand the performance of the conceptual model with respect to a 

deterministic model, a comparison of the MIKE FLOOD model and the 2000 TEA model was 

performed. The comparative analysis required adjustments to both modeling efforts to account 

for the separate rainfall patterns originally applied to each study. 

The MIKE FLOOD hydrology used the design storm developed under the updated South 

Boulder Creek climatology. This design storm was physically based on a spatially-varied storm 

cell that was not uniform over the entire basin. The 2000 TEA study applied a more conventional 

precipitation approach that was based on uniform precipitation within four elevation zones. 

To account for these distinct storm variations, the comparative analysis included two approaches: 

Apply the 2000 TEA uniform rainfall pattern to the MIKE FLOOD model and compare the 

results to the 2000 TEA results. 

Apply the South Boulder Creek updated climatology design storm to the 2000 TEA model and 

compare the results to the MIKE FLOOD results. 
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APPLICATION OF UNIFORM RAINFALL IN MIKE FLOOD  

The rainfall used in the 2000 TEA study was derived using standard methods from rainfall 

statistics published in the National Oceanic and Atmospheric Administration (NOAA) Atlas 2: 

Precipitation-Frequency Atlas of the Western United States, Volume III – Colorado. To simulate 

the 2000 TEA rainfall methodology uniform rainfall was applied over the entire watershed. The 

rainfall depth was adjusted to reflect NOAA Atlas 2 recommendations for point precipitation 

value reduction as a function of basin size.  A 24-hour rainfall event was applied to the analysis 

based on an adjusted 4.11 inches of rainfall depth.  

The 24-hour rainfall was applied to the MIKE FLOOD model to simulate the 2000 TEA 

conditions.  An additional 0.75 inches of pre-wetting rainfall the day before the event was 

incorporated to address antecedent moisture. This rainfall was applied uniformly over the entire 

135 square mile basin and was based on the climatological history of storms for the Front Range. 

This pre-wetting rainfall amount is consistent with the pre-wetting storms used in the design 

storm simulations executed during the hydrologic study.  Had these rainfall inputs not been 

included, the basin  antecedent moisture conditions would have been understated and the runoff 

values would be reduced. The results of this analysis along with results from the 2000 TEA 

model are included in Table 1. 

Table 1: Peak 100-year Flow Rates 

Location 
MIKE FLOOD with 
Design Storm (cfs)

MIKE FLOOD with 
Uniform Rainfall (cfs) 

2000 TEA model 
(cfs)  

Eldorado FFA 
(cfs) 

Eldorado 3,260 4,500 7,900 3,140 
US 36 3,940 7,500 9,300 NA 
Confluence 4340 8,700 7,500 NA 

 

RESULTS 

The MIKE FLOOD model with uniform rainfall produces 100-year flow rate results higher than 

the MIKE FLOOD design storm model. This flow increase was predictable given the limited 

coverage of the physically-based, spatially varied characteristics of the design storm that was 

calibrated to the flood frequency conditions at the Eldorado stream gage versus a uniformly 

applied rainfall condition that was applied over the entire 135 square mile basin. 
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The MIKE FLOOD uniform rainfall model produced 100-year flow rates, lower than the 2000 

TEA model. The TEA model did not include calibration to the recorded flows at the Eldorado 

stream gage and applied standard CUHP factors that are intended for urban applications.  

Without calibration, the CUHP factors produced higher flow rates than expected for 

mountainous areas. 

APPLICATION OF DESIGN STORM IN THE 2000 TEA UDSWMM MODEL 

The two design storms, the thunderstorm and general storm, developed as part of the updated 

climatology in the South Boulder Creek Flood Mapping Study were applied to the 2000 TEA 

model data records on file with the City of Boulder. In order to simulate the spatially varied 

characteristics of the design storm in the 2000 TEA model, ten unique distribution zones, or 

catchments, were created to allow for varied rainfall input in order to adequately represent the 

rainfall distributions for each of the two design storms. Specific rainfall distributions for both 

storms were developed for each of the ten catchments. This approach was employed because 

CUHP/UDSWM has a limitation of ten hyetographs.  It does not allow for unique rainfall inputs 

for each of the original 311 sub-basins.  No other changes were made to the 2000 TEA model; 

only the rainfall input was modified. 

Figures 1 and 2 illustrate the catchments in relation to the storm patterns for the thunderstorm and 

general storm respectively. The ten catchments were overlaid in GIS to create the general storm 

and thunderstorm rainfall input data for the 2000 TEA model. The results are included in Table 

2 

Table 2:  100-year Peak Flow Rate Comparison 
Location MIKE 

FLOOD 
(cfs) 

Altered Rainfall 
TEA (2000) (cfs) 

TEA (2000) Eldorado FFA 
(cfs) 

Regulatory Thunderstorm 
Eldorado 3,260 5,670 7,900 3,140
U/S Hwy 93 3,940 5,747 9,300 NA
Confluence 3,910 3,851 7,500 NA

Regulatory General Storm 
Eldorado 2,770 1,008 7,900 3,140
U/S Hwy 93 3,800 1,099 9,300 NA
Confluence 4,340 1,303 7,500 NA
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Figure 1:  SBC Regulatory Thunderstorm with Grouped Catchments 

 

Figure 2:  SBC Regulatory General Storm with Grouped Catchments 
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RESULTS 

The design thunderstorm flow rate results in the altered 2000 TEA model are higher than the 

MIKE FLOOD results at the Eldorado gage and Highway 93.  Calibration of the 2000 TEA 

model to the Eldorado stream gage flows would have reduced the flow rates to levels near the 

MIKE FLOOD results.  The results of the design thunderstorm in the 2000 TEA model 

simulation match the MIKE FLOOD results at the confluence. 

