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Abstract 

Title: Long-term Modeling of Bioretention Hydrology with DRAINMOD 

Previous field studies have shown that the hydrologic performance of bioretention cells 

varies greatly because of the impact of underlying soil type, physiographic region, drainage 

configuration, surface storage volume, drainage area to bioretention surface area ratio, and 

media depth.  The objective of this research was to model the long-term hydrologic output 

from runoff entering bioretention cells for a variety of designs.  Current bioretention models 

are either unable to: (1) run continuous simulations, (2) accurately model underdrain flow for 

typical designs of bioretention cells, or (3) properly account for the volumetric water content 

in the profile.  DRAINMOD, a widely accepted drainage model, included all of the features 

that the other models lacked, so it was used to simulate bioretention cell hydrology.  

DRAINMOD is also unique compared to other bioretention models in that it accounts for 

evapotranspiration (ET), and it can simulate performance from a cell with an internal water 

storage (IWS) zone.  Detailed hydrologic data were collected from two bioretention field 

sites (Nashville and Rocky Mount) for 24 months to calibrate and test the model.  Each field 

site had two sets of bioretention cells with varying media depths, media types, drainage 

configurations, underlying soils, and surface storage volumes.  At Nashville, during the post-

repair period, the Nash-Sutcliffe coefficients for drainage and exfiltration/ET both exceeded 

0.8 during the calibration and validation periods.  During the pre-repair period, the Nash-

Sutcliffe coefficients for drainage, overflow, and exfiltration/ET were all in the range of 0.6-

0.9 during both the calibration and validation periods.  The bioretention cells at Rocky Mount 

included an IWS zone.  For both the calibration and validation periods, the predicted 

(modeled) volume of exfiltration/ET was within one and five percent of the estimated 

volume for the cells with sand (Sand cell) and sandy clay loam (SCL cell) underlying soils, 

respectively.  DRAINMOD is capable of simulating hydrologic response based on hourly 

rainfall data for long periods of meteorological records.  Hydrologic outputs from the model 

include: volume of runoff, overflow, drainage, exfiltration (seepage), and ET.  Sixty-year 

simulations (1950-2009) were run using hourly rainfall records to determine the impacts that 

different design specifications had on the annual hydrologic response to runoff for a 

bioretention cell designed to capture the 25-mm design event and for variations of more 

(such as 50 mm) and less (13 mm) capture volume.  Results from long-term simulations for 

432 different bioretention design configurations can be used as guidance to predict the annual 

hydrologic performance from a variety of different bioretention cell designs.  One application 

associated with the long-term simulations was to determine the surface storage volume 

needed relative to the design event to infiltrate/treat 90 percent of the annual runoff volume.  

To treat 90 percent of annual runoff volume, the only 70 percent of the state’s required 

surface storage capacity for a cell with an average surface storage depth of 23 cm, and a 

media saturated hydraulic conductivity of 25 mm/hr was needed.  These results show that 

bioretention cells are being oversized; however, this additional volume does provide a factor 

of safety in case bioretention cells are not being constructed or maintained properly. 
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1.1 INTRODUCTION 

Increased land development and the stormwater runoff it contributes have been identified as 

reasons for impairment of surface waters in the U.S. (USEPA 2007).  As the focus of new 

stormwater rules shifts to prioritize water quality and annual hydrologic balance, in addition 

to peak flow reduction and flood control, incorporating infiltration-based stormwater control 

measures (SCMs) is becoming necessary.  These low impact development (LID) practices 

help to restore a site’s natural hydrology and reduce the negative effects caused from 

increased impervious areas in urbanized watersheds.  Bioretention cells are one of the most 

commonly used LID practices.   

