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INTRODUCTION 

The purpose of this technical memorandum is to present analysis and results from a comparative 

modeling study of hydrological response in select basins located on the west side of the Mile High Flood 

District (MHFD). Currently, the MHFD utilizes the Colorado Urban Hydrograph Procedure (CUHP) and 

applies it to the U.S. Environmental Protection Agency’s SWMM hydrologic model to simulate the 

hydrologic response of watersheds for planning purposes.  A persistent problem has been over-prediction 

of peak hydrograph response, in some cases an order of magnitude larger than observed historic peak 

discharge. Several previous studies performed for MHFD, including Enginuity (2016) and CH2M (2016), 

evaluated hydrograph over-prediction when using the Snyder Unit Hydrograph method within MHFD’s 

CUHP/SWMM procedure. Proposed solutions included changing methods of routing and adjustments to 

how the time-to-peak is computed for small subwatersheds typically generated for the MHFD urban 

watersheds. In contrast, the physics-based, gridded, distributed hydrologic model, Vflo (Vieux, 2016, and 

Bedient et al. 2018), is used by MHFD for its Flood Warning & Information Services for several basins. The 

application of Vflo to study the magnitude of over-prediction by the CUHP/SWMM model is described in 

following sections for three watersheds located on the west side of MHFD.  

Due to its reliability in reproducing observed flows in real-time and in calibration to historical flood events, 

Vflo was applied to the MHFD basins of Lakewood Gulch, Little Dry Creek, and Van Bibber Creek (Figure 

1). Because a potential source of gridded model over-prediction relates to the implicit density of channels 

used to connect grid cells or subwatersheds in a physics-based, distributed model, three models of 

increasing channel density and decreasing resolution (150-ft, 2800-ft, & 3500-ft) were developed for each 

of the individual basins. For each watershed, the highest resolution model (150-ft) was calibrated to 

recent storm events, including the Colorado 2013 Front Range Flood. Following calibration, the hydrologic 

response of the three basins at each spatial resolution was tested using 10-yr, 100-yr, and 500-yr CUHP-

generated hyetographs. Basin model output was evaluated and compared to each other, as well as against 

existing CUHP/SWMM model output for the Van Bibber Creek basin.  
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Figure 1: The Lakewood Gulch (red), Little Dry Creek (blue), and Van Bibber (black) watersheds within the MHFD. 

 

METHODOLOGY 

Lakewood Gulch Model 

Three Vflo models of increasing channel density and decreasing spatial resolution were developed to 

represent the hydrologic conditions of the 16.75 mi2 Lakewood Gulch watershed. Observed flow data 

from the USGS were used to calibrate and validate model performance of the 150-ft resolution Lakewood 

Gulch model for two significant rainfall events in the basin: the 2013 Front Range Flood (September 10-

17, 2013) and a substantial rainfall event in July 2019 (June 30 - July 10, 2019). Gauge-adjusted radar 

rainfall (GARR) was used as rainfall input into the model, which Vieux currently produces for the MHFD as 

part of the MHFD Flood Warning Program. GARR is a high-resolution gridded rainfall product that relies 

on local rain gauges to bias-correct the radar rainfall estimates and improve its accuracy in near real-time 

(NRT). With archived GARR from the 2013 Front Range Flood and NRT GARR from the July 2019 event, the 

150-ft Lakewood Gulch model was calibrated at one USGS gauge, Lakewood Gulch at Denver (06711780), 

with an additional gauge, Dry Gulch at Denver (06711770), and one MHFD pressure transducer (PT) 

sensor, Lakewood Gulch at 10th (ID 1563), used to assess model performance. Model calibration was 

performed in the area upstream of the aforementioned USGS stream gauge, Lakewood Gulch at Denver. 

Rating curves used to transform stage to flow consisted of the USGS published rating curves for 06711780 

and 06711770, and for the PT (ID 1563) as provided by WET (2010). Four calibrated parameters 

(imperviousness, saturated hydraulic conductivity, Manning’s roughness coefficient, and soil depth) from 

the 150-ft Lakewood Gulch model were then applied to the 2800-ft and 3500-ft Lakewood Gulch models. 