The altered 2000 TEA thunderstorm results are significantly lower than the original uniform 

rainfall results, and are much closer to those predicted from an analysis of the Eldorado gage. 

This is due to the physical characteristics of the design thunderstorm that are intended to create a 

more realistic scenario for storms along the Front Range. The flow splits in the lower portion of 

the basin also contribute to the reduced flood flows in the TEA model.  

The altered 2000 TEA model 72-hour design general storm flow rate results are substantially 

lower than those predicted by MIKE FLOOD or the original TEA study.  The 2000 TEA model 

accounts for infiltration losses using a conventional Horton loss algorithm that assigns an initial 

infiltration rate with a decay to a final loss rate. This final loss rate, reached in 1 to 12 hours, is 

then constant throughout the remaining computations. For the TEA model, the final constant loss 

rate ranged between 0.6”/ hour and 0.2”/hour.  For the long-duration, low-intensity design 

general storm, nearly all of the rainfall infiltrated into the soil.  Only five time steps in any 

catchments had rainfall intensities in excess of 0.2”/hour.  As a result, very little of the rainfall 

exceeds the infiltration capacity and becomes runoff. 

CONCLUSIONS 

The comparative analysis between the MIKE FLOOD model and the 2000 TEA model offered 

some limited insights. Since the comparison was between two separately created studies using 

different modeling technologies, there was no control between modeling parameters to establish 

a framework for a direct comparison of the study inputs, simulations and results. The conclusions 

that can be derived appear more anecdotal than analytic, but offer additional assessment for 

developing confidence in the MIKE FLOOD results. 
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The primary difference between the original MIKE FLOOD and 2000 TEA modeling studies 

was the design storm rainfall input. The design storm created in the updated climatology for the 

South Boulder Creek Flood Mapping Study represented a scientific advancement in evaluating a 

realistic, physically based storm event that is expected to occur in the Boulder area along the 

Front Range. As such, the unadjusted results reflected in the altered 2000 TEA model design 

thunderstorm analysis, without calibration, were much closer to the statistical stream record than 

the conventional uniform rainfall input for this basin that would cover 135 square miles. The 

MIKE FLOOD model was carefully calibrated to the basin for both high-intensity short-duration 

and low-intensity long-duration events, and produced very accurate results. Had the MIKE 

FLOOD model not been calibrated and appropriate basin parameters and antecedent moistures 

conditions not been properly determined, results could range higher or lower depending on the 

variables applied. 

Calibration of the study model was also a critical difference in this comparison. The MIKE 

FLOOD model was calibrated and the 2000 TEA model was not. The CUHP/UDSWM model 

was developed for use in the Denver metro area without the need to be calibrated based on input 

parameters derived from regional analysis of urbanized drainage basins. It has been extremely 

effective in floodplain modeling for urbanized areas, but has not been widely applied to non-

urbanized and mountainous basins. The Federal Emergency Management Agency recommends 

calibration for EPA SWMM modeling efforts. That advice may also be inferred for the 

CUHP/UDSWM model.  The application of CUHP/UDSWM along South Boulder Creek, 

outside the Denver metro urbanized area, would likely be more consistent with the MIKE 

FLOOD model if calibration were included. 

The 2000 TEA model was designed for a high-intensity, short-duration event. It incorporated 

multiple flow splits and diversions without dynamic routing. Based on this, extremely low flow 

results were produced by the design general storm model when compared with the MIKE 

FLOOD results. This was due to the infiltration rate that was incorporated in the 

CUHP/UDSWM model that allowed for continuous infiltration losses without recognizing fully 

saturated conditions representing a high groundwater table and long periods of infiltration. The 

MIKE FLOOD model maintains the water system balance and allows for soil saturation and 

groundwater to return to surface flow through the interflow and baseflow components. For long-
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duration, low-intensity events, the MIKE FLOOD model appears to better simulate the 

hydrologic process.  

 

The runoff produced using the 2000 TEA model indicates that conventional application of the 

CUHP/UDSWM model for unique, non-urbanized mountainous basins like South Boulder Creek 

without calibration to statistical gage records results is likely to over-predict flow rates. This is 

evident in the 2000 “South Boulder Creek Interim Hydrology Study” report. As noted, the study 

was deemed interim and subject to change given observed limitations. TEA acknowledges in the 

study report that CUHP/UDSWM discharges are higher than statistical analysis of the Eldorado 

stream gage. They indicated that flow rates would be lower if aspects of basin storage and 

refined flow routing procedures that simulate dynamic storage were incorporated, and concluded 

that improved stream flow modeling could make the results more reliable and realistic. The 

MIKE FLOOD model does incorporate dynamic flood routing downstream of Gross Reservoir. 