Intensive research and installation experience have assisted in the evolution of bioretention 

design recommendations.  For unlined bioretention cells, one common theme has been a 

large variation in hydrologic performance based on a number of design characteristics and 

the site’s location.  This is mostly attributable to design configurations, underlying soils, 

physiographic region, and climate conditions.  Deeper media depth increased exfiltration and 

reduced outflow volume and frequency (Li et al. 2009; Brown and Hunt 2011a).  Also, as the 

ratio of bioretention surface area to drainage area increased, outflow volume was reduced 

(Hatt et al. 2009; Jones and Hunt 2009).  These studies imply that as volume of bioretention 

media is increased, outflow is reduced.  Site location impacts rainfall patterns and underlying 

soils.  Some regions have in-situ soils with a higher sand content than others.  Bioretention 

cells constructed at sites with sandier underlying soils have greater exfiltration than those 

with tighter underlying soils (Brown and Hunt 2011a, 2011b; Passeport et al. 2009).  Brown 

and Hunt (2011b) and Li et al. (2009) also determined that an internal water storage (IWS) 

zone design feature can further reduce runoff volumes; results were magnified in locations 

with sandy underlying soils.  Additionally, Hunt et al. (2008) identified a steep hydraulic 

gradient from the bottom of the bioretention cell as being responsible for enhancing 

hydrologic performance.  Despite these generalized conclusions about hydrologic 

performance, it is difficult to apply concrete numbers for volume and pollutant load reduction 

to bioretention designs because of the variety of site and design variables. 

The long term effectiveness of bioretention cells can be evaluated by using a field tested, 

reliable model to continuously simulate its hydrologic performance for a variety of design 

configurations.  One model that can be used for this purpose is DRAINMOD, a long-term, 

continuous simulation drainage model that was first developed in the 1970s at North Carolina 

State University.  DRAINMOD has been used to model agricultural drainage systems, 

controlled drainage, subirrigation, wetland hydrology, nitrogen dynamics and losses from 

drained soils, impacts of drainage system and irrigation management on soil salinity in 

irrigated arid soils, on-site wastewater treatment, forest hydrology, and other applications 

(Skaggs 1978, 1982, 1999; Youssef et al. 2005).  The model continues to be improved and 

extended, and bioretention hydrology is one of the new applications.   
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Increasing the confidence of predicting hydrologic performance of bioretention cells could 

lead to the development of a “sliding scale” performance credit system.  This would allow 

designers to alter their plans to better fit site constraints, and this will invariably allow for 

better, more appropriate designs.  The current North Carolina state standard, like most 

regulatory authorities, uses a "one size fits all" approach for designing and awarding credit 

for bioretention cells (NCDENR 2009).  Two drivers for developing a “flexible” bioretention 

design methodology are: (1) a site’s physical constraints could force undersized or oversized 

designs, such as in retrofits, and (2) monitored bioretention cells have been shown to have 

large variations in hydrologic performance. 

A benefit of a long-term continuous model is that it uses multiple years of historic rainfall 

and temperature data to calculate an annual water balance.  A water balance allows 

quantification of groundwater recharge (exfiltration).  It can also be used to determine the 

degree to which bioretention cells are able to restore the pre-developed hydrologic condition 

of the landscape.  Finally, by determining the fraction of runoff that (1) receives full 

treatment (drainage), (2) receives minimal treatment (overflow), and (3) does not reach the 

stormwater network (exfiltration and ET), pollutant loads released by bioretention cells can 

be estimated. 

Currently, no widely accepted long-term model exists for bioretention.  Bioretention models 

that are currently available either: (1) are unable to run continuous simulations, (2) do not 

accurately model underdrain flow for typical designs of bioretention cells, or (3) do not 

properly account for the volumetric water content in the profile. 

Initial modeling studies did not include underdrains (Brander et al. 2004; Dussaillant et al. 

2004, 2005; Heasom et al. 2006).  Brander et al. (2004) and Heasom et al. (2006) used 

single-event models to predict overflow from bioinfiltration cells (no underdrain).  Single-

event models are useful to assist in bioretention design by routing a design event; however, 

they do not account for antecedent soil moisture conditions which can have a large effect on 

performance.  Continuous simulation models are beneficial because they account for 

antecedent conditions and can factor in periods of wet weather or droughts.  Periods of wet 

weather are especially important because the system is more likely to be overwhelmed 

hydraulically.  Continuous simulation models predict both day-by-day and the annual 

performance of the system. 

