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The SMA method provides a more complex method for evaluating rainfall runoff 
processes in a watershed.  In this approach, actual measured rainfall over an extended 
time period is used as input.  Losses are computed on a continuous basis, and include 
evapotranspiration, surface depression storage, and infiltration.  The continuous model is 
designed to model the dynamic effect of soil infiltration and other losses on storm runoff 
over the course of a long-term rainfall record.  Parameters to compute these losses 
include climatic data, land use conditions, vegetation cover, and soils data. The simplified 
conceptual schematic of Figure 2-3 illustrates the SMA model: 

For each computational time step in the model, HEC-HMS calculates storage in 
each of the loss categories shown in the schematic, which allows for a continuous 
accounting of losses and runoff over a long time series.  For infiltration, the model 
initially assumes that water enters the soil at the maximum infiltration rate and percolates 
out of the soil column at the percolation rate.  Once the soil layer becomes saturated, the 
infiltration rate is reduced to the percolation rate.  SMA parameter estimation is described 
in section 2.3. 

 
Figure 2-3. Conceptual Schematic of SMA Algorithm (USACE, 2000) 
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2.1.4 Hydrograph Generation 
Initially, the model determines how much incident rainfall is held in the 

watershed (losses), and how much will appear as runoff.  That which appears as runoff is 
referred to as “excess precipitation.”  The model then determines the time distribution of 
this watershed-wide excess precipitation, as it flows across the land surface or as shallow 
“interflow,” eventually reaching culverts or small drainage channels, and finally the main 
stream channel at the various flow computation points of interest.  The resulting time 
distribution of runoff at a given location is referred to as “hydrograph.”  

HEC-HMS offers a variety of methods for transforming excess precipitation from 
any given storm into a runoff hydrograph for each model drainage area.  Clark’s synthetic 
unit hydrograph method was used for the modeling.  Clark’s method requires two inputs: 
time of concentration (Tc) and a storage coefficient (R). Tc values were estimated for each 
of the subbasins based on the methodology described in the HEC-HMS Technical 
Reference Manual (USACE, 2000) and the TR-55 Urban Hydrology for Small 
Watersheds Manual (SCS, 1986).  The Clark’s storage coefficient for each subbasin was 
determined during the model calibration process.  The unit hydrograph parameters used 
in the modeling are listed in Table 2-1. 

 

2.1.5 Reach Routing 
HEC-HMS provides a variety of reach routing methods to translate the 

hydrograph from one drainage area downstream to a point where it can be combined with 
another drainage-area hydrograph.  The project team chose to use the Muskingum Cunge 
method, which uses basic channel (or culvert) dimensions and characteristics to estimate 
hydrograph translation and attenuation over the routing reach.  For existing and future 
conditions, surveyed cross-sections and available storm drain data were used to 
characterize channel dimensions and characteristics for reach routing.  For the pre-
urbanization scenario, the same channel characteristics established for the existing 
condition were utilized, based on the assessment that no channel modification has yet 
occurred in the Laurel Creek watershed.  Reach routing parameters are summarized in 
Table 2-2. 

 

2.1.6 Precipitation 
The HEC-HMS continuous simulation was run using National Climatic Data 

Center (NCDC) continuous, hourly rainfall data from gage station ID 042935, “Fairfield 
NNE”, for a 56-year period (records for summer of 1948 through summer of 2004 were 
used within the model).  The Fairfield NNE gage, although located outside the study area, 
has recorded a significantly longer period of precipitation than have other gages in the 
area.  It is recognized that measured rainfall at Fairfield NNE is only an estimate of 
rainfall distributed across the study watersheds.  Actual rainfall rates vary spatially, and 
intense rainfall rates (resulting from individual convective cells within a rainstorm) often 
occur over one area, but may miss another area nearby.  Thus, while measured rainfall at 
the Fairfield gage represents a valuable estimate of rainfall for the project watersheds, 
variations during any individual storm are possible.  
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2.2 Parameter Estimation Process 
To simulate the watershed response to a rainfall event, a variety of parameters must 

be estimated in the hydrologic model.  These estimated parameters affect the size and 
shape of the storm hydrograph predicted by the model compared to what may result from 
any individual actual storm.  Whenever possible, modelers compare model results to 
recorded concurrent rainfall and flow data to calibrate the model by adjusting various 
parameters to reproduce the actual flow resulting from measured rainfall.  The project 
team generally calibrated the models by adjusting SMA parameters and unit hydrograph 
values. 

Initial estimations of SMA parameters were developed in accord with the 
methodology outlined in the HEC-HMS Technical Reference Manual (USACE, 2000).  
Model calibration was then utilized to refine the initial SMA parameters within 
acceptable parameter ranges.  A calibration was performed for the Laurel Creek 
watershed, using rainfall and stream flow measurements collected from within the project 
area this winter, from November 2004 through March 2005.  Historic stream gage data 
was not available to calibrate the pre-urban Laurel Creek HEC-HMS model to actual pre-
development flows in the Laurel Creek system.  However, the stream gage on Soda 
Springs Creek at Interstate 80 collected measured flow data from the upper Laurel Creek 
watershed which is still considered to be in an undeveloped state.  The calibrated SMA 
parameters for the subbasins draining to Soda Springs at I-80 were then applied to the 
undeveloped upper region of Laurel Creek above I-80.   

 

Table 2-1. Drainage Area Parameterization 

Subbasin Area Tc Clark’s R 

  (acre) (hr) (hr) 

Pre-Urban % 
Impervious 

Existing % 
Impervious 

Future % 
Impervious 

1 48.7 0.19 0.19 0% 26.2% 42.3% 

2 42.4 0.30 0.47 0% 23.0% 25.1% 

3 305.3 0.56 3.66 0% 15.4% 35.4% 

4 117.7 0.90 1.85 0% 8.5% 29.9% 

5 232.4 1.51 2.68 0% 1.2% 1.2% 

6 250.6 0.81 1.08 0% 0.0% 0.0% 

7 125.7 0.73 1.51 0% 0.0% 0.0% 

8 270.2 1.34 1.64 0% 0.0% 0.0% 

9 243.8 1.81 1.33 0% 0.0% 0.0% 

10 90.3 1.04 2.37 0% 0.0% 0.0% 

11 272.6 1.89 8.61 0% 0.0% 11.9% 

12 122.3 0.76 6.06 0% 16.1% 32.4% 

13 239.8 1.18 2.90 0% 21.8% 33.3% 
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Table 2-2.  Reach Parameters for Muskingum Cunge Routing 

Length Slope Reach 
ID Connection 

Surveyed XS 
Used for       
8-Point (ft) (ft/ft) 

Channel 
Manning's 

n 

Overbank 
Manning's 

n 

R-1 J-1 to J-2 LCMC 1000 0.01 0.085 0.1 

R-2 J-2A to J-3 LCGC 5650 0.012 0.065 0.1 

R-3 J-2B to J-4 SSGC 2430 0.01 0.06 0.1 

R-4 J-4 to J-5 SSGC 4066 0.01 0.07 0.1 

R-5 J-5 to J-6 SS80 4646 0.06 0.08 0.1 

R-6 J-3 to J-7 LCGC 2746 0.04 0.07 0.1 

R-7 J-7 to J-8 LCGC 5280 0.05 0.08 0.1 

R-8 J-8 to J-9 SS80 1954 0.11 0.08 0.1 

 

 

Table 2-3.  Calibrated SMA Parameters for Laurel Creek Watershed 

Subbasin 
Canopy 
Storage 

Capacity 

Surface 
Storage 

Capacity 

Soil 
Infiltration 
Max Rate 

Soil 
Storage 

Capacity 

Tension 
Zone 

Capacity 

Percolation 
Max Rate 

  (in) (in) (in/hr) (in) (in) (in/hr) 

1 0.18 0.31 0.75 7.10 3.40 0.22 

2 0.24 0.36 0.90 6.00 2.70 0.18 

3 0.25 0.31 0.26 6.09 4.10 0.05 

4 0.24 0.37 0.72 6.55 5.83 0.27 

5 0.24 0.37 0.72 6.55 5.83 0.27 

6 0.24 0.37 0.72 6.55 5.83 0.27 

7 0.24 0.37 0.72 6.55 5.83 0.27 

8 0.24 0.37 0.72 6.55 5.83 0.27 

9 0.21 0.42 0.73 6.76 5.83 0.27 

10 0.17 0.44 0.68 6.00 6.00 0.29 

11 0.29 0.30 0.73 6.55 5.78 0.27 

12 0.17 0.25 1.02 6.23 4.59 0.54 

13 0.11 0.20 0.40 6.03 5.88 0.22 
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2.3 Methodology for Hydrologic Calibration 
2.3.1 Peak-weighted RMS Error 

The degree of correlation between the observed and simulated flows was measure 
using the peak-weighted root mean square (RMS) error objective function.  This function 
is identical to the calibration objective function included in computer program HEC-1 
(USACE, 1998). It compares all ordinates, squaring differences, and it weights the 
squared differences. The weight assigned to each ordinate is proportional to the 
magnitude of the ordinate. Ordinates greater than the mean of the observed hydrograph 
are assigned a weight greater than 1.00, and those smaller, a weight less than 1.00. The 
peak observed ordinate is assigned the maximum weight. The sum of the weighted, 
squared differences is divided by the number of computed hydrograph ordinates; thus, 
yielding the mean squared error. Taking the square root yields the root mean squared 
error.  

Therefore, this function is an implicit measure of comparison of the magnitudes 
of the peaks, volumes, and times of peak of the two hydrographs.  The function is defined 
as follows: 
 

n
Q

QtQ
tQtQ

Z

n

t A

A
S∑

=

+
−

= 1

02
0 2

)(
))()((

 (5) 

 

∑
=

=
n

t
A Q

n
Q

1
0

1
 

Where Z is the objective function, Q0(t) is the observed flow at time t, QS(t) is the 
computed flow at time t, and QA is the average observed flow.  The objective function is 
evaluated for all times t in the objective function time window. 

2.4 Calibration Results 
This section presents data from the continuous model for pre-urban, existing and 

future land use conditions. Continuous discharge records from two Laurel Creek stream 
gages were used to calibrate the HEC-HMS model.  Gage SS80 is located on Soda 
Springs Creek at Interstate-80; Gage LCMC is located on Laurel Creek just below 
Manual Campos Parkway.  Gages SS80 and LCMC correspond to HEC-HMS model 
nodes J-5 and J-1, respectively (Figure 2-2b).   Due to the large quantity of data generated 
in the Laurel Creek model (56 years of flow estimates at one-hour intervals for multiple 
locations), this section will limit the results discussion to results from junctions J-5 and J-
1.  Junction J-5 represents the upper watershed, which is largely undeveloped under 
existing conditions.  Junction J-1 is inclusive of the upper and lower watershed and 
includes the urbanized areas of the watershed.    

The existing condition model for Laurel Creek was calibrated against the observed 
data for two flow gages within the Laurel Creek watershed.  In the upper portion of the 
watershed, the flow record for Soda Springs Creek Gage SS80 at Interstate-80 was used 
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to calibrate the model at junction J-5.  Flow data was available from November 2004 to 
March 2005 for Gage SS80 for the existing condition calibration of the model at J-5.  The 
hydrograph results for the existing condition calibration at J-5 are shown in Figure 2-4.   

The flow record for Laurel Creek Gage LCMC at Manuel Campos Parkway was 
used to calibrate the lower portion of the Laurel Creek watershed model at junction J-1.  
Flow data was available for this gage from November 2004 to March 2005 for the 
existing condition calibration of the model at J-1.  The hydrograph results for the existing 
condition calibration at J-1 are shown in Figure 2-5.   