The approach used in MIKE FLOOD maintains a water system balance between surface flow, 

interflow and baseflow, and appears to realistically capture the response of the South Boulder 

Creek basin. It makes use of two distinct design storms that have both been calibrated to the 

basin and its physical characteristics.  The MIKE FLOOD hydrology results are well matched to 

the flood frequency analysis and paleohydrology indicators for the South Boulder Creek basin. 
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Appendix N 

 

QA/QC 
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Quality assurance of the climatology and hydrology has been a fundamental objective of the 
work efforts.  The activities described in the subsequent paragraphs represent the tangible 
activities undertaken by the team to assure that the work was done consistently with the 
standards of practice, that the work executed was done correctly and that the communication of 
the work products was clear and concise. 
One important element of the overall quality assurance program was the intense level of 
oversight.  This project has been presented to the public on numerous occasions and the resulting 
comments have been considered and incorporated where applicable.  Over and above that public 
participation, the City established the Peer Review Evaluation Panel (PREP).  This group of 
experts has worked closely with the team during all aspects of project execution and has offered 
their comments and suggestions regarding the work approaches, the data, the results and the 
presentation of the work products.  There comments have been carefully considered, have been 
discussed at length amongst the team members and with members of PREP, and have been 
incorporated where applicable.  PREP has had an opportunity to review and comment on the 
team’s response to their comments and has formally and publicly offered their opinions on the 
work products.  PREP’s comments and the team’s response to those comments have been 
documented and are available for review on the project web site. 
As part of the hydrologic modeling effort, the rainfall runoff modeling effort was subjected to 
review to ensure the rainfall runoff model met the standards of engineering practice. 

N.1 QA/QC of Model Development 

N1.1 – Sub-basin Delineation 
The initial sub-basin delineation, prepared by HDR for use in hydrologic modeling for the South 
Boulder Creek drainage area, was developed based on the location of existing stream gauges, 
topographic breaklines, and the existing paleoflood information.  The initial delineation resulted 
in ten (10) sub-basins being defined.  During the review of the sub-basin delineation it was noted 
that the sub-basins downstream of Gross Reservoir, it was noted that a localized thunderstorm 
event might not be effectively captured at the existing sub-basin resolution.  The sub-basin 
delineation was further refined using local rainfall patterns to ensure that the spatial distribution 
of rainfall events would be captured at the sub-basin scale.  The sub-basin delineations were 
compared against digital elevation data to ensure that basin boundaries coincided with ridgelines 
or topographic breaklines.   
 
The sub-basins were also assigned elevation zones from the digital elevation data so that the 
hydrologic modeling could account for the accumulation and melting of snowpack within 
different elevation zones.  After the elevation zones were assigned within each sub-basin, the 
zones were compared against digital elevation data to ensure accuracy. 

N.1.2 – Boundary Conditions 
The boundary conditions applied in the hydrologic model included, rainfall time series, 
temperature time series, and evapotranspiration time series.  The agreement of the applied time 
series with the raw time series data for all boundary conditions was checked for agreement. 
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N.2 QA/QC of Model Calibration 

After the completion of model development, the hydrologic model was calibrated against four 
historical flow events occurring on South Boulder Creek in 1938, 1969, 1998 and 1999.  As 
described earlier, calibration of the hydrologic model included varying the lumped conceptual 
model input parameters to try to achieve a good agreement between the simulated results and the 
observed discharges at existing gauge locations.  After calibration was complete, the hydrologic 
model was sent to a MIKE 11 expert at DHI’s global headquarters in Horsholm, Denmark for 
review.  The calibrated model was reviewed to ensure that the calibrated parameter values were 
within an acceptable range and appropriate for the physical characteristics of each sub-basin. 

N.3 QA/QC of Initial Conditions used in Design Events 

As previously described, the hydrologic model was used in as a “quasi-event” based model, 
meaning typical initial sub-basin conditions were specified for the general storm season and the 
thunderstorm season.  The hydrologic conditions, and in particular the effects of groundwater in 
the South Boulder Creek drainage basin, were discussed with the PREP group.  Based on 
recommendations by the PREP group the initial sub-basin conditions specified in the model were 
revised for the general and thunderstorm conditions. 

N.4 Summary 

The hydrologic model was reviewed at several levels of completion, at the development level, 
after calibration and at the production run stage for the design events.  The QA/QC process for 
the hydrologic model ensured that the model was capable of reproducing historical events and 
would be capable of predicting runoff from design events.  The quality of the model is evident in 
the agreement between the FFA peak discharges and volumes and the hydrologic modeling 
results. 
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Memorandum 

To: Mark Glidden – Project Manager 

CC: Alan Taylor – City of Boulder 

From: Jerry Kenny 

Date: 8/17/2007 

Re: Quality Control of Climatology Task of South Boulder Creek Floodplain Study 

QUALITY CONTROL SUMMARY 

 
The climatology portion of the South Boulder Creek Floodplain Study was submitted to Review 
Agencies in April 2005. The review agencies included the US Geological Survey, the Federal 
Emergency Management Agency, the US Army Corps of Engineers, the Colorado Water 
Conservation Board, and The Urban Drainage and Flood Control District.  Review comments 
were received in July, 2005, and a review meeting was called in August, 2005 to discuss 
comments received.  
 
As a result of the agency review process, additional analysis was required to address comments 
and comply with specific directive suggestions received. Concurrent with the agency review, 
further review by HDR staff revealed that an error had been made in the development of the GIS 
coverage of the design thunderstorm. 
 