Dussaillant et al. (2004) developed a long-term, continuous simulation, numerical model that 

was based on the mixed formulation of the one-dimensional Richards equation 

(RECHARGE).  Later, Dussaillant et al. (2005) developed a simplified numerical model, 

RECARGA, based on the Green-Ampt infiltration equation.  When compared to the more 

complex RECHARGE, RECARGA had good results (Dussaillant et al. 2005).  However, at 

the time, an option to include underdrains was not available for either model.  RECARGA 

has since been modified, and the most updated version available online, Version 2.3, has an 

option to include an underdrain.  However, RECARGA’s method of including an underdrain 
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is not commensurate with typical field installations, and underdrain flow is calculated using 

the orifice equation after the user enters the diameter for only one drain.   

He and Davis (2011) recently developed a two-dimensional variable saturated flow model, 

based on the Richards equation to explore general impacts of using different media types, 

surrounding soils, initial water content in the media, drainage to bioretention area ratios, and 

cell widths.  However, the model simulations were based on a variety of single events, so it 

did not compute a water balance for a continuous period of record, and therefore, was not 

capable of evaluating the effect of wet periods or sequence of weather events on 

performance.  In some of the simulations presented, the He and Davis (2011) model included 

two drains. 

Palhegyi (2010) developed a computation bioretention hydrology model to assist with sizing 

bioretention cells to meet flow duration criteria.  The model used a soil moisture 

computational procedure based on the algorithms used in Hydrologic Engineering Center 

Hydrologic Modeling System (HEC-HMS) (USACE 2000).  This algorithm follows the 

principle that water will move through the profile via ET, percolation (exfiltration), and 

drainage (if underdrains are installed) until the water content equals the field capacity.  Then 

water will only leave via ET until the water content equals the wilting point.  Underdrain 

flow is modeled using an algorithm solving Bernoulli’s equation for a user-specified pipe 

length and diameter.  The model showed good results when field verified to a biofiltration 

cell in Villanova, PA; however, this cell did not include an underdrain, so its applicability to 

bioretention cells with underdrains was not evaluated. 

In Lucas (2010), a bioretention planter system was modeled for a design storm using 

HydroCAD and then for a continuous weather data set using SWMM 5.0.014 to determine 

impacts on combined sewer overflows.  Both models gave comparable results when 

modeling a single synthetic rainfall event; however, neither model was field tested.  These 

models used an orifice to control inflow rates into the media and once the media was 

saturated it used Darcy’s Law.  “Dummy” nodes, areas, and cylinders were added in the 

models to route water through the system (Lucas 2010). 

Some other models with continuous simulation capabilities, currently available to designers 

to model bioretention hydrology include: Storm Water Management Model (SWMM) 5.0, 

windows-based Source Loading and Management Model (WinSLAMM) 9.4, and Model for 

Urban Stormwater Improvement Conceptualism (MUSIC) 3.1.  However, the processes used 

by these models and some of the ones presented earlier to model water movement through 

the media and into the drains are not as comprehensive as those in DRAINMOD.   

DRAINMOD calculates drainage rates as a function of soil properties and drainage 

configuration, and it incorporates the impact of having the water level close to the surface.  

The other previously described bioretention models either calculate available water storage 

by subtracting field capacity from total porosity or by using a constant, user-input, void ratio 
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of the media.  However, the water stored in the media profile varies with water table depth.  