The results of the 150-ft Lakewood Gulch model calibration are shown in the Appendix.  
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Little Dry Creek Model 

Similarly to Lakewood Gulch, three Vflo models of increasing channel density and decreasing spatial 

resolution were developed to represent the hydrologic conditions of the 13.25 mi2 Little Dry Creek 

watershed. Observed flow data from the USGS were used to calibrate and validate model performance of 

the 150-ft resolution Little Dry Creek model for the same rainfall events as Lakewood Gulch. Using the 

archived GARR from the 2013 and 2019 events, the 150-ft Little Dry Creek model was calibrated at one 

USGS gauge, Little Dry Creek at Westminster (06719840), with an additional gauge, Little Dry Creek below 

Federal Boulevard (06719845), and one MHFD PT sensor, Little Dry at 64th (1313), used to assess model 

performance. Rating curves used to transform stage to flow consisted of the USGS published rating curves 

for 06719845 and 06719840, and for the PT (ID 1313) as provided by WET (personal communication with 

MHFD). Model calibration was performed according to the same procedure as Lakewood Gulch, and the 

calibrated parameters were also applied to the 2800-ft and 3500-ft Little Dry Creek models. The results of 

the 150-ft Little Dry Creek model calibration are also found in the Appendix.  

 

Van Bibber Creek Model 

Similarly to Lakewood Gulch and Little Dry Creek, three Vflo models of increasing channel density and 

decreasing spatial resolution were developed to represent the hydrologic conditions of the 18.92 mi2 Van 

Bibber Creek watershed. Observed flow data from the MHFD were used to calibrate and validate model 

performance of the 150-ft resolution Van Bibber Creek model for the same rainfall events as Lakewood 

Gulch and Little Dry Creek. With the archived GARR from the 2013 and 2019 events, the 150-ft Van Bibber 

Creek model was calibrated at two MHFD PT sensors, Van Bibber Sports Complex (ID 323) and Van Bibber 

Highway 93 (ID 333), with an additional PT sensor, Van Bibber at Crestone (ID 100647), used to additionally 

assess model performance. Model calibration was performed following the same methodology as 

Lakewood Gulch and Little Dry Creek, though an additional calibrated parameter (wetting front) was 

applied from the 150-ft Van Bibber Creek model to the 2800-ft and 3500-ft models. The results of the 150-

ft Van Bibber Creek model calibration are included in the Appendix.  

 

Van Bibber CUHP/SWMM Model 

A hydrologic model of Van Bibber Creek watershed, which had been previously developed following the 

Colorado Urban Hydrograph Procedure (CUHP) by Olsson (2021), was provided for this study from MHFD 

(MHFD, personal communication). The CUHP method is a hydrological modeling approach that is based 

upon the Snyder Unit Hydrograph concept, using effective precipitation to account for volume losses and 

routing of flow via unit hydrographs in the U.S. Environmental Protection Agency’s (EPA) SWMM model 

(UDFCD, 2016). The 17.4 mi2 Van Bibber Creek model was developed by Olsson (2021) using CUHP version 

2.0.1 and EPA SWMM version 5.0.13, and the model is described in Olsson (2021) as part of a planning 

study. Recent observations of this CUHP Van Bibber model have noted that the production of peak 

hydrograph responses are an order of magnitude larger than observed historic peak discharge, even 

though the CUHP method was revised in recent years (Enginuity, 2016; WWE, 2021). Unfortunately, no 

other CUHP modeled areas (e.g., from Lakewood Gulch or Little Dry Creek) were available for comparison 

for the purposes of this study. Note that the 2800-ft resolution Vflo models are intended to be of similar 

spatial resolution to that of the Van Bibber Creek CUHP/SWMM model, which was estimated based on 

the average subwatershed areas contained therein. All output from the model was obtained from node 

103, which was estimated to be the closest node to the Van Bibber Creek Sports Complex PT (ID 323).  
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CUHP Raingage Hyetographs 

The Lakewood Gulch, Little Dry Creek, and Van Bibber Creek Vflo models and the Van Bibber Creek 