Efforts were undertaken in September 2005 to address the review comments and in the process 
correct the GIS procedures. As part of the revision process, an extensive internal team QC was 
undertaken. Every aspect of the precipitation analysis and design storm development was 
thoroughly reviewed and checked by a team member not involved in the initial work production. 
This included storm selection, storm data development, storm characterization, spatial 
distributions, temporal distributions, storm size smoothing, GIS processes, and documentation 
materials. During the course of this revision and review process, procedures and methodologies 
were revised, which were not errors, but which did change results.  
 
Due to the extensive nature of the revisions, the extensive internal team review, and 
client/project peer review committee reviews, final review of the climatology was completed on 
about March 1, 2006. This memorandum provides a summary on an item-by-item basis of the 
quality control review process undertaken in this effort. Extensive documentation of what was 
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done and the results obtained has been accomplished in a number of other documents and will 
not be repeated here.  
 
In the context of this memorandum the terms Checked by means the detailed examination of the 
work down to checking calculations while Reviewed by means that a broader examination for 
conformity to intent and reasonableness of results. In some cases more than one person checked 
or reviewed work products, but the party primarily responsible is the only one listed in this 
memorandum. 
 
THUNDERSTORM 
 
Item: Thunderstorm Storm Selection 
Performed by: Bill Badini 
Checked by: John Henz 
Reviewed by: Jerry Kenny 
Comments: Determination of the appropriate spatial extent of sampling (Cheyenne Ridge on the 
north to Palmer Divide on the south and foothills below 8000 feet on the west to roughly DIA on 
the east), season of sampling (mid-April to mid-September), no hail signature, and total storm 
depths (1.5 to 5.0 inches for the storm) were established by John Henz and Jerry Kenny. The 
gathering of the NWS WSR88D Doppler Radar storm data from the period 1997 to 2005 for 
storms meeting these criteria was accomplished by performed exhaustive examination of radar 
data on UDFCD Message days.    
 
Item: Parameterization of Storms 
Performed by: Robert Rahrs 
Checked by: Bill Badini 
Reviewed by: John Henz  
Comments: The time distribution of precipitation, area by intensity band, and length to width 
ratio for each storm was determined using GIS processing. 
 
Item: Development of shape templates 
Performed by: Jerry Kenny and Rob Rahrs 
Checked by: Pat McNeirney   
Reviewed by: John Henz 
Comments: The development of characteristic elliptical templates for <25-year, 25-year to 100-
year, and > 100-year storms, and the smoothing interpolation approach to provide a distinct 
footprint for each storm was developed based on examination of data developed from the storm 
parameterization process and executed using GIS. Note that all storms are now defined to be 
stationary, eliminating the moving storm confusion that had allowed the original GIS error to 
slip past the review process. 
 
Item: Storm placement 
Performed by: Rob Rahrs 
Checked by: John Henz 
Reviewed by: Jerry Kenny 
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Comments: The placement of the storm over the basin was directed and checked by John Henz 
based on climatological, paleohydrologic, meteorologic, and observational data. The processing 
for model input was accomplished using GIS. 
 
Item: Storm duration  
Performed by: Bill Badini 
Checked by: John Henz 
Reviewed by: Jerry Kenny 
Comments: A thunderstorm duration of six hours was established based on examination of data 
developed in the storm parameterization task. Consequently, six hour depth values were used for 
thunderstorms. 
 
Item: Basin area weighted average precipitation values 
Performed by: Bill Badini 
Checked by: John Henz 
Reviewed by: Jerry Kenny 
Comments: The Hawthorne gage record was extended and used to develop a revised area 
weighted basin depth based on NOAA Atlas II depths at Boulder and ratios between Boulder and 
Hawthorne and Boulder and Gross Reservoir gages. This also applies to the 24-hour and 72-hour 
values used in the general storm analysis. 
 
Item: Storm temporal distributions  
Performed by: Bill Badini 
Checked by: Pat McNeirney  
Reviewed by: John Henz  
Comments: Time distributions for each of the three basic template groups (<25-year, 25-year to 
100-year, > 100-year) was determined from the data developed during the storm 
parameterization task. No smoothing of time distributions was considered necessary within these 
groups. 
 
Item: Data preparation for precipitation input for hydrology model 
Performed by: Rob Rahrs 
Checked by: Pat McNeirney 
Reviewed by: Jerry Kenny 
Comments: With the spatial and temporal distributions of the thunderstorm precipitation 
established for each storm, the precipitation depths established from NOAA Atlas 6 hour values 
for each storm, the data was processed on a sub-basin basis for each time step using GIS for use 
in the hydrology model. 
 
 
GENERAL STORM 
 
Item: Storm duration and temporal distributions  
Performed by: Bill Badini 
Checked by: Pat McNeirney  
Reviewed by: John Henz  
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Comments: Review of limited general storm data indicated that 72-hour duration was 
appropriate. Time distributions for the General Storm were based primarily on data for the May 
1969 event, but modified to ensure that the peak 24-hour value occurs in the middle 24-hour 
period of the 72-hour event. 
 
Item: Areal extent of storm 
Performed by: Bill Badini 
Checked by: Rob Rahrs 
Reviewed by: John Henz 
Comments: Examination of UDFCD and Colorado Climate Center data indicated that the rain 
snow-line for general storms could be set at the 8,000 foot level.  Runoff contribution 
precipitation coverage for the general storm was set at 8,000 feet and below using GIS.  
 