Using field capacity to calculate the amount of water stored in the profile is not appropriate 

when the water table is close to the surface.  As an example, the volume of water drained 

based on the water table depth in the media was calculated per the soil-water characteristic 

curve and by subtracting the field capacity (volumetric water content at a suction of -1.0 m) 

from the saturated volumetric water content (Table 1).  Results are given for two types of 

media, both of which were subsequently used in the calibration of DRAINMOD.  One was 

predominantly sand (Rocky Mount site), while the other had a mixture that was more typical 

of current N.C. design recommendations (Nashville site).  Table 1 shows that the largest 

errors occur when the water table is closest to the surface and for the Nashville media, which 

has a more gradual soil-water characteristic curve.  The Nashville media has a higher fraction 

of fine particles, so it holds more water in the media at larger suctions.  DRAINMOD 

requires inputs for the soil-water characteristic and related functions that allow the model to 

account for the variation in water present in the media based on the water table depth, a more 

accurate representation of the water present in the media.  This concept is especially 

important for modeling bioretention cells with an IWS zone because the water level could 

likely remain within the profile for the entire inter-event period.  A representative calculation 

of this concept is presented in Table 1.  For a cell with a water table 0.6 m below the soil 

surface, the difference associated with neglecting the soil water characteristic curve is 88 

percent (Nashville).  This is an inherent error in models that use the field capacity concept for 

shallow water table systems.  An illustration of this example is presented in Fig. 1.  

Additionally, none of the available models include an option to create an elevated underdrain 

outlet to model the performance for a bioretention cell with an IWS zone drainage 

configuration. 

Table 1:  Comparison of calculating volume of water drained from media based on water 

table depth by using soil-water characteristic curve or by subtracting field capacity from 

saturated volumetric water content. 

Water 

Table 

Depth 

Volume Drained 

(cm
3
/cm

2
) 

Saturation Minus Field 

Capacity 
Percent Difference 

Rocky Mount 

Media 

Nashville 

Media 

Rocky Mount 

Media 

Nashville 

Media 

Rocky Mount 

Media 

Nashville 

Media 

m cm cm cm cm 

  0.1 0.008 0.0003 0.031 0.017 -273% -6017% 

0.3 0.056 0.013 0.092 0.052 -65% -289% 

0.6 0.147 0.055 0.184 0.103 -25% -88% 

1.0 0.269 0.120 0.306 0.172 -14% -43% 
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Figure 1: Description of volumetric water content present in profile for Nashville media 

when the water table depth is 0.6 m, where the soil-water characteristic (solid line) and field 

capacity (long dashes) are presented. 

With the large variation in hydrologic performance from bioretention cells, a continuous, 

long-term model, such as DRAINMOD, could make bioretention designs more reliable.  

DRAINMOD could be another tool to help answer design questions that still persist 

regarding minimum fill media depth, fill media composition, maximum ponding depth, and 

underdrain configuration (Davis et al. 2009).  If successful, DRAINMOD could be used as a 

predictive tool for new design configurations that have not been installed or monitored.  It 

could also be used to determine the hydrologic impact of a wide variety of design 

configurations that differ from those currently stated in design manuals.  All these 

applications will help advance the practice of bioretention design towards a “sliding scale” 

performance metric of evaluating hydrologic performance.  The objective of this project is to 

field test DRAINMOD to determine its reliability for describing the hydrologic response and 

performance of bioretention cells.   

1.2 METHODS 

1.2.1 DRAINMOD Description 

As presented by Skaggs (1978, 1982, 1999), the governing equations for DRAINMOD are 

based on two water balances: (1) in the soil profile (Equation 1) and (2) at the soil surface 

(Equation 2).  In the soil profile, the water balance is computed for a section of soil of unit 
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surface area, located at the midpoint between adjacent drains, and extending from the 

impermeable layer to the soil surface: 

Va = D + ET + DS – F     (1)   

where Va = change in the air volume, D = lateral drainage from the section, ET = 

evapotranspiration, DS = deep seepage, and F = infiltration entering the section in t (time 

increment).  DRAINMOD uses the Green and Ampt equation to calculate the rate of 

infiltration.  The water balance at the surface is computed per unit surface area by: 

      P = F + S + RO      (2)  

where P = precipitation, F = infiltration, S = change in volume of water stored on the 

surface, and RO = runoff during time period t.   