CUHP/SWMM model were simulated using the 10-year, 100-year, and 500-year CUHP hyetographs. The 

temporal distribution of the CUHP hyetographs is shown for each return period in Figure 2. The CUHP 

method includes the Raingage Management Worksheet, which allows the user to add a custom rainfall 

distribution or create a rainfall distribution using the one-hour rainfall depth and return period (UDFCD, 

2016). Thus, a rainfall distribution was created using the CUHP Raingage Management Worksheet for each 

return period of interest (10-year, 100-year, and 500-year) using the 1-hour and 6-hour precipitation 

depths (Table 1). The 1-hour and 6-hour precipitation depths (annual maximum) were obtained from the 

Arvada, Colorado location (39.8016°, -105.1181°) from the NOAA Atlas 14 Precipitation Frequency Data 

Server (NOAA, 2021).  

 

 
Figure 2: The 10-year, 100-year, & 500-year CUHP hyetographs used for model simulation.  

 

Table 1. NOAA Atlas 14 precipitation depths for the 10-year, 100-year, and 500-year storm events used 

to generate the input CUHP hyetographs.  

Return Period 1-Hour Depth (in) 6-Hour Depth (in) 

10-year 1.27 1.90 

100-year 2.26 3.31 

500-year 3.07 4.47 
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RESULTS 

CUHP Design Storm Simulations 

For each basin and spatial resolution, Vflo simulated streamflow was used to assess the impact of channel 

density on hydrograph performance. As channel density (the ratio of channel cells to overland cells within 

the model) increased with larger grid cells (Figure 3), generally, peak streamflow increased and the time 

to peak streamflow decreased as shown in Table 2. This relationship between channel density and peak 

streamflow/time to peak is well established because dense channel networks are known to produce 

higher and earlier peaks, as described by Vieux (2016, pg. 122) and shown in Figure 4. The three models 

for each watershed were built using the same basin boundary, channel network, and calibrated 

parameters (Figure 3). However, the exact overlay of the gridded cells on these spatial datasets can 

produce slight differences between the two models of the same basin with a different spatial resolution. 

As a result, in some cases, there is a small decline in peak streamflow and increase in time to peak between 

the 2800-ft and 3500-ft storms. Similar results were demonstrated for all watersheds for the 100-year and 

500-year design storms.   

 

Table 2. Channel density and Vflo simulation results for Lakewood Gulch, Little Dry Creek, and Van Bibber 

models from the 10-year design storm.  

Simulation Parameters 150-ft  2800-ft 3500-ft 

Lakewood 
Gulch 

Channel Density (%) 6.3 53.9 61.5 

Peak Streamflow (cfs) 1145 1592 1327 

Time to Peak (hh:mm) 4:15 2:55 3:55 

Little Dry 
Creek 

Channel Density 5.0 40.3 44.7 

Peak Streamflow (cfs) 1256 2121 2108 

Time to Peak (hh:mm) 2:50 1:55 2:15 

Van 
Bibber 

Channel Density 8.0 40.0 42.9 

Peak Streamflow (cfs) 140 389 355 

Time to Peak (hh:mm) 11:30 8:45 2:40 
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Figure 3: The 150-ft (top), 2800-ft (middle), and 3500-ft (bottom) resolution models of Van Bibber Creek, with 

channel densities of 8, 40, and 42.9%, respectively. The pink line represents the Van Bibber Creek watershed 

boundary, while the blue arrows demonstrate the channel flow direction and associated channel grid cells. Grid 

cells within the Van Bibber Creek boundary without a blue arrow are overland cells.  

To understand how the simulated Vflo peak streamflow results compare for the 10-year, 100-year, and 

500-year return periods with observed streamflow behavior, we evaluated output from the 150-ft, 2800-

ft, and 3500-ft Van Bibber Creek models using the CUHP hyetographs as input against simulated Vflo 

results using the observed historic rainfall (2013 and 2019 storms; see Appendix) as input, and USGS 

observed streamflow (2013 and 2019). The linear trendline in blue, shown in Figure 5, from these two sets 

of simulated Vflo output and one set of observed data, reveal that the simulated peak streamflow data 

from Vflo in the 150-ft, 2800-ft, and 3500-ft Van Bibber Creek watershed models follow a similar pattern 

to that of the observed USGS data and simulated Vflo peak streamflow from the historical 2013 and 2019 
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storms, with the exception of a few outliers. Similar close agreement was observed for the Lakewood 

Gulch and Little Dry Creek watersheds.  