Tables 2-4 and 2-5 list the numerical results for each of the calibration periods 
discussed above.  The total volume for the flow gage record and the simulation are 
shown.  For Gage SS80, the total volume for the flow gage minus all flows less than or 
equal to 0.5 cfs is also shown.  This analysis was added to account for the effects of 
interflow in this flow gage record.  The model results for total volume were compared 
with this decreased volume, so as to not over predict flow volume in the model, which 
did not simulate interflow.  This additional analysis was not necessary for Gage LCMC 
because baseflow was included in the lower portion of the model to account for irrigation 
and other urban sources of baseflow.  This baseflow function was not included in the pre-
urban model of Laurel Creek.   

The percent error from observed volume is presented in Tables 2-4 and 2-5, and 
due to the variability of hydrologic modeling, a deviation of 20 percent is considered a 
strong correlation.  The average discharge for each condition was included for 
comparison.  The RMS error function value for the model results when compared to both 
the gage data and the adjusted gage data are presented in the tables.  On the basis of past 
experience by GeoSyntec, these calibration results are very good and better than past 
excepted models.   

 

Table 2-4:  Gage SS80 Calibration - Period from 11/10/2004 – 3/25/2005 

Volume Average Q
  

(ac-ft) (cfs) 

Model Results' 
Peak-weighted 

RMS Error 

Percent Error 
in Volume 

Gage SS80 2.31 0.52 3.5 22% 

Gage SS80 - Flows < 0.5 cfs 1.81 0.41 3.9 0% 

Model Results @ J-5 1.81 0.40 - - 

 

Table 2-5:  Gage LCMC Calibration - Period from 11/10/2004 – 3/25/2005 

Volume Average Q
  

(ac-ft) (cfs) 

Model Results' 
Peak-weighted 

RMS Error 

Percent Error 
in Volume 

Gage LCMC 17.53 3.93 14.9 -1% 

Model Results @ J-1 17.65 3.95 - - 
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Figure 2-4.  Calibration Results for SS80 Gage 
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Figure 2-5.  Calibration Results for LCMC Gage 
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2.5 Change in Total Cumulative Percent Imperviousness 
Table 2-6 summarizes the total cumulative impervious area (TCIA) in percent for Soda 
Springs and Laurel Creek.  The TCIA has been computed relative to the total drainage 
area contributing to stream flows at the respective location.  The estimated TCIA under 
existing conditions range from 4.6% to 8.1%.   
 Table 2-6.  Estimated Percent Impervious Surface 

  Area Pre Existing Future 

  (acre)       
SS80 606.71 0.0% 0.0% 5.3% 
SSGC 1011.2 0.0% 8.1% 16.1% 
LCGC 1302.0 0.0% 4.6% 11.2% 
LCMC 2361.9 0.0% 6.5% 13.9% 
  

Results for the existing conditions suggest a low to moderate chance of 
hydromodification impacts.  Existing percent TCIA falls within the range of uncertainty 
from 2% to 10%.  Given the fact that field observations have discovered little evidence of 
system wide degradation with only a few areas of localized erosion, it is possible that a 
threshold based on impervious surfaces for Soda Springs and Laurel Creek could be 
closer to 10%.   

Considering the estimated future percent imperviousness of 11% to 16%, it is 
possible that future development could exceed local thresholds of imperviousness and 
cause excessive channel erosion and degradation.   

2.6 Critical Shear Stress Values 
Table 2-7 summarizes the critical shear stress values selected for this analysis and 

is assumed to represent the field conditions in Soda Springs and Laurel Creeks.  Critical 
shear stress values are selected to represent exposed banks without much vegetation to 
protect its surface from shear erosion, and for reaches where dense vegetation makes up a 
large percentage of the observed channel conditions.  Critical shear stress is ultimately 
used to compute the critical flow (Qc) in the channels and the project partitioned critical 
flow for management purposes (Qcp).   

 

Table 2-7.  Critical Shear Stress Values Selected for Analysis 

 Bank Material With Dense Vegetation 

SS80 0.32 1.0 

SSGC 0.32 1.0 

LCGC 0.32 1.0 

LCMC 0.32 1.0 
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3 Results and Discussion 
This section summarizes predicted changes in stream flow duration characteristics 

and the erosion potentials for cross sections SS80, SSGC, LCGC, and LCMC.  Results 
are presented for existing and future development conditions.   

3.1 Flow Duration 
Recall that flow duration curves illustrate the cumulative frequency distribution of 

time that flows exceed a given magnitude.  For example, in Figure 3-1, 100 hours of 
flows occur at 300 cfs and greater.  A comparison between two land use scenarios show 
the change in the length of time (duration) that flows persist at these magnitudes, which 
leads to increases in the erosion potential and risks of hydromodification impacts.   

3.1.1 Existing Conditions 

Figure 3-1 presents the flow duration curves for Laurel Creek in the lower reaches 
of the study area.  Flow duration curves are plotted for pre-development, existing and 
future conditions to illustrate the change in stream hydrology as a result of development.   

Figure 3-1 suggests minor increases in the duration of runoff and runoff volume 
due to existing development (compared to other studies conducted by GeoSyntec).  
Although not easily observed in the figure, the number of hours of stream flows increased 
by 30% and the overall flow volume increased by 20% between undeveloped and 
existing developed conditions.  The largest increase occurred in the low flow range as 
expected, however these flows are generally less than the critical flow (~40 cfs) 
expressed by the critical shear stress of 1.0 lbs/sq-ft.  Results for cross sections SS80, 
SSGC and LCGC show similar curves but with somewhat smaller differences.  

3.1.2 Future Conditions 

Figure 3-1 suggests moderate increases in the duration of runoff and runoff 
volume due to future development (compared to other studies conducted by GeoSyntec).  
The total number of hours of stream flow increased by 100% - doubling the total hours of 
flow before development.  The overall stream flow volume increased by 62% between 
undeveloped and future developed conditions at build-out.   

The affect of these increases for existing and future are measured using the work 
index and the Ep.  The force applied to the channel boundary by the flows represented in 
the flow duration curves is of course a function of the channel slope, geometry, and soil 
resistance and vegetation density.   
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FLOW DURATION RESULTS
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Figure 3-1.  Example of Existing Conditions in Laurel Creek 
 

3.2 Erosion Potential 
Results are presented for conditions with and without significant riparian 

vegetation to illustrate the importance of vegetation in maintaining channel stability.  
These results also illustrate the risk of hydromodification impacts if vegetation was lost 
in the future.   

Recall that the erosion potential is a measure of the change in long-term force 
applied to the stream channel boundary, and that if this measure exceeds 20% (Ep=1.2) 
the likelihood of excessive erosion and stream instability increases.   

3.2.1 Existing Conditions 

Table 3-1 lists the predicted erosion potentials for cross sections SS80, SSGC, 
LCGC and LCMC.  The area on Soda Springs upstream from Highway 80 (SS80) is not 
currently developed and thus its erosion potential is 1; i.e., no change in work done 
between pre-development and existing conditions.  Results are presented for two different 
critical shear stress values; τc = 0.32 and τc = 1.0 that represent exposed banks without 
much vegetation to protect its surface from shear erosion, and for reaches with dense 
vegetation making up the majority of the observed conditions.  The selection of the 
critical shear stress defines the critical flow where bed movement or shear erosion of 
banks begins.   
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On the basis of these results for the current vegetated state the predicted erosion 
potential is less than or equal to 1.2.  These results support the field observations that 
little significant reach-wide excessive erosion or channel instabilities exists under 
existing conditions.  For small localized areas of exposed banks without vegetation the 
predicted erosion potential exceeds 1.2 at SSGC and LCMC.  Using the Probability 
Curve generated from the Santa Clara Hydromodification Management Plan studies, the 
Risk of stream channel instabilities is predicted to be on the order of 21% and 55%, 
respectively.  Considering LCMC; this means we’re predicting that 1 in 2 exposed stream 
banks in the lower reaches are at risk of excessive erosion due to hydromodification.   

 
Table 3-1.  Existing Development Conditions 
 Areas of exposed 

bank; no 
vegetation 

Risk of 
Instabilities 

Current 
vegetated state 

Risk of 
Instabilities 

 τc = 0.32 % τc = 1.0 % 
SS80 1.0 9 1.0 9 
SSGC 1.3 21 1.2 17 
LCGC 1.2 17 1.1 12 
LCMC 1.7 55 1.2 17 

Risk is determined using the Probability Curve shown in Figure 2-1, Chapter 2.  Source: Santa Clara Valley Urban 
Runoff Pollution Prevention Program.   

 

These results illustrate the importance of vegetation in providing apparent 
strength to stream banks and suggest that a loss of vegetation could initiate a larger scale 
reach-wide response to hydromodification.  A vegetation management program may be 
appropriate.   

3.2.2 Future Conditions 

Table 3-2 lists the predicted future erosion potentials for cross sections SS80, 
SSGC, LCGC and LCMC. Results are presented for the two different critical shear stress 
values.  On the basis of these results for the current vegetated state, the future predicted 
erosion potentials are greater than 1.2 for all areas except on Soda Springs upstream from 
Interstate 80 (SS80).  From the Probability Curve, these predicted erosion potentials (Ep 
= 1.3, 1.4 and 1.5) result in a Risk of instabilities from 21% to 38%.   
 
Table 3-2.  Future Development Conditions at Build-Out 
 Areas of exposed 

bank; no veg. 
Risk of 

Instabilities 
Current 

conditions 
Risk of 

Instabilities 
 τc = 0.32 % τc = 1.0 % 

SS80 1.2 17 1.1 12 
SSGC 1.8 64 1.4 30 
LCGC 1.7 55 1.3 21 
LCMC 2.6 98 1.5 38 

Risk is determined using the Probability Curve shown in Figure 2-1, Chapter 2.  Source: Santa Clara Valley Urban 
Runoff Pollution Prevention Program.   
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For localized areas of exposed banks without vegetation the predicted erosion 
potential are predicted to be 1.8, 1.7 and 2.6 at SSGC, LCGC and LCMC, respectively.  
Using the Probability Curve the Risk of stream channel instabilities are predicted to be 
64%, 55% and 98%, respectively. 

The hydromodification analysis is predicting that future build-out conditions in 
Soda Springs and Laurel Creek doubles the Risk of causing stream channel instabilities 
from the current conditions (risk=12% to 17%; Ep=1.1 to 1.2) to the future condition 
(risk=21% to 38%; Ep=1.3 to 1.5).  One way to interpret Risk is to consider it in terms of 
the number of stream segments that could potentially be affected.  For example, a 20% 
Risk suggests that 1 in 5 stream segments could show signs of excessive channel erosion 
due to development.   

Another observation is that the stream reaches adjacent to the golf course (SSGC, 
LCGC) have moved from what is generally interpreted as low risk to higher risk as a 
result of continued development.  What is now observed as generally stable reaches with 
small isolated incidences of channel erosion could potentially increase to more frequent 
occurrences of channel erosion.  One positive thing to note is that the predicted 
magnitude of potential hydromodification impacts are still well below the level of 100% 
Risk (Ep=3) of wide spread instabilities.  This is due in large part to the existing 
vegetation density within the riparian corridor.   

These results suggest that, even under future development, the risk of wide spread 
channel degradation is currently low to moderate; and over time we could see increasing 
pockets of degraded channel segments, especially if the current vegetation density is lost.   

Considering the results for exposed banks with no vegetation, the Risk jumps to 55% 
to 98% and stream channel degradation is highly probable.  Once vegetation is lost along 
stream banks the frequency of eroding events may prevent vegetation from becoming re-
established.   
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4 Conclusions of Hydromodification Assessment 
On the basis of the total cumulative percent impervious area (TCIA), existing TCIA 

falls within the range of uncertainty (2% to 10%) of published thresholds for 
imperviousness.  Considering that field observations show little evidence of wide spread 
erosion problems, any localized real threshold could be in the higher range.  On the other 
hand, much of the current development in this study area is recent, and time is a factor 
between when development occurs and how fast a stream responds to hydromodification.  
Field observations have suggested possible early signs hydromodification impacts.   

Future TCIA however, is predicted to double and reach or exceed any real threshold 
for Soda Springs or Laurel Creek.  On the basis of TCIA, future development could 
potentially impact Soda Springs and Laurel Creek. 