DRAINMOD computes each water balance for a time increment t, with all units expressed 

in terms of depth (cm).  The time increment is normally 1 hour; however, when the rainfall 

rate exceeds the infiltration capacity, t decreases to 0.05 hours or less.  When there is no 

rainfall and the drainage rate is rapid, t is increased to 2 hours, and when the drainage and 

ET rates are slow, t is further increased to daily.   

To solve for the losses via drainage, DRAINMOD uses Hooghoudt’s equation (Equation 3) 

to compute drainage flux when the water table is below the surface.  The flux is evaluated in 

terms of the water table at the midway point between the drains and the hydraulic head in the 

drains.   

2

248

L

KmmKd
q e 
      (3) 

where, K = effective lateral hydraulic conductivity, L = drain spacing, m = water table height 

above the drains at the midpoint, and de = equivalent drain depth.  To correct for convergence 

near the drain, an equivalent depth is calculated using equations developed in Moody (1967).  

For typical bioretention installations, the drain depth to drain spacing ratio will likely be less 

than 0.3, so Equation 4 is used to calculate the equivalent depth.   
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In this equation, r = drain radius and d = drain depth.  If the depth to spacing ratio exceeds 

0.3, a different equation is used.  When the surface is ponded and the profile is saturated, 

drainage rate is calculated with the Kirkham equation (Equation 5) (Kirkham 1957).  

 
GL

rdtK
q




4
     (5) 

In this equation, t = ponding depth and G is a term dependent on drain depth and spacing and 

depth of the profile.  It is called Kirkham’s coefficient G in DRAINMOD and is defined in 

Equation 6. 
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  (6) 

In this equation, h = depth of profile.  If the drainage rate is limited by pipe size, valves or 

other structural features, a user-specified drainage coefficient is used by DRAINMOD to 

limit the maximum drainage flux from the system.   

There are multiple ways to calculate potential evapotranspiration (PET), with some methods 

requiring more meteorological data than others.  Under the most basic application, 

DRAINMOD uses the Thornthwaite method (with monthly correction factors) to calculate 

daily PET (Thornthwaite 1948).  PET is distributed daily for the 12 hours between 6:00 a.m. 

and 6:00 p.m, and PET is set equal to zero when rainfall occurs.  ET is calculated based on 

the soil water conditions.  If the conditions are not limiting, ET is set equal to PET.  

However, as the soil water conditions become limiting (dry zone depth exceeds root depth), 

ET is set equal to the upward flux from the water table.  More detailed information about 

DRAINMOD’s governing equations, model components, how various model utilities 

function, and ways to measure model input parameters are provided in Skaggs (1999) and in 

the DRAINMOD Reference Report (Skaggs 1980).   

A general description of the modeling procedure for bioretention cells using DRAINMOD is 

that the model is run to simulate runoff from the contributing area.  Since the contributing 

area is typically highly impervious and will generate a large portion of runoff, the model 

input parameters have wide drain spacing, shallow surface storage, and low infiltration rate.  

The contributing area runoff file is created from this initial simulation, and it is included in 

the simulation for the bioretention design.  The model input parameters for the bioretention 

design are entered based on the various design configurations and site conditions.  Appendix 

A provides a step-by-step description of using DRAINMOD for this application.  One 

drawback of the model is that inputs are held constant for the entire period of the simulation.  