 
Figure 4: An increase in channel density will result in higher and earlier peak discharge (Vieux, 2016). 

 

 
Figure 5: Comparison of results from Vflo using the 10-year, 100-year, & 500-year hyetographs (‘Vflo CUHP’) as 

input and using the 2013 & 2019 storm events (‘Vflo Historic’) as input to the USGS observed historical streamflow 

(‘Obs Historic’) from 2013 & 2019.  
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To further validate the simulated Vflo results, we compared the peak streamflow produced by each of the 

varying resolution Vflo models for Lakewood Gulch, Little Dry Creek, and Van Bibber Creek watersheds to 

previously published reports. A flow frequency analysis study conducted for MHFD by Wright Water 

Engineers (WWE) at the Van Bibber Sports Complex in the Van Bibber Creek watershed (WWE, 2021) 

revealed a peak streamflow estimation, with associated confidence intervals, for the 10-year, 100-year, 

and 500-year return periods. The range of streamflow within the confidence intervals generally 

encompassed those peak streamflow values simulated by the Van Bibber Creek Vflo models in the same 

return periods, at each resolution (Figure 6), though the streamflow values estimated by WWE in their 

flow frequency analysis was closest to the peak streamflow from the 150-ft Van Bibber Creek model (e.g., 

WWE Q100 = 887 cfs and 150-ft Vflo Q100 = 449 cfs). WWE (2021) also compared their results to published 

peak streamflow and associated confidence intervals by StreamStats (SS) (see WWE, 2021 for the SS 

values that were used), which also contains the simulated Vflo streamflow values at all resolutions, though 

the estimated peak streamflow from StreamStats is closest to the peak streamflow from the 2800-ft Van 

Bibber Creek model, as shown in Figure 6 (e.g., SS Q100 = 1960 cfs and 2800-ft Vflo Q100 = 1858 cfs). Similar 

results were found in comparing the findings by WWE (2021) and StreamStats to simulated Vflo peak 

streamflow at the Little Dry Creek at Westminster location within the Little Dry Creek watershed (not 

shown; e.g., WWE (2021) estimates the Q10 = 907 cfs, while Vflo produced Q10=1,256 is cfs). The 

considerably higher streamflow from the 2800-ft and 3500-ft resolution Vflo models, compared to the 

150-ft resolution model, are likely due to the combined effect of shortened flow lengths in the coarser 

resolution models and the elongated shape of the Van Bibber Creek watershed, which produce higher 

flows at a quicker time to peak.  
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Figure 6: Simulated peak streamflow values from the CUHP hyetograph for the 150-ft, 2800-ft, and 3500-ft Van 

Bibber Creek model compared to estimated peak streamflow values at the Van Bibber Sports Complex by Wright 

Water Engineers (WWE; top figure) and StreamStats (SS; bottom figure). The error bars represent a range of 

possible peak streamflow values for both the WWE and SS data. WWE and SS data were obtained from WWE 

(2021). 

 

 

 

 



 

 

 
Vieux & Associates, Inc.  Page 10 of 21        May 26, 2021 

Comparison with CUHP Design Storm Output 

To more fully understand how the 150-ft, 2800-ft, and 3500-ft Vflo models performed, we compared the 

output of the Van Bibber Creek Vflo model to the Van Bibber Creek CUHP/SWMM model from the 10-

year, 100-year, and 500-year CUHP hydrographs (Table 3). The peak streamflow from the Van Bibber 

Creek CUHP/SWMM model is considerably higher than the peak streamflow from all resolutions of the 

Van Bibber Creek Vflo models for all of the return periods.  The time to peak from the Van Bibber Creek 

CUHP/SWMM model generally falls between the time to peak of the 150-ft and 2800-ft Van Bibber Creek 

Vflo model or the 2800-ft and 3500-ft models. However, the Van Bibber Creek CUHP/SWMM model does 

exhibit a smaller, first peak followed by a larger, second peak, where the time to the second peak is much 

faster than the second peak exhibited by the 2800-ft and 3500-ft Van Bibber Creek Vflo models, as shown 

in Figure 7. The double-peaked hydrograph shape of the coarser resolution Vflo models and the 

CUHP/SWMM model is likely due to the combined effect of shortened flow lengths in the coarser 

resolution models and the elongated shape of the Van Bibber Creek watershed. Because there were no 

CUHP/SWMM models available for Lakewood Gulch or Little Dry Creek watersheds, there was no further 

analysis of results from those models.  