Item: Spatial distribution 
Performed by: Bill Badini 
Checked by: John Henz 
Reviewed by: Jerry Kenny 
Comments: Additional general storm data was gathered. This data tended to confirm that the 
original spatial distribution based primarily on the May 1969 event remained valid. This 
conclusion together with the areal extent analysis defined the coverage pattern for the general 
storm that was then implemented by GIS. 
 
Item: Data preparation for precipitation input for hydrology model 
Performed by: Rob Rahrs 
Checked by: Pat McNeirney 
Reviewed by: Jerry Kenny 
Comments: With the spatial and temporal distributions of the general storm precipitation 
established for each storm, the precipitation depths established from NOAA Atlas 24- and 72-
hour values for each storm, the data was processed on a sub-basin basis for each time step using 
GIS for use in the hydrology model. 
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Appendix O 

 

Hydrologic Uncertainty 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 O- 2 HDR Engineering, Inc.  

South Boulder Creek Floodplain Mapping Study 
 

Uncertainty Analysis of Simulated Discharges and the Change in Uncertainty 
Resulting from Increased Storm Sample Set Size  

 
Jerry F. Kenny, Ph.D., P.E. 

February 16, 2007 
 
The estimation of peak discharge values and runoff volumes is fundamental to the practice of 
design hydrology. For an event of a particular frequency, the peak flow and volume expected at a 
particular location are typically developed as single value answers. In reality, such answers 
represent the best estimate of the probable answer, but the answer could possibly also be another 
value within a range defined by a confidence interval. Confidence intervals are a standard 
approach to defining uncertainty.  
 
Confidence intervals are defined through statistical analysis, and represent the limits that a value 
actually lies between, at a particular degree of assurance. The degree of assurance is not really a 
probability that the real value lies between the limits, it either does or does not, but that is 
nevertheless a useful manner of conceptualizing the meaning. For example, if we were to say 
that we are 90% confident that the true value of the mean of a population lies between the two 
limiting values we calculate based on the statistics of a sample we took, what we mean is that if 
we took 100 samples from the population and calculated confidence intervals for each sample, 
90 of the confidence intervals so calculated would contain the true mean. The greater the degree 
of assurance, i.e., level of confidence, that is desired the wider apart the limiting values will be. 
 
In the estimation of storm discharge values, peak flows and runoff volumes, a number of factors 
are involved. Such factors include precipitation, drainage area, basin shape, basin slope, soil 
type, cover type and condition, degree of saturation in the basin, among others. The measurement 
or estimation of each of these factors contains some degree of uncertainty. Accurately 
determining the uncertainty associated with each factor in each basin and the composite 
uncertainty from the interaction of these factors would be a monumental undertaking for most 
basins, and certainly would be monumental for the South Boulder Creek basin. A simplified 
approach is required to address the uncertainty associated with our discharge estimates. 
  
For the South Boulder Creek study, a calibrated simulation model was used to develop 
hydrographs throughout the basin. The hydrologic model is a mathematical representation of the 
physical processes going on in the basin and it accurately reflects those processes based on our 
calibration efforts.  If we assume that uncertainties with the hydrologic parameters used to 
characterize the watershed such as soils, cover type, slope, etc were all resolved through the 
calibration process, or are at least kept constant among all simulations, we can discount their 
contribution to uncertainty in discharge.  What we are saying by making this assumption is that if 
we input the right rainfall into the model, we can be confident that the runoff estimates will be 
correct.  That is an overstatement, but in general, if we put the right rainfall into the model, we'll 
be very confident with the results. Stated in another way, because of the extensive calibration 
efforts, the uncertainty resulting from the hydrologic model is negligible in comparison to the 
uncertainty introduced by the precipitation we use in the model. 
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Having isolated precipitation as being the primary contributor of uncertainty to our estimates, 
further isolating uncertainty in precipitation to a manageable level for analysis is in 
order.  NOAA point precipitation values from the NOAA Atlas II, Volume 111-Colorado (1973) 
were used as the basis for our runoff analysis. Estimates of uncertainty for the NOAA Atlas II 
data were not calculated by NOAA, and are beyond the scope of this investigation. Further, the 
rainfall values presented in NOAA provide an uncertainty that transcends our evaluation and are 
inherent in all estimates. Our uncertainty with respect to the point values should be the same as 
all other studies, allowing us to discount that contribution to uncertainty from our analysis. 
However, for the purposes of comparison and scale, precipitation measurement data is typically 
accurate to within 10%, and a  recent analysis of NOAA precipitation data in New Mexico led to 
an uncertainty estimate on the order of 10%.    
  
The important precipitation characteristics, other than depth, are the spatial and temporal 
distributions. The temporal distributions determined from both the original and expanded data 
sets were relatively close to standard distributions such as those used by UDFCD and NRCS, so 
we can discount that as a major source of uncertainty, leaving the spatial distribution as the 
primary source of uncertainty. Shape and size are the key descriptors of a storms spatial 
distribution. The storm shape, elliptical, and length to width ratios determined in our analyses 
conformed very well between the original and revised analyses and to values found in literature. 
So shape is not deemed a large contributor to uncertainty, leaving storm size as the principal 
source of uncertainty in the estimation of peak discharge and runoff volume. So, we should be 
able to relate our ability to estimate storm size with the relative confidence we have in the runoff 
estimates.   
 