Analysis of flow duration and total stream flow volume shows minor increases in the 
total hours of flow and volume between pre-developed and existing conditions.  The 
number of hours of stream flow increased by 30% and the overall flow volume increased 
by 20%.  Under future conditions, the number of hours of stream flow is twice (100%) 
that of pre-development and volume increases by 62%.  On the basis of past experience 
by GeoSyntec these changes are relatively small compared to other development projects 
in the Bay Area and Southern California.   

On the basis of the Ep results for the current vegetated state the predicted erosion 
potentials are less than or equal to 1.2.  These results support the field observations of 
little significant reach-wide excessive erosion or instabilities under current conditions.  
For areas of exposed banks without vegetation the predicted erosion potential exceeds 1.2 
at SSGC and LCMC. The Risk of stream channel instabilities is predicted to be on the 
order of 21% and 55%, respectively.  Considering LCMC; this means we’re predicting 
that 1 in 2 exposed stream banks in the lower reaches are at risk of excessive erosion due 
to hydromodification. 

Future predicted erosion potentials are greater than 1.2 for all areas except on Soda 
Springs upstream from Interstate 80 (SS80).  These predicted erosion potentials result in 
a Risk of instabilities from 21% to 38%.  A 20% Risk suggests that 1 in 5 stream 
segments could show signs of excessive channel erosion due to development.  One 
positive thing to note is that the predicted magnitude of potential hydromodification 
impacts are still well below the level of 100% Risk (Ep=3) of wide spread instabilities.  
For areas of exposed banks without vegetation the erosion potential are predicted to be 
1.8, 1.7 and 2.6 at SSGC, LCGC and LCMC, respectively.  The Risk of stream channel 
instabilities is 64%, 55% and 98%, respectively.   

These results suggest that the risk of wide spread channel degradation is currently 
low and over time we could see increasing pockets of degraded channel segments, 
especially if the current vegetation density is lost.  For these reasons, a vegetation 
management program is recommended and could be part of the hydromodification 
management plan.   
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5 Management Strategies 

5.1 Solutions Concepts 
Recommended management strategies consist of a series of progressive control 

measures combined into a single integrated solution.  The combination will be tailored to 
fit the specifics of Soda Springs and Laurel Creek development conditions.   

Potential solutions consist of on-site project specific strategies that minimize the 
affects of hydromodification.  Any on-site BMP that reduces or eliminates the change in 
runoff volume created by impervious surfaces reduce the effect of hydromodification.  
Larger regional flow control type facilities, such as retention basins are possible and 
could be cost effective depending on the local authorities desire to manage and maintain 
such facilities.  In-stream modifications that help the stream accept the new flow regime 
can be a solution strategy, but is generally considered to be the last resort for existing 
healthy stream systems.   

The recommended solution philosophy involves the following concepts: 

1. Avoid, to the extent possible, the need to mitigate for hydromodification and 
water quality. Preserve the natural hydrologic conditions and protect sensitive 
hydrologic features, sediment sources, and sensitive habitats.   

2. Minimize the effects of development through conscientious site design techniques 
and on-site control measures to limit the increase in runoff and pollutant transport.  

3. Manage the stream corridor itself by implementing in-stream controls, such as 
grade controls, biotechnical bank stabilization controls, and restoration.  Provide 
allowances for the modified stream flow characteristics and enhance the 
beneficial uses of streams.   

On-Site Solutions. The main premise of site design techniques is to maintain the natural 
functions of the hydrologic and geomorphic processes as much as possible, to minimize 
the magnitude of change caused by Group 1 Projects, and to integrate stormwater control 
measures into the development to mitigate expected impacts.  Project controls are applied 
to individual projects when the site is developed or redeveloped. Project controls include 
site design features that are integrated into the development and are intended to 
reproduce, to the extent feasible, the natural processes of infiltration, evapotranspiration, 
and delayed runoff response. These are also known as “hydrologic source controls” 
because they have the effect of reducing runoff volumes resulting from development.  

The following techniques can be used in the design process:  

• Preserve areas of naturally high infiltration to maintain, to the extent practical, 
stable baseflows and groundwater recharge.  

• Reduce and disconnect impervious surfaces such as roofs, parking lots and streets.  
Allow surface runoff from impervious surfaces to drain to vegetated pervious 
areas with infiltration volume reduction before discharging to local creeks.   
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• Integrate water quality and flow controls into the landscape.  Control measures 
can include filter strips, bioswales and bioretention areas, constructed wetlands, 
shallow infiltration trenches, and permeable pavement.  

 
Site design may be incorporated into the standard features of a development with 

small to moderate changes in the project design. Appropriately applied site design 
techniques can reduce the runoff volume, duration and flow rate, and can reduce the 
infrastructure necessary to control and convey stormwater. Site design controls can be 
very effective at controlling geomorphically significant flows (i.e., erosive flows) and can 
be used to fulfill both water quality and flow control objectives. . However, since site 
design controls retain water on site through infiltration, evapotranspiration and by-pass; 
and their effectiveness depends on soil properties, groundwater levels, topography, and 
other site conditions.  

Larger Scale Retention Facilities.  In areas of the watershed where land is available, 
larger scale retention facilities can be built that provide flow control and treatment for 
existing uncontrolled development and/or for Group 1 Projects in newly developing 
areas.  Potential regional retention facilities could include the following: 

• Retention and infiltration basins and trenches 

• Wetlands, swales and other biological systems that reduce stormwater volume 

• Interceptor and bypass systems 

• Large scale stormwater recycling systems that store stormwater to be used for 
irrigation.   

In-stream Solutions. The approach of in-stream techniques is to modify the stream 
channel to convey the new urban stream flow hydrology and reduce potential erosion and 
aggradation problems.  The following in-stream solutions have the effect of reducing the 
flow energy and imposed shear forces and/or strengthening the stream banks so that they 
can resist the imposed flow energy: 

• Modify the stream channel so that the channel can accept the new urban flows 
without erosion and bank failures, and damage to habitat.  Widening, reducing 
slope, and roughening channel surface can be used in combinations to achieve 
solution objectives.   

• Maintain flow energy dissipation along the stream channel by installing, or 
leaving in place, features that add roughness (e.g., root wads, LWD). 

• Implement biotechnical stability solutions to increase the resistance of the stream 
channel to the flow energy.   

• Maintain physical and hydrologic connectivity between streams and floodplains. 
Use floodplains for flood storage, riparian habitat, recreation, and water quality.   
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5.2 Hydromodification Management Measures 
This section provides a brief overview of potential hydromodification management 

measures and BMP selection strategies.  Appendix F provides more details and 
recommendations for hydromodification management and stormwater controls specific to 
Soda Springs and Laurel Creek.  Two methods are provided that allow developers to size 
and design hydromodification control BMPs.   

Generally, a Group 1 would consider both hydromodification management 
measures along with water quality BMPs.  This integrated approach is more cost and 
space effective for developers.  This section discusses project design features to be 
incorporated into projects mostly in terms of hydromodification management, although 
similarities and overlap exists with water quality BMPs.  Project design features include 
on-site design, hydrologic source control, and traditional treatment control BMPs that 
also have the ability to retain stormwater runoff.   

On-site design features of the project tend to replicate the pre-development water 
balance, and thereby minimize the increase in runoff associated with urbanization. 
Hydrologic source controls are practices designed to capture and retain a certain portion 
of runoff.  The portion to be retained is the increase in surface runoff as a result of adding 
impervious surfaces to an otherwise pervious watershed.  Treatment controls are typically 
designed to remove pollutants from stormwater runoff, although certain conditions, 
treatment controls also can also provide volume reduction which can substantially 
improve performance, and help reduce the affects from hydromodification.  

A new strategy has been developed that is specifically designed to address the 
affects of hydromodification is Flow Duration Control.  Stream erosion/deposition and 
sediment transport processes are functions of the long-term cumulative effects of 
geomorphically significant flows. Maintaining the long-term cumulative duration of 
geomorphically significant flows maintains the pre-project capacity to transport sediment 
and promotes long-term stability.  Flow duration control appears to have first been 
proposed in the literature by Derek Booth (1993), University of Washington. Flow 
duration control maintains the pre-development frequency distribution of hourly runoff as 
well as the total runoff volume.  The captured volume must be infiltrated and/or released 
at less than the critical flow for bed mobility. The flow duration method is essentially an 
analysis of distributions of all flows as opposed to using a single design event(s) and 
assuming that this event correctly captures all the relevant characteristics of 
hydromodification. A distribution of hourly rainfall is transformed to a distribution of 
hourly runoff using the hydrologic model. The distribution of runoff is then analyzed for 
long-term cumulative flow duration. This approach incorporates the full probability 
distribution of storms; including 2-year through 50-year storms, frequent erosive flows 
less than 2-year storms, droughts and heavy winters, antecedent conditions, and back-to-
back storms.   

The remainder of this chapter summarizes site design characteristics, source 
controls and treatment controls that would be implemented as part of the proposed 
project.    
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Table 5-1 lists on-site design concepts that should be considered potential 
candidates for new development and significant re-development projects.  Not all of these 
concepts are necessarily feasible for all future projects.  
 

Table 5-1: Potential On-Site Design Features 

Site Design Feature To Be Implemented 
a. Conservation of natural areas.  Use natural drainage 

systems.  

b. Maximize canopy interception and water conservation. 

c. Maximize the permeable area.  Minimize the use of 
impervious surfaces 

d. Construct on-site ponding areas or retention facilities 
to increase opportunities for infiltration.   

e. Where soils conditions are suitable, use perforated 
pipe or gravel filtration pits for low flow infiltration. 

1. Protect sensitive hydrologic features, sediment 
sources, and sensitive habitats.   

2. Provide setbacks and buffers between 
development and sensitive ecological areas.  

3. Conserve natural areas and use natural drainage 
corridors and swales where possible.  

4. Cluster development; in less infiltratable soils if 
possible.   

5. Reserve areas of high infiltration to maintain 
natural recharge volumes.   

6. Construct BMPs in areas to maximize 
opportunities for infiltration.   

7. Minimize the amount of impervious surfaces. 

 
On-site design concepts consist of three measures to avoid changes and protect 

and preserve sensitive hydrologic features, sediment sources, and ecological areas (# 1, 2, 
and 3). Natural features with important hydrologic functions include streams, wetlands, 
and areas of native vegetation, high quality habitats, and natural depressions. By taking 
advantage of these natural features, the scale and complexity of other BMPs can be 
reduced. Four measures involve minimizing the change in the natural hydrologic 
characteristics and maximizing opportunities for infiltration (# 4, 5, 6 and 7).  Reducing 
and disconnecting impervious surfaces is considered to be the single most important 
management practice to minimize changes in hydrology.  

Infiltration is the primary mechanism used to maintain pre-project hydrologic and 
runoff characteristics to address hydromodification and pollutant loadings.  Preserving 
areas for infiltration provides stable baseflows, groundwater recharge, reduced flood 
flows, reduced pollutant loads, and reduced costs for conveyance and storage.  When 
infiltration rates are very low, as is the case for many clay soils, a distributed approach 
can be effective. A distributed approach retains and infiltrates a portion of the increased 
runoff volume in smaller discrete units throughout the development, with the aid of soil 
amendments if necessary. Such practices are sometimes called hydrologic source control.   

Table 5-2 lists suggested site design elements that should be considered as 
candidates for new development and significant re-development projects.  The selection 
of management measures must take into account site constraints associated with the 
projects.  The required control measures in this category involve minimizing the effects 
of development by minimizing impervious surfaces and draining impervious surfaces to 
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adjacent pervious areas.  This approach provides opportunities for infiltration and 
treatment prior to the stormwater runoff entering the storm drains system. 