 

Table 3. Comparison of output from the 150-ft, 2800-ft, & 3500-ft Van Bibber Creek Vflo models to the Van 

Bibber Creek CUHP/SWMM model from the 10-year, 100-year, and 500-year CUHP hyetographs.  

Simulation Parameters Van Bibber Creek Vflo Models  Van Bibber 
Creek CUHP 

/SWMM 
Model 150-ft  2800-ft 3500-ft 

10-yr Return 
Period 

Peak Streamflow 
(cfs) 

139.89 389.17 354.86 603.35 

Time to Peak 
(hh:mm) 

11:30 8:45 2:40 4:00 

100-year Return 
Period 

Peak Streamflow 
(cfs) 

448.66 1858.35 2168.29 5158.66 

Time to Peak 
(hh:mm) 

7:45 4:50 1:55 2:30 

500-year Return 
Period 

Peak Streamflow 
(cfs) 

840.12 3427.17 3734.61 9470.77 

Time to Peak 
(hh:mm) 

6:40 4:00 1:50 2:15 
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Figure 7: Streamflow responses at Van Bibber Creek Sports Complex for the 10-year return period from the Van 

Bibber Creek CUHP/SWMM model and the 150-ft, 2800-ft, and 3500-ft Van Bibber Creek Vflo models. 

 

Additionally, peak streamflow (Qp) of each Vflo and SWMM CUHP simulation in the Van Bibber Creek 

watershed was plotted against the time to peak (Tp), shown in Figure 8. The relationship between time 

to peak and peak streamflow is considerably steeper for the CUHP/SWMM model than the 150-ft Van 

Bibber Creek Vflo model, indicating that the CUHP/SWMM model produces peak flows of a higher 

magnitude, more quickly, than are produced by the Vflo model. This sensitivity, in part, explains why a 

short time-to-peak computed by the Snyder Unit Hydrograph method for the subwatersheds in the 

CUHP/SWMM model produces such large over-predictions in peak flow. Time-to-peak is a synthetic unit 

hydrograph parameter developed by regression relationships, whereas in Vflo, the time to peak is 

implicitly computed from the hydraulics of the drainage network, comprised of overland and channel 

elements.  The trendline slopes, log(Q)/Tp, for CUHP/SWMM and Vflo are 21 and 4, respectively. This 

difference in slope is due to the configuration of Tp in the CUHP model according to the Snyder regression 

equation, thus resulting in higher peak flows, while in contrast, the shorter time to peak and higher peak 

flows in Vflo are bound together by the hydraulics of the drainage network and network density. The 

calibrated historic peak flows follow the same trend as the simulated Vflo CUHP results.   
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Figure 8: Peak discharge versus the time of peak discharge from the simulated Vflo streamflow results with the 

CUHP hyetographs as input, the simulated CUHP/SWMM output with the CUHP hyetographs as input,  and 

simulated Vflo streamflow results using historic rainfall (2013 and 2019) as input.  

 

For further comparison, we added the results from the Van Bibber Creek CUHP/SWMM model to the 

aforementioned Figure 5 to understand how the output from the CUHP/SWMM model aligns with 

observed USGS streamflow data from 2013 and 2019, simulated Vflo output from historic rainfall data 

(2013 & 2019), and simulated Vflo output from the CUHP hyetographs, as shown in Figure 9. The slope of 

the line (purple) generated from the Van Bibber Creek CUHP/SWMM model output is considerably steeper 

by 15x (4249/285) than that of the line (blue) produced from the other data shown (Figure 9), indicating 

that the output generated by the Van Bibber Creek CUHP/SWMM model is substantially higher than Vflo 

simulations and observed historical data plotted against the storm average intensity (rainfall 

depth/duration).  
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Figure 9: Comparison of modeled results from the Van Bibber Creek CUHP/SWMM model for the 10-year, 100-year, 

and 500-year CUHP hyetographs to simulated Vflo results (‘Vflo CUHP’ & ‘Vflo Historic’) and USGS observed 

historical streamflow (‘Obs Historic’). The trend line (purple) represents the slope of the Van Bibber Creek 

CUHP/SWMM model results.   