Correspondingly, the process used to define uncertainty in discharge and the change in 
uncertainty resulting from the analysis of additional storms followed the process described 
below.  To simplify this analysis, only the 100-year thunderstorm was considered because it is 
the event determined to be of regulatory significance and should serve adequately to illustrate the 
change in uncertainty in discharge associated with the use of the expanded storm sample. 
Further, it is important to recognize that the process used is not a comprehensive, strictly 
rigorous statistical analysis. Rather, the process is intended to develop a sense of the approximate 
magnitude of uncertainty in discharge values and the change in uncertainty in discharge achieved 
by use of the expanded storm data set. 

1. Compute the sample mean and sample standard deviation of the storm footprint size data 
for both the original storm data set and the expanded storm data set. 

2. Calculate the  90% confidence limits of the storm area for the original storm data set and 
for the expanded storm data set using the equation: 

n

s
zx

n

s
zx ** 2/2/ αα μ +<<−

 

In words, this equation means that the true mean of the population is contained between limits 
defined by the sample mean plus or minus the term defined by the standard normal variable 
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corresponding to the desired degree of confidence times the sample standard deviation divided 
by the square root of the sample size.  

Use of this equation is appropriate if the population of thunderstorm areas follows a normal or 
near normal distribution.  The sample data was not statistically tested for normality, but a 
histogram of the sample data demonstrated a unimodal, near normal appearing bell-shaped form. 
The use of this form of the equation was therefore deemed appropriate.  

Use of the standard normal variable, z, rather than the student t statistic, t, in this equation form 
implies that the sample variance is the same as the population variance. For samples less than 30, 
the t statistic is typically used, however, because the expanded sample is about thirty and to be 
consistent in the statistic used to develop the confidence limits, the z statistic is used in all 
calculations.  

3. Calculate the ratio of the sample mean to the upper and lower confidence intervals to 
determine the proportioning ratios to adjust the storm size. Do this for both the original 
and expanded sample size.  

The results of the calculations described in Steps 2 and 3 above are shown in the table below. 
These results indicate that the use of the expanded storm data set reduced the uncertainty 
significantly from on the order of +/- 40% to on the order of +/- 20%. This is the uncertainty 
associated with storm size, but this must be translated into the consequent discharges. 

 

Parameter Original Storm Set Expanded Storm Set  

Mean Area (sq. mi.) 52.35 58.04 

Std. Deviation (sq. mi.) 37.35 44.73 

Sample Size 13 29 * 

   

Upper Confidence Limit 
(sq. mi.) 

72.76 69.45 

Lower Confidence Limit 
(sq. mi.) 

31.94 46.63 

   

Upper CL Ratio 1.39 1.20 

Lower CL Ratio 0.61 0.80 

* While a total of 50 storms were analyzed as part of the expanded storm set, only 29 of those 
storms were included in the data set used to define the 100-year design thunderstorm template. 
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4. Adjust the 100-year accepted design thunderstorm spatial template by the upper and 
lower ratios determined for both the original and expanded samples.  

5. Use the hydrology simulation model to determine the peak flow and runoff volumes at 
various locations in the basin to determine the confidence limits of discharge for the 100-
year thunderstorm. Comparison of the confidence limits determined for the original and 
the expanded populations provides an indication of the increase in certainty in the results 
resulting from the expanded sample population. 

The South Boulder Creek drainage basin overlain by the 100-year design thunderstorm template 
accepted as the standard for use in the floodplain delineation as developed from the expanded 
storm data set is shown on the following figure. The locations where discharge values are 
compared are also shown on the following figure. 

 

 

 

 

The results of the simulations described for peak flow and volume are shown below in the 
following tables and graphs. 
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Peak Flow (cfs) by Location 
Event Eldorado Hwy 93 Hwy 36 Baseline Road Confluence

 cfs cfs cfs cfs cfs 
100YR Tstorm 
lower original 3220 4220 4360 4680 4660 
100YR Tstorm 
lower expanded 3950 5820 6220 6940 6930 
100YR Tstorm 4520 7120 7690 8770 8910 
100YR Tstorm 
upper expanded 4970 8280 8970 10260 10470 
100YR Tstorm 
upper original 5260 9020 9790 11220 11460 
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Volume (cubic feet) by Location 
 

Event Eldorado Hwy 93 Hwy 36 Baseline Road Confluence
 ft^3 ft^3 ft^3 ft^3 ft^3 

100YR Tstorm 
lower original 9.69E+07 1.20E+08 1.23E+08 1.30E+08 1.30E+08 
100YR Tstorm 
lower expanded 1.10E+08 1.49E+08 1.56E+08 1.70E+08 1.71E+08 
100YR Tstorm 1.22E+08 1.73E+08 1.83E+08 2.02E+08 2.05E+08 
100YR Tstorm 
upper expanded 1.32E+08 1.94E+08 2.05E+08 2.27E+08 2.32E+08 
100YR Tstorm 
upper original 1.41E+08 2.09E+08 2.21E+08 2.45E+08 2.51E+08 
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The results presented above reveal several things for both peak flow and runoff volume: 

• The confidence limits grow farther apart as you move downstream in the basin. This 
is a reasonable result because as more of the basin covered by the storm begins to 
contribute to the flow results, the greater the difference seen between the limiting 
values. 
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• The upper confidence limit spreads less than the lower confidence limit. This is 
reasonable in that as the storm expands, much of the expansion occurs over areas not 
in the South Boulder Creek basin, whereas contracting the storm will always reduce 
the amount of basin covered by the storm, especially the area covered by the more 
intense portions of the storm. The significance of this includes the understanding that 
our estimated discharge accepted for use in developing the regulatory floodplain is 
more likely to be at or above the “true” value than lower than the “true” value. 