 
Table 5-2: Potential On-Site Design Elements 

Design Elements To Be Implemented 
a. Construct walkways, trails, patios, driveways, and 

low traffic areas with open-jointed paving materials 
or permeable surface  

b. Reduce widths of street where off-street parking is 
available.  Construct streets, sidewalks and parking 
lot aisles to the minimum widths necessary.   

c. Where landscaping is proposed drain rooftops, 
impervious sidewalks, walkways, trails, and patios 
into adjacent landscaping.  

d. Increase the use of vegetated drainage swales in lieu 
of underground piping or imperviously lined swales. 

e. Use one or more of the following: 
• Rural swale system  
• Urban curb/swale system 
• Dual drainage system 

f. Use one or more of the following features: 

• Design with shared access, wheel strips (pave 
under tires) 

• Uncovered temporary, overflow and guest parking 
may be paved with a permeable surface 

1. Integrate water quality and flow control facility 
into the landscape.  

2. Direct runoff from impervious surfaces to 
vegetated areas, such as swales and rain gardens. 

3. Use vegetated swales in lieu of underground piping 
or lined ditches. 

4. Drain driveways, rooftops, sidewalks, walkways, 
trails, and patios into adjacent landscaping.  

5. Construct walkways, trails, patios, driveways, and 
low traffic areas with open-jointed paving 
materials or permeable surface  

6. Construct streets, sidewalks and parking lot aisles 
to the minimum widths consistent with building 
codes.   

7. Use an urban curb and swale system design 
approach, where possible.   

 

 

 

 

 Appendix F provides a summary of potential control measures for the Soda 
Springs and Laurel Creek watersheds, including sizing methods, sizing Charts, and 
discussion of performance of these BMPs at managing hydromodification.   
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1 INTRODUCTION 
 

This appendix focuses on the design of volume- and flow-control structures to assist project 
proponents to meet the hydromodification management standard. 

Any facility that can retain and infiltrate runoff from impervious surfaces helps to manage 
hydromodification.  However, the last facility in a “train” of hydromodification controls or 
treatment measures proposed by a project proponent must match the flow duration curve of 
the pre-project condition before discharge to the receiving waters.  For example, roadside 
bioretention can reduce runoff volume, but additional measures must be taken to match the 
pre-project flow duration curve before final discharge to the receiving stream or storm drain.   

There are two basic types of control measures that are considered herein: those with surface 
storage (pond) and those with sub-surface storage.  Ponds are built above ground and their 
entire volume is available to store stormwater, resulting in the smallest area requirements 
(e.g., 1/2 to 1/3 of a bioretention facility).  Surface ponds can be integrated into parks, 
athletic fields, golf courses, and other multipurpose areas.  Sub-surface storage has a portion 
of its volume filled with soil, sand and gravel mixtures (e.g., bioretention).  This facility type 
results in larger area requirements because only a portion of the facility’s total volume is 
available for stormwater storage; i.e., primarily the free draining portion of the pore space.   

Flow Duration Basins (Infiltration Basins):  Basins designed with flow duration criteria 
captures stormwater and retains a portion to be infiltrated into the ground.  This portion can 
also be discharged at a low rate less than Qcp.  An outlet structure is designed to detain 
higher flows and release them at rates according to flow duration criteria.  Unlike water 
quality basins that specify drain time (often 48 hours at full capacity, and 24 hours at half 
capacity), flow duration control requires longer drain times that can still be acceptable to 
mosquito control districts1.   

Bioretention:  Bioretention areas are vegetated (i.e., landscaped) depressions that provide 
storage and pollutant removal by filtering stormwater through the vegetation and soils.  
Infiltration out the bottom of the facility to the underlying soils occurs at the percolation rate 
assigned to the soils.  Pore spaces and organic material in soils help retain water in the form 
of soil moisture and promote adsorption of pollutants.  Plants utilize soil moisture and 
promote drying through transpiration.  However, winter time evapotranspiration rates are 
very small such that soil moisture is rarely dried out between storms2.  Because the available 
capacity of stormwater storage in the soil is small and the catchment area is about 8 times 
larger than the bioretention area, the first storm of the season is enough to fill available field 
capacity following summer and fall.  The free draining portion of the soil plus a small 
proportion of field capacity provides storage for subsequent storms.  As a result, 
bioretention-type facilities must be 2 to 3 times larger than basin-type facilities in order to 
achieve the same volume reductions (depending on design).  Bioretention areas can be 

                                                 
1 See section 5.4 of the HMP for further discussion of vector control issues. 
2 For the Laurel Watershed, stream monitoring studies suggest that at least ten to twelve days of drying are 
needed before any appreciable soil water storage is gained.  See Figure B-5 and section 4.1.3 in appendix B for 
full discussion.  This estimate also matches modeled estimates using a rainfall analysis program. 
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installed in common areas and parks where appropriate, and can be designed to meet the flow 
duration criteria.  Combinations of bioretention and surface ponds can be used.  Exhibit A in 
Appendix E summarizes soil physics, soil moisture and its influence on sizing bioretention 
facilities.   

One other interesting finding is that the normalized Capture Volume, and to some degree the 
Total Volume, should be about the same regardless of BMP type or project size.  That is, the 
storage volumes reflect the difference between the pre- and post-developed runoff volume, 
which is the same regardless of how one plans to manage this quantity.  A basin-type 
hydromodification control measure requires the least amount of land area because it contains 
100% stormwater storage.  Any measure that replaces stormwater storage with soil must 
require more land area to achieve the same outcome.  This additional land area can be 
calculated using the basin results and the physical properties of the soil to be used.   

The above discussion does not mean to imply that bioretention and similar facilities are not 
beneficial.  Any BMP that can reduce the amount of stormwater runoff entering the stream 
systems is beneficial.  Bioretention swales, rain gardens, planter boxes, green roofs, etc. can 
reduce the quantity of stormwater runoff from impervious surfaces.  The advantage of 
bioretention type facilities is that they can be placed in common areas or at individual homes 
where open water storage may not be appropriate, or where vector control issues are of 
particular concern.   

Depending on each development, the more cost-efficient solution for hydromodification 
management is likely a combination of bioretention-type facilities within the development 
and a surface storage basin at the end-of-pipe meeting the flow duration criteria before 
discharge to the receiving stream.  Bioretention facilities with stormwater volume reduction 
can reduce the size, or depth, of the flow duration facility.  This facility can be designed as a 
multi-purpose facility – e.g., a community park; they can even address flood control with 
proper design.   

Vegetated Filter Strips and Swales: Vegetated filter strips and swales are vegetation-lined 
channels that provide water quality benefits in addition to conveying stormwater runoff.  
Swales can provide some minor volume reduction, but are not very efficient for 
hydromodification because there is generally no surface storage to retain stormwater for 
infiltration.  Swales with storage would be called bioretention facilities.  
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2 SIZING AND DESIGN PROCEEDURES  
This section discusses the sizing and design procedures required to meet the flow duration 
criteria.  Project proponents can use one of two methods to size and design 
hydromodification control facilities: 1) perform a hydrologic and flow duration analysis, or 
2) use the design charts provided herein.   

The design charts are based on matching the flow duration curves from un-urbanized land in 
the Laurel Creek/Soda Springs watershed using local infiltration rates and stream channel 
resiliency.  The example projects discussed in Section 3 of this appendix illustrate these 
procedures.   

 

2.1    Method 1 – Hydrologic and Flow Duration Analysis 
The hydrologic and flow duration approach involves: 1) simulating runoff from pre- and 
post-project conditions using a continuous rainfall approach (30 to 50 years in length); 2) 
generating flow-duration curves at select discharge points; and 3) designing a volume- and 
flow-control facility such that when the post-development time series of runoff is routed 
through the facility, the discharge pattern matches the pre-development flow-duration curve.  
Parameterization of the hydrologic model would be set-up by using calibrated values, where 
appropriate, from the HEC-HMS model developed for the HMP.  Appendix E (Exhibit B) 
provides an outline of the procedure used to design a flow control facility.  Appendix C 
provides a detailed explanation of the modeling process, calibration and parameters used.   

The volume and flow control facility is essentially a detention/retention basin that diverts and 
retains a certain portion of the runoff.  The portion to be retained is the increase in surface 
runoff created by adding impervious surfaces, or compacting soil.  This captured volume 
must be infiltrated or released at a fraction of the receiving stream’s threshold for bed 
mobility (i.e., Qcp), and/or diverted to a safe discharge location or storage for reuse.   

As shown in Figure D-1, the flow duration basin is conceptualized as having two pools, a low 
flow pool (Zone A) and a high flow pool (Zone B).  The low flow pool is designed to hold 
the “capture volume” (i.e. the difference in volume of runoff between the pre- and post-
development conditions).  Zone A will capture small storms that typically do not produce 
runoff from undeveloped lands, the initial portions of larger storms, and dry weather flows.  
The high flow pool is designed to detain and release higher flows to maintain the pre-project 
flow duration curves.  The flow duration basin can also serve as a stormwater treatment 
facility and can be designed to treat dry and wet weather flows using a combination of 
extended detention and natural treatment processes.   

The flow duration basin is sized using an iterative process of adjusting basin storage as well 
as selecting and adjusting the outlet structure.  A stage-storage-discharge relationship is 
defined for the design under consideration.  The 30 to 50-year time series of post-
development runoff is routed through the facility and the stored volume and discharges are 
computed for each time increment (i.e., In-Out = Δ Storage), according to the routing 
methodology defined in Hydraulics, A Guide to the Extran, Transport and Storage Modules 
of the USEPA SWMMM4 (1988).  Outflow can take the form of infiltration, 



Appendix D – DESIGN GUIDANCE FOR HYDROMODIFICATION CONTROL 
MEASURES 

GeoSyntec Consultants 5 1/29/2009 

evapotranspiration, flows <Qcp, diversions, weir and overflow.  A wide range of outlet 
design styles are possible: weirs, orifices, sand filters, risers, etc.   

Figure D-1.  Conceptualized Configuration of Flow Duration Basin  

 

The low flow pool (Zone A) is sized to capture the increase in runoff volume.  This capture 
volume is dependent on the project’s percent imperviousness, soil type and infiltration rates.  
While the lower pool is sized to capture the correct volume of runoff, the upper pool is sized 
to detain and discharge larger flows through an outlet structure in such a way as to reproduce 
the pre-project flow duration curve.   

In the Laurel Creek/Soda Springs watershed: 

a) The normalized capture volume ranges from 0.6 inches at 25% imperviousness to 1.5 
inches at 75% imperviousness.   

b) The normalized total required flow duration basin volume ranges from 1.25 inches at 
25% imperviousness to about 3.0 inches at 75% imperviousness.   

Figure D-5 illustrates these results and is discussed in more detail later in this report.  Exhibit 
B (Appendix E) provides a detailed description of the flow duration basin design process.  
Exhibit C (Appendix E) provides a summary of site evaluations and percolation tests that are 
required for proper design and sizing of infiltration type facilities.   

2.1.1 Selection of Precipitation 
For continuous simulation modeling for the FSURMP HMP, project proponents should use 
the hourly precipitation record prepared for the hydrologic modeling described in Appendix 
C.  This record, available by request from FSURMP, was based primarily on hourly rainfall 
recorded at the Fairfield NNE gage near the Laurel watershed between 1942 and 2004, using 
data from several other locations to adjust and calibrate the record, and to fill in several data 
gaps. 

Overflow 
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2.1.2 Selection of Infiltration Rates 
Soils in the Fairfield-Suisun area have been defined as Class “C” and “D” soils, with mostly 
“C” soils in the area where future urbanization is likely to occur (Bates, 1977).  Although the 
percolation rate varies from 0.05 to 0.54 inches per hour, the model-calibrated percolation 
rate in areas where urbanization is most likely to occur is 0.27 inches per hour.  
Hydromodification control facility sizing results have been generated for percolation rates of 
0.05, 0.27 and 0.50 inches per hour to allow adaptation in areas of varying infiltration rates.   

Infiltration is the rate at which stormwater enters the upper soil layer.  Percolation is the rate 
of water loss from the soil surface layer to deeper layers.  The percolation rate is used as the 
rate of infiltration to underlying soils for all hydromodification control facility sizing.   