 

One possible explanation for the significantly higher peak discharges from the Van Bibber CUHP/SWMM 

model, when compared to the output obtained from the Van Bibber Creek Vflo models, is that the CUHP 

method does not consider the impact of storage or detention throughout the watershed (WWE, 2021), 

especially when conducting planning studies (MHFD, personal communication). As a gridded, physics-

based model, Vflo has the capability to consider inherent watershed characteristics such as storage and 

detention while solving the equations for conservation of mass and momentum, though modeling of 

water supply diversions were not included in this study because they were estimated to be quite small 

relative to flows generated during the selected storm events. The flow frequency analysis published by 

WWE (2021) also compared to peak streamflow from CUHP/SWMM, simulated by Olsson (2021), and 

reported that the CUHP/SWMM peak streamflow generally exceeded the bounds of their confidence 

intervals, particularly during storms of a longer return period. Furthermore, in a study of the impact of 

catchment discretization on CUHP modeled results, Dankenbring and Mays (2009) reported that an 

increase in catchment discretization, and thus an increase in channel density on the subwatershed level, 

led to an increase in simulated peak streamflow. Based on this result, it can be assumed that any further 

increase in catchment discretization of the Van Bibber Creek CUHP/SWMM model would reveal similar 

results to the observed peak streamflow increase from the 150-ft to 2800-ft/3500-ft Vflo models. It is 

possible that an intentional decrease in catchment discretization to ameliorate high peak streamflow 

values in the Van Bibber Creek CUHP/SWMM model would not be able to achieve peak streamflow values 

on the magnitude of those simulated by Vflo.  
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SUMMARY 

Results of this study demonstrate that there are significant streamflow over-predictions produced by the 

MHFD CUHP/SWMM method, which relies on the Snyder Unit Hydrograph, in subwatershed areas that 

ranged in size from 0 to 5 mi2 (UDFCD, 2016). It was found that the time to peak, as calculated from the 

length and coefficients of the Snyder Unit Hydrograph method, causes rapid increases in peak flow. The 

effects of spatial resolution (150-ft, 2800-ft, and 3500-ft) and channel density on distributed modeling of 

three watersheds with three different return periods (10-year, 100-year, and 500-year) rainfall frequency 

depths were examined. Both Vflo and SWMM were calibrated to observed flows, and then used to predict 

the hydrologic response to the rainfall frequency depths. Only the highest resolution Vflo model, at 150-

ft resolution, was calibrated against historic streamflow data for the three watersheds. Calibrated 

parameters from the 150-ft Vflo models were then applied to the coarser resolution models without 

recalibration. Simulated peak discharge from the Vflo Van Bibber Creek watershed models were 

compared with the CUHP/SWMM model of the same basin. Vflo produced peak flows of 140, 449, and 

840 cfs for the 10-, 100- and 500-year rainfall frequency depths at 150-ft resolution, whereas the 

CUHP/SWMM model produced much larger peak flows of 603, 5,160, and 9,471 cfs, respectively. 

Comparison of trendline slopes for the two models, produced by plotting the unit peak hydrograph flow 

versus rainfall depth/duration (average intensity), revealed that the CUHP/SWMM model produces unit 

peak flows (discharge per unit depth of rainfall excess) that are ~15x (4,249 cfs/285 cfs) greater than those 

produced by calibrated Vflo models of Lakewood Gulch, Little Dry Creek, and Van Bibber Creek. Regardless 

of which model is used, the peak flow increases as the time-to-peak decreases, though this relationship is 

amplified by the CUHP/SWMM model because they increase dramatically when compared with Vflo. For 

a change in time-to-peak from 4 hours to 2 hours, the peak flow from CUHP/SWMM increases from 255 

cfs to 15,096 cfs, whereas the peak streamflow from Vflo only increases from 2,195 cfs to 4,813 cfs. Finally, 

channel density was shown to significantly impact simulated results where models with a higher channel 

density and correspondingly shorter time-to-peaks resulted in higher peak streamflow due to shorter 

lengths of flow. This trend indicates that in both modeling approaches, the time-to-peak and related 

drainage density is key to understanding how highly discretized subwatersheds within each model’s 

structure can result in increased peak flow.  