• The confidence limits for discharge parameters when comparing the original storm 
set versus the expanded storm set mirror the results seen for storm size. The 
uncertainty in flow parameter results is significantly reduced from the original data 
set by using the expanded data set.  For example, looking at peak flows at the 
confluence, when ratios of the confidence limits to the accepted flow are calculated, 
the original data set confidence limits were +29% to -48% compared to +18% to -
32% for the expanded data set. As with storm size, the uncertainty is reduced roughly 
by half. 

6. At the Eldorado Springs gage, compare the confidence limits of the simulated peak flows 
to the confidence limits associated with the flood frequency analysis (FFA) performed for 
the gauged flows. This provides a useful comparison of confidence limits of the 
parameter of interest, discharge, defined in an independent manner. This information is 
provided in tabular and graphic form below. 

  

Event 

Simulation results at 
Eldorado for 

Thunderstorm FFA 
FFA 

Lower 
FFA 

Upper 
 cfs cfs cfs cfs 

100YR Tstorm lower 
original 3220    
100YR Tstorm lower 
expanded 3950    
100YR Tstorm 4520 3970 3040 5640 
100YR Tstorm upper 
expanded 4970    
100YR Tstorm upper 
original 5260      
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These results indicate that the confidence limits estimated for the simulated flows at the Eldorado 
Springs gauge, both for the original and expanded data sets are all similar to, but contained 
within the 100-year flow confidence limits established by the 60 years of gauge data used in the 
flood frequency analysis. This provides a level of comfort that our approach is providing 
reasonable approximations of uncertainty associated with flow parameters. Our simplifying 
assumptions and discounting of various contributors to uncertainty has, as anticipated, likely 
reduced the true level of uncertainty associated with our analysis, but not unreasonably so. In 
particular, comparisons of change in uncertainty and the relative uncertainty from the original to 
expanded data sets using this approach should be valid. Such comparisons should provide a 
worthwhile and appropriate sense of the magnitude of reduced uncertainty resulting from the 
expanded data set analysis. 
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Summary of Understandings 
 
The key understandings developed from this analysis of uncertainty in estimated discharge, 
defined by the 100-year thunderstorm, are as follows: 

• The analytical process used in this analysis is not a comprehensive, strictly rigorous 
statistical analysis. Rather, the process is intended to develop a sense of the 
approximate magnitude of uncertainty in discharge values and the change in 
uncertainty in discharge achieved by use of the expanded storm data set. 

• Use of the expanded storm data set reduced the uncertainty significantly from on the 
order of +/- 40% to on the order of +/- 20%.  

• The confidence limits of peak flow and volume grow farther apart as you move 
downstream in the basin.  

• The upper confidence limit spreads less than the lower confidence limit. The 
significance of this includes the understanding that our estimated discharge accepted 
for use in developing the regulatory floodplain is more likely to be at or above the 
“true” value than lower than the “true” value. 

• The confidence limits for discharge parameters when comparing the original storm 
set versus the expanded storm set mirror the results seen for storm size. The 
uncertainty in flow parameter results is significantly reduced from the original data 
set by using the expanded data set.  For example, looking at peak flows at the 
confluence, when ratios of the confidence limits to the accepted flow are calculated, 
the original data set confidence limits were +29% to -48% compared to +18% to -
32% for the expanded data set. As with storm size, the uncertainty is reduced roughly 
by half. 

• The confidence limits estimated for the simulated flows at Eldorado Springs, both for 
the original and expanded data sets are all similar to, but contained within the 100-
year flow confidence limits established by the 60 years of gauge data used in the 
flood frequency analysis.  

• The comparison of simulated confidence limits versus confidence limits calculated 
from gauge data provides a level of comfort that our approach is providing reasonable 
approximations of uncertainty associated with flow parameters.  

• The simplifying assumptions and discounting of various contributors to uncertainty 
have, as anticipated, likely reduced the true level of uncertainty associated with our 
analysis, but not unreasonably so.  

• Comparisons of change in uncertainty and the relative uncertainty from the original to 
expanded data sets using this approach, in particular, should be valid.  

• The analysis and comparisons made in this analysis provide a worthwhile and 
appropriate sense of the magnitude of reduced uncertainty resulting from the 
expanded data set analysis. 

• The amount of uncertainty associated with estimated discharge values for the 100-
year design thunderstorm was reduced roughly by half through the analysis of the 
expanded data set. 