Because infiltration/percolation are such important factors in the effectiveness of 
hydromodification control facilities, percolation tests must be conducted where the facility is 
to be located to measure actual percolation rates for design.  Exhibit C in Appendix E briefly 
summarizes the requirements for percolation tests.   

2.1.3 Selection of the Low Flow Discharge Rate (Qcp) 
The critical flow for stream bed (and/or bank) mobility (Qc) is the threshold flow that creates 
an applied hydraulic shear stress equal to the defined critical shear stress for the channel 
boundary (the point at which the bed and/or bank material begins to mobilize).  The defined 
critical shear stress is based on either bed material or bank material, but varies depending on 
the density of vegetation.  Qc is an in-stream, allowable low-flow criteria that cannot be 
exceeded, (if the stream is to be protected from response to hydromodification) when all sub-
areas, including all individual projects or portions of projects, are contributing flow to the 
stream.  Qcp is the fraction of Qc that is proportioned to each project within the watershed 
and is done to allow project proponents to achieve flow duration control more easily, and to 
avoid cumulative effects.   

It is important to note that Qc and Qcp represent local conditions; i.e., the resilience of the 
receiving stream.  Selecting too high a value for Qcp could concentrate cumulative 
stormwater discharges above the critical flow and exacerbate erosion problems.   

For Laurel Creek, Qc has been estimated for each of the cross sections under study.  Table D-
1 summarizes the estimated critical flow for two critical shear stress values: 1.0 lbs/sq-ft and 
0.32 lbs/sq-ft.  The high critical shear stress represents the existing condition where the 
channel is densely vegetated.  The lower critical shear stress value represents the bare soil 
condition.  The existing condition with dense vegetation is used for all analyses and 
hydromodification control facility sizing.  A vegetation management plan would be prudent 
to maintain this condition indefinitely.   
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Table D-1.  Estimated Critical Flow and Percent of 2-Year Peak Flow 

Location Slope 2-Year 
Peak Flow

Critical Shear Stress = 
1.0 lbs/sq-ft 

Critical Shear Stress = 
0.32 lbs/sq-ft 

   Qc  % of 2-year peak Qc  % of 2-year peak 
  (cfs) (cfs) (%) (cfs) (%) 

SS80 0.006 62 46 74 12 19 
SSGC 0.008 101 41 40 7 7 
LCGC 0.007 176 43 24 10 6 
LCMC 0.009 280 40 14 6 2 

Mean Values  38  9 
2-year peak flows estimated from continuous hydrologic model and not a traditional design storm approach.  Qc was 
estimated using normal flow hydraulics at each surveyed cross section.  Qc was estimated for the central portion of the 
channel and not on average channel hydraulics.   
 

For management purposes and ease of implementation the Qc must be generalized and 
related to the 2-year peak flow.  This allows developers and their engineers to determine the 
low-flow discharge from a project area where the effects of hydromodification (for flows 
greater than this) become important and must be managed.   

Generalizing the results in Table D-1, Qcp for project management is selected to be 20% of 
the pre-project 2-year peak flow under the existing conditions of a densely vegetated 
riparian corridor.  A percentage of 20% is based on recommendations by the SF RWQCB.  If 
Qcp were based on soil properties alone (without vegetation), it would be 10% of the 2-year 
peak3.  Note that 2-year peak flows were determined from the continuous flow results 
computed by the calibrated hydrologic model (HMS) and not by a design storm approach.   

The importance of Qcp in sizing hydromodification control facilities varies depending on the 
local soil infiltration rates.  Qcp is important when local soils are clayey soils.  Because Qcp 
and infiltration are the only means of discharging the increased runoff volume, their relative 
values determine which is the controlling factor in sizing control facilities.  Both infiltration 
and Qcp are applied in the sizing charts herein.   

 

2.2    Method 2 –Sizing Charts 
Method 2 involves using sizing charts for projects (or portions of projects) up to 60 acres.  To 
test the effects of drainage area on the results, the hydrologic and flow duration methodology 
was applied to projects of 2-acres, 20-acres, and 57.6 acres; with imperviousness ranging 
from 0% to 100%.  This approach has not been verified for projects greater than 60 acres 
(though larger projects could use this method by dividing the project into multiple drainage 
areas of less than 60 acres).  Sizing charts provided herein were derived using local 
precipitation, soil type, and receiving stream information in Laurel Creek and Soda Springs.  
Results are based on the critical shear stress assumptions described above. 

                                                 
3 This is similar to the value that SCVURPPP chose to use in their HMP, as many of the streams in that area 
have already been significantly impacted by hydromodification and have lost the protective vegetative cover. 
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Sections 2.2.1 through 2.2.5 present the standard sizing charts describe the design process.  
Section 2.2.6 summarizes the sizing procedure in a step-by-step outline to allow for ease of 
implementation. 

2.2.1 Sizing Hydromodification Control Facilities 
This method is used for two types of volume and flow control: 1) a flow duration control 
basin and 2) a bioretention facility.  The flow duration control basin provides above ground 
storage of stormwater, whereas the bioretention facility has a portion above ground and a 
portion sub-surface.  Note that these designs DO NOT account for flood control 
requirements.  However, flow duration basins can be adapted to meet appropriate peak flow 
controls specified by local flood control agencies.  If flood control and hydromodification 
control facilities are combined, the resulting basin must meet both flood control and 
hydromodification control standards (i.e. one regulation does not supersede the other).   

Though there are a large number of possible configurations for the flow duration basins, 
some features were held constant to prepare the sizing charts.  Depths are limited to 3-feet to 
6-feet so that these BMPs can be integrated into multi-purpose community facilities and/or 
landscaping areas.  The outlet structure is limited in type and size, and held constant as much 
as possible to facilitate adequate outlet design by others.   

The easiest way to convey the modeled facility configuration is to illustrate the design 
pictorially.  Figure D-2 presents an illustration of the flow duration basin designed to match 
the flow duration curves from undeveloped lands.  The basin has a width and length that 
varies by project size and percent imperviousness.  The basin has 2:1 side-slopes and a 
constant depth at 3-feet.  Infiltration occurs everywhere the surface is inundated.  In this 
example, the high flow weir is 6 feet wide and 6-inches deep, and contains a 6-inch by 6-inch 
notch.  The bottom 2 feet of the basin represents Zone A (the capture volume), whereas the 
top 1 foot represents Zone B, the flow duration matching volume.   

 
Figure D-2.  Illustration of Flow Duration Basin 

 

3-feet 
deep 

Width 

Length 

Infiltration 

Qcp Weir Opening 
6-ft wide by 6-in deep 
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Figure D-3 presents an illustration of a bioretention facility designed to match the pre-project 
flow duration characteristics.  The basin has a width of 10-feet overall and a length specified 
in the sizing process (Area is provided in sizing charts).  The basin has 4:1 side-slopes and a 
surface water depth of 12-inches at its middle section.  Considering the side-slopes, the 
average water depth is 7.2-inches.  The high flow weir is 1-foot wide and 6-inches deep.   

The bottom 24-inches of the basin are filled with soil.  The selected hydraulic conductivity of 
this media for the design charts is 1.5 in/hr (3 ft/day).  The rate at which water percolates 
through this media increases as ponding occurs on the surface according to Darcy’s Law.  
The representative capture volume is the volume below the crest of the weir.  Exhibit A in 
Appendix E summarizes soil physics, soil moisture and its influence on sizing bioretention 
facilities.   

 

 
Figure D-3.  Illustration of Bioretention Facility 

 

2.2.2 Normalized Sizing Charts 
Figures D-4 through D-8 provide the sizing charts generated from the Fairfield-Suisun HMS 
model.  Figures D-4 and D-5 summarize the volume requirements and Figure D-6 
summarizes the area requirements for hydromodification management.  Figures D-7 and D-8 
provide additional details for basin design. 

Figures D-4 and D-5 provide the resulting Capture Volume and Total Volume sizing charts 
for hydromodification management in the Fairfield-Suisun area.  These curves provide 
results using a drainage area of 60 acres.  It should also be noted that the drainage area is the 
same for both pre and post-developed conditions.  In other words, the BMP is placed outside 
the drainage area, which is held constant.   
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Curves are provided for three infiltration rates (or more correctly percolation rates) observed 
in the Fairfield-Suisun area; and are based on using 20% of the 2-year peak flow criterion 
(for Qcp).  Exhibit C (in Appendix E) describes the percolation tests required for proper 
selection of the sizing curve.  For intermediate infiltration rates, interpolation between curves 
is acceptable.   

These facilities are predicted to have 2 to 3 overflow events within the 56-year period of 
record used in the analysis.  The design engineer will be required to show that these large 
flood events will not cause local flooding and property damage, and that discharges will meet 
all local flood control requirements.   

Using a project’s estimated percent imperviousness, a project proponent multiplies the Unit 
Storage requirements from Figure D-4 and D-5 times the total project area to derive the total 
required stormwater storage volume and capture volume for BMP design.  For example, a 
project with 60 percent imperviousness and an infiltration rate of 0.27 in/hr; requires 1.3 
inches of capture volume and 2.6 inches of total stormwater storage per unit area of 
catchment draining to the basin.   
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Figure D-4   Required Capture Volume for Hydromodification Management Measures
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Figure D-5   Required Total Volume for Hydromodification Management Measures
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AREA REQUIREMENTS 

Control facilities designed to address hydromodification require separate Area sizing charts.  
A deeper basin will result in smaller surface area requirements.  Area can be adjusted 
between 2 and 6-feet deep as long as the capture volume and total volume remain as 
specified above.   

Figure D-6 provides the Area requirements for hydromodification management for the three 
infiltration rates under study.  Both the Area requirements for a flow duration basin (100% 
water storage) and a bioretention facility are provided.  Area requirements for a FDC basin, 
based on 3-feet deep facilities, range form zero up to 11% depending on percent 
imperviousness and infiltration rates.  Area requirements for a bioretention facility ranges 
from zero to 19%.   

Using a project’s estimated percent imperviousness and control type, a project proponent 
multiplies the Unit Area requirement from Figure D-6 times the total catchment area to 
derive the total required land area for flow duration control.  For example, a project with 60 
percent impervious requires the equivalent of 7.4% of the catchment area for 
hydromodification management.   

( ) ( )acresreaCatchmentAacresaControlAre ⋅= %4.7  

Figure D-6 also provides sizing curves for a bioretention facility.  The flow duration basin is 
3-feet deep with 2:1 side-slopes, while the bioretention facility is 10-feet wide overall and 
has 4:1 side-slopes.  Excluding the underlying filter outlet for Qcp discharges, the 
bioretention facility is also 3-feet deep.  Also, these sizing results for a bioretention facility 
are based on using a drainage area of 2-acres and shouldn’t be extended to areas much larger 
than this (perhaps up to 4 acres would be OK).   

The difference between areas for the two BMP types is a consequence of the amount of sub-
surface water storage in the soil matrix.  In other words, we have filled a large percentage of 
the BMP volume with soil sacrificing some storage to the soil mass.  The remaining total 
storage is the porosity, which ranges from 38% to 55% depending of soil type.  However, 
10% to 40% is held in the pores of the soil matrix by capillary forces (the so-called sponge 
effect) and does not drain by gravity.  The sponge is referred to as the field capacity and can 
only be dried by evapotranspiration.  Winter time evapotranspiration rates range from 1 to 2 
inches per month and is much less than the infiltration rates used in the sizing.  As a 
consequence, ET from the soil matrix is assumed to be negligible.   

The only portion of the soil column emptied between storms is the free draining portion 
(porosity – field capacity).  In the sizing of the bioretention facility, we have assumed that the 
soil column only has 20% pore space as free draining storage available from storm to storm 
during the winter season.   
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Figure D-6   Area Requirements for Hydromodification Management Facilities
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2.2.3 Determining the Outlet Structure Configuration 
Many outlet configurations and basin sizes are possible, which makes it difficult to 
standardize the outlet design.  To assist developers and agency personnel, the sizing charts 
have been based on a constant outlet configuration, as much as possible.  These outlet 
designs must be reproduced in order to achieve the correct flow control.   