 

RECOMMENDATIONS 

Inaccurate accounting of important watershed characteristics such as time-to-peak by CUHP/SWMM 

contributes to the over-prediction of peak flows. Furthermore, drainage network density was proven to 

be a sensitive, though implicit, parameter in both SWMM and Vflo, which necessitates recalibration for 

each model grid resolution. Thus, we recommend the use of a gridded, physics-based model such as Vflo, 

which accounts for spatially discrete watershed characteristics by solving the conservation of mass and 

momentum equations, for simulation of watersheds where streamflow over-prediction issues have been 

identified. Initial model set-up should be approached with care to ensure that an appropriate channel 

density is used, and model calibration should be conducted where observed, historic streamflow data is 

available. 

 

LIMITATIONS 

There are substantial and structural differences between the two modeling approaches to consider when 

making direct comparison between CUHP/SWMM and Vflo. While both SWMM (Olsson, 2021) and Vflo 

were calibrated to actual events, the resulting estimates of the 10-, 100-, and 500-yr CUHP rainfall 
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frequency depths were markedly different between the two models. Even though Olsson (2021) states 

that calibration was performed by taking the average Snyder coefficients for each event, simulations with 

CUHP design storm input for rainfall frequency depths are considerably greater than observed historical 

flows. The reason for this discrepancy was not investigated.  Spatial resolution of the subwatersheds in 

CUHP/SWMM and Vflo affect drainage density, and drainage density, in turn, affects time to peak and 

peak flow in both models. It is difficult to pinpoint the direct source of differences when comparing output 

from the Vflo modeling approach and the CUHP/SWMM approach. For example, Vflo is a gridded model 

that uses finite elements to solve the kinematic wave analogy, while the CUHP method is structured using 

a lumped watershed approach based upon the Snyder Unit Hydrograph. The two principal regression 

coefficients (time-to-peak or unit peak flow) relied upon by the Snyder method were not separated in the 

analysis to discover the reason or source of over-prediction compared with Vflo. The CUHP/SWMM model 

routes flow through a combination of trapezoidal and irregular cross-sections, while Vflo uses cross-

sections derived from the DEM to model floodplain storage. It is noted that the Olsson (2021) 

CUHP/SWMM model uses higher Manning's roughness (0.08) in the main channel and a hydraulically 

smoother roughness of 0.05 in overbank areas, whereas Vflo uses an average roughness of 0.078 across 

the cross-section that is calibrated to match peak and timing of observed flow. Complete analysis of 

routing assumptions was not performed. Finally, the Snyder Unit Hydrograph regression coefficients 

defining time-to -peak and unit peak discharge may not be applicable for small subwatersheds as used in 

the MHFD CUHP/SWMM methodology.  
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APPENDIX 

Lakewood Gulch Model Calibration Results 

The 150-ft Lakewood Gulch model was calibrated to USGS observed flow data for two significant rainfall 

events in the basin: the 2013 Front Range Flood (September 10-17, 2013) and a substantial rainfall event 

in July 2019 (June 30 - July 10, 2019). The Lakewood Gulch at Denver (06711780) USGS gauge was used 

for calibration, with an additional gauge, Dry Gulch at Denver (06711770), and one MHFD pressure 

transducer (PT) sensor, Lakewood Gulch at 10th (1563), used to additionally assess model performance. 

The Vflo simulated results show a strong agreement with the observed data in both 2013 and 2019. 

Figures 10-11 display model results (blue lines) compared to the USGS observed data from the Lakewood 

Gulch at Denver gauge (orange lines).  