 
 


	1.0 CLIMATOLOGY
	1.1 Overview
	1.1.1 The basin
	1.1.2 Basin Flood History
	1.1.3 Regional Flooding Events
	1.1.4 Significant storms
	1.1.4.1 September 2, 1938: A South Boulder Creek flood with subtropical origins.
	May 4-8, 1969:  Long duration, low intensity general rain and flooding


	1.2 NOAA Atlas II Update and design storm development
	1.2.1 Observation Stations
	1.2.2 Station Moves
	1.2.3 Data Sources
	1.2.4 DDF Calculations – NOAA Atlas II Update
	1.2.5 Application of results to South Boulder Creek

	1.3 Rainfall reconstruction of key storm events for basin model calibration
	1.3.1 Radar-rainfall estimation for July 8, 1998
	1.3.2 Radar-rainfall estimation for August 4, 1999


	2.0 BASIN SPECIFIC DESIGN STORM 
	2.1 South Boulder Creek Basin Specific Design  Thunderstorm
	2.2 A reproducible GIS-based WSR-88D STP spatial analyses methodology  
	2.3 Comparison of the spatial and volumetric differences between the “old” and “new” South Boulder Creek basin specific hunderstorm.  
	2.4 South Boulder Creek basin specific design thunderstorm temporal distribution 
	2.5 The South Boulder Creek basin specific design 72-hr, 100-yr general storm 

	3.0 SUMMARY
	4.0 TRANSPOSITION OF KEY REGIONAL EXTREME PRECIPITATION EVENTS
	4.1 Big Thompson, July 31, 1976 Flash Flood
	4.2 The Fort Collins Flood of July 28, 1997
	4.3 Comments on the Importance of the Transpositions

	5.0 APPLICATIONS OF THE SDDS AND STORM TRANSPOSITION TO HYDROLOGY TASKS
	6.0 HYDROLOGY SUMMARY REPORT
	6.1 Overview
	6.2 Hydrologic Analyses
	6.3 Stream Gage Analysis
	6.3.1 Historic Eldorado Springs Gage Record
	6.3.2 Flood Frequency Analysis
	6.3.3 Gage Results
	6.3.4 Comparisons to Past Study Results

	6.4 Paleoflood Analysis
	6.4.1 Unpublished Paleoflood Evaluation Results

	6.5 Regional Regression Analysis
	6.5.1 Available Methodologies
	6.5.2 Regression Equation Evaluation Results

	6.6 Summary of Flow Rate Estimates
	6.7 Rainfall/Runoff Modeling
	6.7.1 Overall Modeling Approach
	6.7.2 MIKE 11 Computer Model
	6.7.3 Model Development
	6.7.4 Basin Delineation
	6.7.5 Basin Characterization
	6.7.6 Groundwater Considerations
	6.7.7 Channel Characteristics
	6.7.8 Model Construction
	6.7.9 Model Calibration and Validation
	6.7.10 Reconstructed Events
	6.7.11 Calibration Process
	6.7.12 Calibration Results
	6.7.13 Sensitivity Analyses
	6.7.14 Soil Moisture
	6.7.15 Gross Reservoir and Irrigation Diversions
	6.7.16 Downstream Storm Locations
	6.7.17 Conventional Rainfall Input

	6.8 Model Simulations
	6.9 Hydrologic Model Results
	6.9.1 Runoff Predictions at Eldorado Springs Gage
	6.9.2 Discharges in the Lower Portions of the Watershed
	6.9.3 Hydraulic Routing Impacts


	7.0 CONCLUSION
	NOAA Atlas II Update
	 NOAA Atlas II Update
	1. Observation Stations
	2. Station Moves
	3. Data Sources
	4. DDF Calculations – NOAA Atlas II Update
	5. Application of Results to South Boulder Creek DDF

	Historic Rainfall Event Reconstruction
	 Historic Rainfall Event Reconstruction
	1. Radar-rainfall Estimation for July 8, 1998
	2. Radar-rainfall Estimation for August 4, 1999
	1. Big Thompson, July 31, 1976 Flash Flood
	2. The Fort Collins Flood of July 28, 1997
	3. May 4 to 8, 1969, Flood
	4. September 2, 1938 Genesee Mountain Storm Transposition
	5. Comments on the Importance of the Transpositions
	1.1      The Original SDDS process


	FLOOD FREQUENCY ANALYSIS
	 FLOOD FREQUENCY ANALYSIS
	 H.1  Sub-basin Delineation
	H.2  Boundary Conditions
	H.3  Gross Reservoir
	H.4  Trans-basin Flows and Ditch Diversions
	H.5  Groundwater Considerations
	H.6  Description of MIKE FLOOD Rainfall Runoff Parameters
	H.7  Description of MIKE FLOOD Preliminary Hydrodynamic Model Used for Hydrologic Simulations
	GROUNDWATER CONSIDERATIONS IN RAINFALL RUNOFF MODELING
	 Groundwater Considerations in Rainfall Runoff Modeling
	Hydrologic Modeling Approach
	Model Development and Calibration
	Antecedent Moisture Conditions (AMC)
	Initial Conditions
	Summary
	 J.1  Key Parameters
	J.2  Calibration and Validation Results

	 K.1  Parameters Selected for Sensitivity Analysis
	K.2  Antecedent Soil Moisture Conditions
	K.3  Gross Reservoir Operation
	K.4  Irrigation Diversions



	7.0  
	N.1 QA/QC of Model Development
	N1.1 – Sub-basin Delineation
	N.1.2 – Boundary Conditions
	N.2 QA/QC of Model Calibration
	N.3 QA/QC of Initial Conditions used in Design Events
	N.4 Summary


	QUALITY CONTROL SUMMARY