The low flow discharge (Qcp) can be controlled by an orifice hole in a headwall or by using a 
sand filter and perforated pipe design.  Any other design that controls the low flow discharge 
to below Qcp would be acceptable, provided adequate demonstration is made that the orifice 
design meets this requirement.  Figure D-2 illustrates the orifice low-flow outlet.  Figure D-3 
illustrates the sand filter outlet.  The orifice is sized so that it discharges Qcp at maximum 
water depth.  The sand filter area is sized so that the discharge into the perforated pipe is 
equal to Qcp.  The rate at which water passes through the soil matrix is defined by Darcy’s 
Law.  Once the filter size is determined, it is held constant while the bioretention area is sized 
accordingly.  In the examples used to derive the sizing charts, an orifice hole was applied for 
20-acre and above projects.  The 20-acre project has a 4-inch diameter orifice, while the 60 
acre project has a 7.5-inch orifice.  For 2-acre projects using the bioretention facility, the rate 
at which water passes through the soil times the horizontal area is used to control the low 
flow discharge.  The perforated drain pipe is not the controlling factor.   

The weir outlet is designed so that its crest occurs at the top of Zone A, the capture volume; 
and is used to discharge the high flow pool.  The geometry of the weir outlet shall be as 
shown in Figure D-7 and shall be capable of discharging the 10-year peak flow4.  For project 
sizes in between the ones shown in Figure D-7, weir dimensions may be interpolated. 

2.2.4 Selecting the low-flow discharge rate (Qcp) 
Qcp is the maximum rate at which the capture volume of the hydromodification control 
facility can be released to the receiving stream without inducing erosion.  As described in 
section 2.1.3 above, we have defined Qcp to be 20% of the 2-year flow, as calculated using 
the continuous model, based on the test study results in the Laurel Creek watershed.  Because 
the use of the sizing charts does not require the development of a continuous model for 
facility sizing, we provide an alternate method of estimating the 2-year flow, as shown in 
Figure D-8.  This figure shows 2-year peak flow as a function of project size and infiltration 
rate.   Note that the flows shown on Figure D-8 are based on continuous modeling, and 
therefore may not be the same with design storms or other methods to produce a 2-year 
storm. 

2.2.5 Resulting Flow Duration Curves for Sizing Charts 
Exhibit D in Appendix E provides the resulting flow duration curves generated when 
developing the Sizing Charts.  These figures show flow duration curves for the pre- and post-
project runoff and the resulting post-project runoff with controls.   

 

                                                 
4 As described above, the outflow from the project may need to meet both flood control and hydromodification 
control standards. 
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Figure D-7.  Example Basin Outlet Configurations
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Figure D-8.  Two-year peak flow as a function of catchment area and infiltration rate.  
Qcp for the FSURMP HMP is defined as 20% of the 2-year pre-project peak flow.   
 
 

2.2.6 Summary of sizing chart design procedure 
 
This section summarizes the process for designing hydromodification control facilities using 
the sizing charts provided above. 
 
Step 1:   Delineate the total catchment area draining to the proposed 

hydromodification control facility, and determine the percent of the area 
planned to be covered by impervious surfaces (streets, walkways, rooftops, 
compacted earth, etc.)5.   

   
Step 2:   Estimate the average infiltration rate of the soils within the catchment.  For 

initial planning purposes, the soil properties listed in USDA soil survey are 
appropriate.  However, these estimates must be tested in the field, following 

                                                 
5 Total catchment area includes the area planned for the hydromodification control facility.  For example, if an 
entire 10-acre project is planned to drain to a single flow duration basin, use 10 acres as the total catchment 
area.  The resulting basin, then, would be incorporated into the 10-acre project.  
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Solano County percolation test guidelines (see Appendix E, Exhibit C for 
summary), and adjusted as necessary for preparation of final designs.   

 
Step 3:   Using Figures D-4 and D-5, determine the required “capture volume” and 

“total volume” of the hydromodification control facility for the infiltration 
and percent imperviousness of the catchment area. 

 
Step 4:   If designing a flow duration basin, use Figure D-6 to determine the area 

requirements for the flow duration basin.  These area requirements assume a 
total depth of three feet, with 2:1 side-slopes, and can be applied to 
catchment sizes between one and sixty acres.  See section 2.2.1 for design 
requirements.   

 
Step 5:   If designing a bioretention facility, use Figure D-6 to determine required 

area.  Bioretention basins are limited to catchment areas less than or equal to 
4 acres.  These area requirements assume a depth of surface ponding (below 
the weir outlet) of one foot, two-feet of amended soil, and 4:1 side-slopes.  
See section 2.2.1 for specific design requirements. 

 
Step 6:   Slight modifications can be made to the standard designs, making 

adjustments in length, width and depth.  However, the resulting facility must 
maintain the capture and total volume as determined in Step 3. 

 
Step 5:   Design outlet structure using standard configurations shown in Figure D-7.  

For project sizes between those shown in Figure D-7, interpolate the 
required outlet dimensions. 

 
Step 6:   Estimate the non-urbanized two-year peak flow from the project site using 

Figure D-8.  Calculate Qcp as 20% of the 2-year peak flow, and design the 
low-flow outlet to discharge no greater than this rate at maximum ponding 
depth.   

 
Step 8:   Summarize results in a table, including area of project draining to facility, 

the percent imperviousness of the project area, the “capture” and “total” 
volume required for hydromodification control, the type of control facility, 
and the dimensions of the facility and the outlet structure.  Supply maps and 
diagrams showing the location of the proposed facility, the contributing 
drainage area, and facility design (including outlet structure).   

 
 



Appendix D – DESIGN GUIDANCE FOR HYDROMODIFICATION CONTROL 
MEASURES 

GeoSyntec Consultants 19 1/29/2009 

3 EXAMPLE PROJECTS 

3.1 Example project for a large Hydromodification Basin 
This example highlights the sizing process for a 57.6 acre project, consisting of primarily 
residential development.  This example reflects the anticipated urbanization within the 
upper Soda Springs/Laurel watershed, and could be used for planning a regional 
hydromodification basin in that area.  This area has been described in Appendix C and is 
part of the overall calibrated hydrologic model (Sub-catchment 11).  Future development 
is assumed to be residential with 56 percent as impervious surfaces.  The soil deep 
infiltration rate is 0.27 inches per hour and is used for the hydrologic calculations as well 
as the basin sizing.  The 2-year peak flow, as determined from the continuous model 
results6, is 3.44 cfs and therefore Qcp is estimated to be 0.69 cfs (i.e., 20% of the 2-year 
peak flow).  The 10-year peak flow is estimated to be 9 cfs.   

Table D-2 lists the resulting flow duration basin Area and Volume requirements, as well 
as the Unit Area and Volume.  Results are provided for a 3-foot deep and 6-foot deep 
basin.  The capture volume and total BMP volume are 5.9 acre-feet and 11.6 acre-feet 
respectively.  The required land area is 4.0 acres assuming a 3-foot deep storage basin 
and 2.1 acres assuming a 6-foot deep basin.  Side-slopes are 2:1.  This is equivalent to 7% 
and 3.5% of the project area (with 57.6 acres) dedicated to stormwater management 
facilities, respectively.   

 

Table D-2.  Summary of Basin Sizing for 57.6 acre Development 
Unit Volumes Basin Dimensions 

Capture Vol. Total Vol. Depth Area Capture Volume Total Volume 
(Inches over catchment) (feet) (acres) (ac-ft) (ac-ft) 

1.22 2.42 3 4.0 5.86 11.62 

  6 2.1 5.86 11.62 

 

Table D-3 summarizes the outlet configuration and dimensions derived when sizing the 
flow duration basin for flow duration control.  The outlet consists of a weir and orifice 
hole as described previously.   

Figure D-9 presents the resulting flow duration curves for the existing (pre-project), 
future and future with FDC scenarios.  The existing condition has about 2000 total hours 
of runoff, and the future condition is predicted to increase the total to 10,000 hours or 
more.  High flows under existing conditions are about 15 cfs while under future 
conditions the maximum flow increases to about 22 cfs. 

 
                                                 
6 Peak flows were determined from a flood frequency distribution for all runoff events in the period of record using the 
continuous model results and the plotting position method.   
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Table D-3. Outlet Configuration and Dimensions for 3-Foot Deep Basin 
Weir Dimensions Orifice Dimension 

Crest Elevation Length Invert Diameter Qcp 
(ft) (ft) (ft) (inches)  (cfs) 
1.5 1    
2.0 2 0 3.75 0.69 
2.5 8    

 

This figure also shows the effect of allowing Qcp.  The post-project with FDC curve 
exceeds the existing curve for flows less than Qcp.  This part of the curve reflects the 
portion of stormwater captured but released at rates less than Qcp.   
 

FDC BASIN FLOW DURATION RESULTS
Soda Springs 57 Acre Development, 56% Imperviousness, Infiltration = 0.27in/hr 
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Figure D-9.  Resulting Flow Duration Curves for 57 Acre Development in the Soda 
Springs Watershed 
 

Figure D-10 illustrates the difference between the pre- and post-project (with 
hydromodification control) flow duration curves.  The post-project with 
hydromodification control curve shows a close match to the existing curve, being under 
the existing curve for flows greater than Qcp.  A small exceedance is allowable as 
defined by the “Goodness-of-fit” definition.  Note that the number of Bin’s selected when 
generating the histograms and flow duration curve (frequency distribution) is set to 100 
and is best to keep this Bin number constant between land cover scenarios.   
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Figure D-10.  Goodness-of-Fit Comparison for Pre- and Post-Development with 
Flow Duration Control BMP Installed 
 

3.2 Sizing Results for a 2-Acre Catchment using Bioretention 
This example is for a small, 2-acre catchment, using three different estimates of 
imperviousness—25%, 50%, and 75%.  Table D-4 lists the resulting bioretention Area 
and Volume requirements.  The 2-year peak flow, as determined from the continuous 
model results7, is 0.15 cfs and therefore Qcp is estimated to be 0.03 cfs (i.e., 20% of the 
2-year peak flow).  The 10-year peak flow is estimated to be 0.5 cfs.   

Table D-4.  Summary of Bioretention Sizing for 2-acre Development 
Unit Volumes Bioretention Dimensions 

Capture 
Vol. 

Total 
Vol. Area Capture 

Volume Total Volume 
Percent 

Imperviousness 
(inches over catchment)  (acres) (ac-ft) (ac-ft) 

25 0.62 1.25  0.16 0.10 0.21 
50 1.12 2.25  0.28 0.19 0.38 
75 1.50 3.05  0.32 0.36 0.51 

 

                                                 
7 Peak flows were determined from a flood frequency distribution for all runoff events in the period of record using the 
continuous model results and the plotting position method.   
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Note that the Area requirements are about 2 times that for the flow duration basin 
mention above.  The required area for bioretention ranges from 7.8%, 13.8% and 18% for 
development for 25%, 50% and 75% imperviousness, respectively.   

Table D-5 summarizes the outlet configuration and dimensions derived when sizing the 
bioretention facility for flow duration control.  The outlet consists of a weir and 
infiltration through soil as described previously.   

 

Table D-5. Outlet Configuration and Dimensions 

Weir Dimensions Under Drain Dimensions 

Length Crest Depth Width Length Depth K 

(ft) (ft) (ft) (ft)  (ft) ft/day 
      
1 0.5 2 250 1.5 3 
      

 

Figure D-11 presents the flow duration curves for existing (pre-project), future and future 
with FDC scenarios.  The existing condition has about 1400 total hours of runoff, and the 
future condition is predicted to increase the total to 5,000 hours.  High flows under 
existing conditions are about 1.6 cfs while under future conditions the maximum flow 
increases to about 5 cfs (not shown).  In this example, there are no exceedances of the 
undeveloped land.  The curves do show the exceedance below Qcp, which increases the 
total hours of flows in the channel to 11,000.   