 

 
Figure 10: Comparison of the 2013 150-ft Lakewood Gulch Vflo model simulation results (blue) and the Lakewood 

Gulch at Denver USGS gauge observed data (orange).   
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Figure 11: Comparison of the 2019 150-ft Lakewood Gulch Vflo model simulation results (blue) and the Lakewood 

Gulch at Denver USGS gauge observed data (orange).   

 

Four calibrated parameters (impervious, saturated hydraulic conductivity, Manning’s roughness 

coefficient, & soil depth) from the 150-ft Lakewood Gulch model were applied to the 2800-ft and 3500-ft 

Lakewood Gulch models. Slight adjustments were made to each parameter so that the average value in 

the 2800-ft and 3500-ft models matched that of the average value in the 150-ft model. However, no 

additional calibration adjustments were made to the 2800-ft and 3500-ft models to clearly assess the 

impact of channel density on model performance.  

 

Little Dry Creek Model Calibration Results 

The 150-ft Little Dry Creek model was calibrated to USGS observed flow data for two significant rainfall 

events in the basin: the 2013 Front Range Flood (September 10-17, 2013) and a substantial rainfall event 

in July 2019 (June 30 - July 10, 2019). The Little Dry Creek at Westminster (06719840) USGS gauge was 

used for calibration, with an additional gauge, Little Dry Creek below Federal Boulevard (06719845), and 

one MHFD pressure transducer (PT) sensor, Little Dry at 64th (1313), used to additionally assess model 

performance. The Vflo simulated results show a strong agreement with the observed data in both 2013 

and 2019. Figures 12-13 display model results (blue lines) compared to the USGS observed data from the 

Little Dry Creek at Westminster gauge (orange lines).  
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Figure 12: Comparison of the 2013 150-ft Little Dry Creek Vflo model simulation results (blue) and the Little Dry 

Creek at Westminster USGS gauge observed data (orange).   

 

 
Figure 13: Comparison of the 2019 150-ft Little Dry Creek Vflo model simulation results (blue) and the Little Dry 

Creek at Westminster USGS gauge observed data (orange).   

 

Similarly to Lakewood Gulch, four calibrated parameters (impervious, saturated hydraulic conductivity, 

Manning’s roughness coefficient, & soil depth) from the 150-ft Little Dry Creek model were applied to the 

2800-ft and 3500-ft Little Dry Creek models. Slight adjustments were made to each parameter so that the 

average value in the 2800-ft and 3500-ft models matched that of the average value in the 150-ft model. 

However, no additional calibration adjustments were made to the 2800-ft and 3500-ft models to clearly 

assess the impact of channel density on model performance.  
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Van Bibber Creek Model Calibration Results 

The 150-ft Van Bibber Creek model was calibrated to MHFD observed PT sensor stage data for two 

significant rainfall events in the basin: the 2013 Front Range Flood (September 10-17, 2013) and a 

substantial rainfall event in July 2019 (July 20-22, 2019). The Van Bibber Sports Complex (323) and the 

Van Bibber Highway 93 (333) PT sensors were used for calibration, with an additional sensor, Van Bibber 

at Crestone (100647), used to additionally assess model performance. The Vflo simulated results show a 

strong agreement with the observed data in both 2013 and 2019. Figures 14-15 display model results 

(blue lines) compared to the PT sensor data from the Van Bibber Sports Complex (orange lines).  

 

 
Figure 14: Comparison of the 2013 150-ft Van Bibber Creek Vflo model simulation results (blue) and the Van Bibber 

Sports Complex PT sensor observed data (orange).   
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Figure 15: Comparison of the 2019 150-ft Van Bibber Creek Vflo model simulation results (blue) and theVan Bibber 

Sports Complex PT sensor observed data (orange).   

 

Similarly to Lakewood Gulch and Little Dry Creek, five calibrated parameters (impervious, saturated 

hydraulic conductivity, Manning’s roughness coefficient, wetting front, & soil depth) from the 150-ft Van 

Bibber Creek model were applied to the 2800-ft and 3500-ft Van Bibber Creek models. Slight adjustments 

were made to each parameter so that the average value in the 2800-ft and 3500-ft models matched that 

of the average value in the 150-ft model. However, no additional calibration adjustments were made to 

the 2800-ft and 3500-ft models to clearly assess the impact of channel density on model performance.  