Figure D-12 illustrates the difference in the resulting flow duration curves.  In this case, 
there is No exceedance of the pre-project curve for flows between the 10-year peak flow 
and the project Qcp.  It would be possible than to shave a small amount off of the 
bioretention area and re-run the analysis until a small amount of exceedance occurs as 
allowed under the Goodness-of-Fit test.   



Appendix D – DESIGN GUIDANCE FOR HYDROMODIFICATION CONTROL 
MEASURES 

GeoSyntec Consultants 23 1/29/2009 

BIORETENTION FLOW DURATION RESULTS
2 Acre Development, 75% Imperviousness, Infiltration = 0.27in/hr 
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Figure D-11.  Resulting Flow Duration Curves for 2-Acre Development with 75% 
imperviousness using Bioretention 
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Figure D-12.  Goodness-of-Fit Comparison for Pre- and Post-Development with 
Bioretention BMP Installed 
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EXHIBIT A 

TO: SCOTT BROWN 
 BALANCE HYDROLOGICS 

FROM: GARY PALHEGYI 
 GEOSYNTEC CONSULTANTS 
 

SUBJECT: MODELING OF BIORETENTION BMPS FOR 
HYDROMODIFICATION 

DATE: APRIL 10, 2006 

 

This exhibit outlines GeoSyntec’s understanding of soil and plant physics as it relates to 
evapotranspiration and modeling of bioretention facilities for hydromodification.  This 
understanding led to the choices GeoSyntec made while modeling the bioretention facility for 
hydromodification management and preparation of the Area Requirement Charts.  
Bioretention and other similar BMPs constructed with soil and plants will generally follow 
these conditions. 

Bioretention areas are vegetated depressions that provides storage and pollutant removal by 
filtering stormwater through the vegetation and soils.  Pore spaces and organic material in 
soils help retain water in the form of soil moisture and promote adsorption of pollutants.  
Plants utilize soil moisture and promote drying of soil through transpiration.  However, 
winter time evapotranspiration (ET) rates are very small such that the component available to 
plants (field capacity) is rarely dried out between storms (average of 10 to 12 days between 
storms in Bay Area).  For this reason, stormwater modelers often neglect ET.   

Because the available capacity of stormwater storage in the soil is small, the first storm of the 
season is likely to fill any available field capacity following summer and fall.  If plants are to 
be kept alive during the summer, property owners must irrigate these areas, so field capacity 
will already be partially full and above the wilting point.  Generally, it’s the free draining 
portion of soil (porosity – field capacity) plus a tiny bit of field capacity (winter ET) that 
provides storage for subsequent storms.  As a result, GeoSyntec is finding that bioretention 
facilities must be 2 to 3 times larger1 than the basin type facility (flow duration or infiltration 
basin) in order to achieve the same volume reductions and flow control.   

One other interesting finding is that the normalized Capture Volume, and to some degree the 
Total Volume, should be the same regardless of BMP type or project size.  That is the capture 
volume represents the difference between the pre- and post-developed flow duration curves, 
which is the same regardless of how one plans to manage this quantity.  A basin type BMP 
requires the least amount of land area because it contains 100% stormwater storage. Any 
BMP type that replaces stormwater storage with soil must require more land area to achieve 

                                                 
1 This of course depends on the depth of surface water storage and the depth of soil used in the BMP.   
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the same outcome.  This additional land area can easily be determined by proportion using 
the basin results and the physics of soil.   

GeoSyntec does not mean to imply that bioretention and similar facilities are not beneficial.  
Any BMP that can reduce the amount of stormwater runoff entering our stream systems is 
beneficial.  Bioretention swales, rain gardens, planter boxes, green roofs, etc. can reduce the 
quantity of stormwater runoff from impervious surfaces.  The advantage of bioretention type 
facilities is that they can be placed in common areas or at individual homes where open water 
storage may not be appropriate.   

Depending on each development, the more likely solution for hydromodification 
management is a combination of bioretention type facilities within the development and a 
surface storage basin, flow duration basin, at the end-of-pipe meeting the flow duration 
criteria before discharge to the receiving stream.  The bioretention facilities would reduce the 
size, or depth, of the flow duration facility, which could be designed as a multi-purpose 
facility – e.g., a community park.   

 

SOIL PHYSICS 
The figure below helps illustrate the proportions of water storage in a column of soil and the 
mechanism by which this water is lost.  The range of values presented represents different 
soil and plant types. 

Soil Porosity: The amount of open-space, or voids, in the soil matrix that can be filled with 
water.  The porosity of a BMPs soil represents the total amount stormwater storage possible.   

Field Capacity:  The field capacity of soil is the amount of water that is retained in the soil 
column by capillary forces and adhesion to minerals and cannot drain from the soil.  This is 
the portion often referred to as the sponge.  This portion does not drain as percolation to the 
underlying soils, but can only be depleted by ET.   

Wilting Point:  The wilting point is a measure of soil moisture below which plants will die.  
If soil moisture drops below this level capillary forces are greater than the plants ability to 
draw moisture from the soil and as a result plants cannot obtain this water for transpiration.   

The difference between total amount of storage possible (Porosity) and the Field Capacity 
drains by gravity as percolation and is too rapid for plant use.  The difference between Field 
Capacity and the Wilting Point is that portion of water available for plant uptake and ET.  
This portion is defined as the plant Available Water Capacity (AWC).  Water at and below 
the wilting point is too difficult for plants to extract.   

In summary, starting at saturation: 

1) 20% to 28% of the total water stored at saturation drains as percolation to underlying 
soils (Porosity – Field Capacity).  This is the modeled percolation rate and is usually 
the same as the developing area percolation rate.   

2) 10% to 35% makes up the so-called SPONGE; i.e., Field Capacity.   

3) 5% to 15% can be removed by evapotranspiration (AWC) 
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4) 5% to 20% can be removed by evaporation.  This portion can be lost to the 
atmosphere by heating of the soil surface by the sun and drying by wind.  This occurs 
after the plants have died.   

Once the soil becomes saturated, water flows through the soil column at the percolation rate, 
or what ever the limiting factor is.   

 
 

EVAPOTRANSPIRATION RATES 
This section briefly summarizes measured evapotranspiration rates at CIMIS stations in the 
Bay Area, which are compared to the percolation rates used in the modeling.   

According to NRCS, percolation rates are around 0.02 inches per hour to 0.20 inches per 
hour for Class “D” soils (no specific location just generally speaking).  According to CIMIS, 
reference Evapotranspiration rates (ETo) for three Bay Area locations in the winter time are: 

 Nov Dec Jan Feb March April Avg 

Suisun Valley 1.41 0.88 0.60 1.34 3.01 4.67 2.0 

Morgan Hill 1.77 0.98 1.22 1.65 3.42 4.84 2.3 

Brentwood 1.76 1.01 0.95 1.75 3.48 5.37 2.4 

 

ETo is a reference evapotranspiration rate that allows agricultural folks to compute the rates 
for specific crops (ETc).  The simplest equation is: 

ETc = Kc ETo 

Porosity (38 – 55%) 
Total Available Storage 

Total soil volume 

Field Capacity (10 – 35%) 
Water held in soil by capillary 

forces. THE SPONGE 

Wilting Point (5 – 20%) 
Water not available to plants 

Soil Mass 

Removed by gravity (percolation) 
Not available to plants 

Plant Available Water Capacity (AWC) 
Removed by evapotranspiration 

Removed by evaporation 
Not available to plants 
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Kc is a crop coefficient that ranges from 0.3 to 1.2 for different crop types; where 1.2 occurs 
in the summer time for high water use crops.  As an example for Bermuda grass (a warm 
season grass), Kc = 0.85.  During the low growing winter season Kc can drop to 0.75.   

 

 Dec Jan Feb 

Bermuda grass 1.02 1.19 1.62 

 

The point is that vegetation ETc rates are around 1.0 to 2.0 inches per month during the low 
growing winter season, and have only minor affects on the modeling results for bioretention 
facilities.  These rates do go up during other months of the year.   

Now how do we convert inches/month to inches/hour for comparison to percolation rates and 
modeling?  Two options are considered here: divide equally throughout period (24 hours a 
day) or divide into day light hours only.  Of course this could be complicated by considering 
cloudy days with no rain, high humidity, less sun, less heat and very little ET.   

 

 24 hours day 11 hours day light 

ETo = 1.0 0.00137 0.00298 

ETo = 1.5 0.00206 0.00447 

ETo = 2.0 0.00274 0.00596 

 
Note that once the soil column becomes saturated, it will stay moist throughout most of the 
winter.  Balance Hydrologic field data shows that about 6.5 inches of rainfall occurred before 
the watershed soils reached saturation and began producing runoff.   

For a BMP example, given 24-inches of soil (bioretention depth) at 30% field capacity 
provides 7.2 inches of sponge water storage, but only 1 to 2 inches can be evapotranspired 
from this portion in a month between Dec through Feb.  GeoSyntec’s rainfall analysis of 
several Bay Area gages shows that storms arrive on average every 10 to 12 days, or in other 
words there are roughly 10 to 12 dry days between storms.  If we get several storms each 
month, the soil's field capacity barely dries out between storms; i.e., about one-third of 1 to 2 
inches per month is evapotranspired between storms on average.   Therefore, the amount of 
soil storage available for stormwater (following the first storm of the year) is the free 
draining portion (15% to 28%) plus one-third of say 2 inches from field capacity.   

Does this mean that stormwater following initial saturation mostly passes through the soil 
column at the percolation rate of the underlying soil?   Probably Yes.  In the modeling done 
for the bioretention facility, GeoSyntec assumed that stormwater stored in the bioretention 
facility is lost to percolation to the underlying soils and as Qcp.   
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Organic Matter (Soil Amendments) 
We also found a paper describing the relationship between Organic Matter and Field 
Capacity and discovered that amending the soil with organic matter may not help BMP 
performance from a hydromodification management point of view.  For example: 

1) Adding organic matter increases Field Capacity. 

2) Adding organic matter to sand can raise it FC from 10% to 30%. 

3) Adding organic matter to silty-loam raises its FC from 25% to 40%.   

If we raise the Field Capacity and the plant AWC, which is good for plants, more water is 
held in the sponge and less stormwater is free draining.  In other words, less stormwater 
drains out the bottom as percolation and more water is held in storage that can only be 
depleted by ETc.  This in affect reduces the soil columns available storage following the first 
storm of the season.   

Would it not make sense to create a sand/gravel mixture so more stormwater is removed at 
the percolation rate of the underlying soils?   

 

PREDICTING THE BENEFITS OF MODELING EVAPOTRANSPIRATION 
A simple analysis can be conducted that illustrates how much larger bioretention facilities 
must be from a basin type facility with and without the affects of evapotranspiration.  For this 
analysis, a comparison is made between a basin having 100% water storage and a 
bioretention facility, where everything is constant between facilities (e.g., depth, percolation 
rate, and Qcp) except that the bioretention facility is partially filled with soil.  The required 
land area will be used to measure differences.   

Consider a 3-foot deep flow duration basin (or infiltration basin); how much land area would 
be required to achieve the same storage (i.e., capture volume)?   

Assume the bioretention facility has the following characteristics: 

• An average of 7.2-inches of water depth2.   

• An average of 24-inches of soil with 25% of free draining storage equals 6.0-inches 
of available storage. 

 
Therefore: 
                                                 
2  A typical bioretention design is 10-feet wide with 12-inch of water depth in the middle but having 4:1 side 
slopes all along its length.  So, 8 out of 10 feet in width averages 6-inches of water depth and 2 out of 10 feet 
average 12-inches.  Thus the result is an average of 7.2-inches.   

36-inches of 
stormwater 

storage 

7.2-in surface water 
storage 

6.0-in free draining 
storage 

36-inches of storage 
becomes 13.2-inches 
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or, for the given sizing scenario: 

Bioretention area = 2.7 times the Basin area 

Next, if we add in ETc at one-third of 2-inches (i.e., 0.67 inches), then 13.2-inches of 
available storage becomes 13.9-inches.  36-in/13.9-in = 2.6, or a reduction in the required 
bioretention area of 4%.  In other words, given the assumptions made herein, the bioretention 
facility area requirement could be reduced by about 4% by incorporating ETc into the sizing 
analysis.   

Note that 2-inches is the winter time average Eto in the Fairfield-Suisun area.  The average 
winter time ETo for Morgan Hill is 2.3-inches, resulting in a 5% reduction in required 
bioretention area for hydromodification management.     

Also note that different design assumptions in terms of shape, depth of water and soil will 
result in different area requirements and reductions due to ETc.   

 

CONCLUSIONS 

We could certainly debate the details, but this simple analysis illustrates the following: 

• The available storage for stormwater in a column of soil is the free draining portion 
plus a small fraction of the field capacity.   

• ETo and ETc rates are 1 to 2 orders of magnitude smaller than percolation rates for 
class “D” soils and 2 to 3 orders of magnitude smaller than class “A/B” soils.   

• During winter, the amount of stormwater removed from the BMP via 
evapotranspiration is roughly one-third of 2-inches.  This water is removed from the 
AWC.   

• Bioretention facilities have 2 to 3 times the area requirements of surface storage 
basins, because a portion of the total storage is filled with soil.   

• Bioretention area requirements can be 4% to 5% smaller by incorporating ETc into 
the sizing method/modeling.   

• For these reasons, modelers often neglect ETc when sizing bioretention BMPs and 
use this assumption as a means to be slightly conservative in specifying normalized 
sizing criteria.   
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EXHIBIT B 

TO: SCOTT BROWN 
 BALANCE HYDROLOGICS 

FROM: GARY PALHEGYI 
 GEOSYNTEC CONSULTANTS 
 

SUBJECT: PROCEDURES FOR SIZING A FLOW DURATION BASIN 

 

DATE: APRIL 10, 2006 

 

 
1. Data file preparation 

a. Need long-term (30 to 50-years) stormwater runoff records for pre- and post- 

development conditions.  These are generated using hydrologic programs, such as 

HEC-HMS, SWMM, and HSPF.  Input to these programs is a long-term precipitation 

record, project area and development information, and soils information, to produce 

a long-term continuous runoff record.  Because the FSURMP HMP applies to a 

relatively small area with annual precipitation variation of only a couple of inches, 

the use of the composite rainfall record (described in Appendix C) is appropriate. 

2. Compute Pre- and Post- Flow Duration Curves 

a. For each of the runoff records, compute a histogram3 and cumulative frequency 

distribution of the hourly runoff values.  Use the post-project record to select 

histogram flow range and Bin increments.  Use consistent increments for the pre-

project flow histogram and the post-project with control measures in place 

histogram.  The post- condition with highest flow defines the maximum flow Bin.   

b. When generating the cumulative frequency distribution it is preferable to begin the 

count with the largest flow Bin proceeding downwards to the smallest value.  The 

cumulative frequency distribution is the flow duration curve.   

                                                 
3 A histogram is a graphical representation of the frequency distribution of a series of data.  The histogram 
provides a visual impression of the shape of the distribution as well as the amount of scatter.  A histogram is 
developed by dividing the range of values in the data set into 100 equal intervals (Bin).  The procedure is to 
count the number of data points that fall into each interval, thereby counting the frequency of occurrence of flows 
with similar magnitudes for each interval.   
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3. Select Initial Estimates for Basin 

a. Area:  set the starting area at ~2% to 7% of the catchment area.  Flow duration basins 

in catchments with clay soils are about 2%, while basin collecting runoff from sandy 

soils can be up to 7%.  This seems to be a reasonable starting point.   

b. Depth:  range from 2 to 6 feet.  The storage of the basin will be determined from the 

iterative analysis; however, local jurisdictions may have limitations on depth of a 

basin.  Depths of 6-feet or more or in excess of 15 acre-feet of storage fall under the 

jurisdiction of the Department of Safety of Dams (DSOD).  Shallow depths may be 

preferred for multi-purpose facilities, such as parks and golf courses.   

4. Select Initial Estimate for Outlet Structure 

a. Start with ONLY a bottom orifice, which is sized to discharge at a maximum rate 

equal to the critical flow rate (Qcp) when the basin is full.  The volume of the initial 

flow duration basin can be approximated by routing post-project flows through this 

basin with the bottom orifice and weir overflow, and then comparing the total 

number of hours of the resulting flow duration curve at Qc to the pre-project curve at 

this flow magnitude.  Adjust the volume of the initial flow duration basin so that 

these curves match in total number of flow hours at Qc.  Increasing the basin storage 

volume moves the flow duration curve to the left.  Decreasing storage volume moves 

the curve to the right.     

b. After adjusting the basin storage volume, then add one orifice at ¾ of the effective 

depth of the basin.  Set the orifice diameter at 6 inches.  The lowest orifice 

corresponds to the lowest arc of the flow duration curve.   

c. After adjusting the basin storage volume and adding the first orifice, then add a 

second orifice at ⅞ of the effective depth of the basin.  The combined first and 

second orifice corresponds to the second arc of the flow duration curve, and 

represents the combined flows.  

d. Increasing the lower orifice diameter will adjust the slope and curvature of the lowest 

arc of the flow duration curve.  Increasing orifice diameter increases the range of 

flow magnitude that can be discharged through this orifice, which shifts the arc 

upwards.  Decreasing orifice diameter reduces the lowest arc. 
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e. Increasing or decreasing orifice elevation shifts the transition point between arcs 

along the flow duration curve.  Increasing the elevation moves the transition point 

left and upwards, while decreasing the elevation moves the point right and 

downwards.   

f. Increasing storage volume also helps match the curve in the upper high flow range.  

In most cases, the facility can be sized so that a small amount of overflow occurs 

during infrequent large flows.   

g. Refinements should be made in small increments and performing one change at a 

time.  It is best to begin with sizing the storage volume and then adjusting the 

number/size of the lowest orifice to match the lowest part of the flow duration curve 

first.  Then proceed upwards by adding and adjusting the next highest orifice 

discharges to match the remaining portion of the flow duration curve.   

5. The range of discharge capacity should approx. match the range of pre-urban discharge 

a. Orifice diameters should be selected such that the range of flows, given the range of 

hydraulic head on the orifice, approximates the range of flows discharging from the 

site under pre-project conditions.   

6. Stage-Discharge Relationship 

a. The stage-discharge relationship is defined by the sum of all the outflows from the 

basin.  Discharge by infiltration through the wetted bottom of the basin, through a 

small orifice discharging at the critical flow rate (Qcp) and through the outlet 

structure designed to match the pre-project flow duration curve.   
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EXHIBIT C 

TO: SCOTT BROWN 
 BALANCE HYDROLOGICS 

FROM: GARY PALHEGYI 
 GEOSYNTEC CONSULTANTS 
 

SUBJECT: PERCOLATION TESTS FOR DESIGN AND SIZING OF 
INFILTRATION TYPE BMP FACILITIES 

DATE: APRIL 10, 2006 

 

 
All soils types will require percolation testing to determine the design parameters for sizing 
and design of flow duration control basins, infiltration basins, bioretention facilities, or any 
BMP intended to provide infiltration of stormwater.   

The Solano County Code (Chapter 6.4, Sewage Standards, Article VIII) summarizes the site 
evaluation and percolation test requirements to be considered for stormwater infiltration 
BMPs.  One major difference between the regulations and the proposed BMPs is that the 
regulations apply to waste water disposal and as such would be more restrictive than 
necessary for stormwater infiltration.   

Limitations on locating infiltration-type facilities shall generally be as specified in Article 
VIII.  On-site and regional infiltration systems shall not be installed in areas subject to 
erosion or landslide.  Installations in low swampy areas, in areas with permanent or 
intermittent springs, in areas with a high groundwater within two feet of the ground surface 
shall not be acceptable.   

A site evaluation report shall include all data relative to the proper placement, design and 
operation of an on-site infiltration system, including, but not limited to, percolation tests, soil 
profiles, depth to groundwater, slope measurements and surface water flow for each basin.     

Soil characteristics shall be evaluated by profile observation within the boundaries of each 
proposed infiltration basin location.  At least one excavation using a backhoe (or similar 
equipment) in the basin location shall be required.  Section 6.4-81.2 describes the soil profile 
characteristics to be reported and the classification schedule to be used.  Percolation tests 
shall be performed as described in Section 6.4-81.2, performed or supervised by a registered 
engineer in compliance with Solano County’s approved percolation test procedures.  
Percolation test holes shall be placed uniformly into the undisturbed soil horizons in the 
proposed location of the infiltration basin.  At least three holes shall be placed in each 
proposed basin location.  Test holes shall be constructed to the depth of the bottom of the 
proposed basin.  Direct observation of groundwater shall utilize performance wells or 
piezometers.  At least one well shall be constructed in the infiltration basin area. The location 
of the well(s) shall be accurately depicted on all site plans.   
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Because the proposed BMPs apply to infiltrating stormwater runoff from primarily 
residential neighborhoods and some commercial areas, some limitations specified for waste 
water disposal do not apply.  Some interpretation of these regulations will be required by the 
design engineers.  For example, sandy and loamy soils with high percolation rates are ideal 
for stormwater infiltration, but are less than ideal for waste water treatment.  According to 
Section 6.4-81.2, Table 1, if pre-treatment of the waste water is performed the limiting depth 
to groundwater can be reduced to 2-feet.  Depths-to-groundwater or other limiting factors 
could be set at 3-feet for stormwater infiltration facilities.   
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EXHIBIT D 

TO: SCOTT BROWN 
 BALANCE HYDROLOGICS 

FROM: GARY PALHEGYI 
 GEOSYNTEC CONSULTANTS 
 

SUBJECT: RESULTING FLOW DURATION CURVES FOR SIZING CHARTS 
AND EXAMPLES 

DATE: APRIL 10, 2006 

 

Exhibit D provides the resulting flow duration curves used in generating the 
hydromodification control measure sizing data.  These sizing data led to the Sizing Charts 
presented in Appendix F. 

Flow duration curves are provided for the sizing of FDC basins for 2 acre, 20 acre and 57.6 
acre developments; and for soil infiltration rates of 0.05 in/hr, 0.27 in/hr and 0.50 in/hr.  
Curves are also provided for bioretention facilities capturing runoff from 2 acre 
developments.   
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FDC BASIN FLOW DURATION RESULTS
Soda Springs 57 Acre Development, 25% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
Soda Springs 57 Acre Development, 56% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
Soda Springs 57 Acre Development, 75% Imperviousness, Infiltration = 0.27in/hr 

0.0

5.0

10.0

15.0

20.0

25.0

1 10 100 1000 10000 100000

HOURS OF FLOWS HIGHER OR EQUAL TO Q

FL
O

W
 (C

FS
) 

Existing Runoff

Future Runoff

Future w/FDC

10-Year Peak Flow

Critical Flow (Qcp)

 
 

FDC BASIN FLOW DURATION RESULTS
20 Acre Development, 25% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
20 Acre Development, 50% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
20 Acre Development, 75% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
20 Acre Development, 100% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
2 Acre Development, 25% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
2 Acre Development, 50% Imperviousness, Infiltration = 0.27in/hr 
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FDC BASIN FLOW DURATION RESULTS
2 Acre Development, 75% Imperviousness, Infiltration = 0.27in/hr 
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Exhibit D 

FDC BASIN FLOW DURATION RESULTS
2 Acre Development, 100% Imperviousness, Infiltration = 0.27in/hr 
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BIORETENTION FLOW DURATION RESULTS
2 Acre Development, 25% Imperviousness, Infiltration = 0.27in/hr 
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Exhibit D 

BIORETENTION FLOW DURATION RESULTS
2 Acre Development, 50% Imperviousness, Infiltration = 0.27in/hr 
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BIORETENTION FLOW DURATION RESULTS
2 Acre Development, 75% Imperviousness, Infiltration = 0.27in/hr 
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