Emerson and Traver (2008) and Braga et al. (2007) have shown that seasonal variation of 

infiltration SCMs occurred because the temperature variation throughout the year affected 

the infiltration rates. 
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1.2.2 Comparison of Bioretention Design Specifications to DRAINMOD 
Inputs 

The concepts of water movement in bioretention cells when installed with underdrains are 

very similar to agricultural fields drained by tiles.  Because of the similarities, many 

DRAINMOD inputs corresponded directly to bioretention cell design specifications.  A 

comparison of these inputs is presented in Table 2.  DRAINMOD is unique for bioretention 

models because an option exists to create an elevated underdrain outlet through the model 

input for controlled drainage, and it can simulate multiple drains of various spacing distances 

and diameters.  Other models to date have been unable to simulate these types of drainage 

configurations.  In Table 3, examples of DRAINMOD outputs are related to bioretention cell 

applications.  Figure C17 (Appendix C) illustrates the main features of a typical bioretention 

cell. 

Table 2: DRAINMOD inputs are compared to typical bioretention design parameters. 

Bioretention Design Parameters DRAINMOD Inputs 

Drain depth Depth from soil surface to drain (d) 

Drain size Effective radius of drains (re) 

Drain spacing Spacing between drains (L) 

Average surface storage depth Maximum surface storage (sm) 

Depth from surface to bottom of gravel Distance from surface to impermeable layer (h) 

Drainage coefficient 

 

Drainage rate as limited by hydraulic capacity 

of the drainage system in bioretention cell 

Media / gravel characteristics and depths 

 

Inputs for soil-water characteristic curve and 

saturated hydraulic conductivity for each layer 

Internal water storage zone design Weir setting for controlled drainage 

Drainage area : bioretention area ratio Field ratio of contributing land area 

Vegetation root depth Vegetation root depth 

Exfiltration rate of subsoil Vertical or deep seepage parameters 

Weather conditions Rainfall and temperature files 

Evapotranspiration 

 

Either enter a file of calculated PET or use 

Thornthwaite method (with or without adjusted 

parameters) 
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Table 3: Relating DRAINMOD outputs applicable to bioretention cells. 

DRAINMOD Outputs Potential Meaning for Bioretention 

ET Evapotranspiration (volume eliminated) 

Drainage Underdrain flow volume (treated portion) 

Runoff Overflow volume (untreated portion) 

Seepage Exfiltration (volume eliminated) 

Wet stress Vegetation stress indicator 

Dry stress Vegetation stress indicator 

Rank files for each of the above outputs 

 

Quantify impact of severe events or large 

consecutive events (i.e. 1 in 10 years) 

 

1.2.3 DETERMINATION OF INPUT PARAMETERS 

1.2.3.1 Site Description 

DRAINMOD was calibrated and validated for bioretention cells located in Nashville and 

Rocky Mount, NC.  These sites are described in detail in Brown (2011).  At each site, there 

were two different bioretention cells that were monitored for approximately 24 months.  One 

of the main differences between the two sites was drainage configuration.  The Nashville site 

was conventionally drained and the Rocky Mount site had an elevated underdrain outlet, 

which created an IWS zone.  Bioretention cell characteristics varied between the two cells at 

each site.  At Nashville, the cells had varying media depths (0.6 m versus 0.9 m), while at 

Rocky Mount, the underlying soil varied (sandy clay loam versus sand).  Among them, the 

bioretention cells had a variety of different underlying soils, media depths, drainage 

configurations, surface storage volumes, design events, and drainage area to bioretention 

surface area ratios.   

After the first year, one of the design specifications was altered at each site to measure the 

impact of the change.  From year 1 to year 2, the surface storage zone was increased and a 

clogging layer was removed at the Nashville site (year 1 – pre-repair period, year 2 – post-

repair period).  At the Rocky Mount site, the IWS zone was decreased by 0.3 m (year 1 – 

deep IWS period, year 2 – shallow IWS period).  Since more detailed water table and soil 

water content measurements were collected during the second monitoring period, this period 

was used for calibration.  The only adjustment to the model necessary to simulate the first 

year of the study at Rocky Mount was to increase the IWS zone depth.  At Nashville, the 

surface storage depth was decreased and a clogging layer was added to the surface of the 

profile.  All other cell properties remained constant between the two years. 
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1.2.3.2 Monitoring Methods 

The hydrologic monitoring methods are described for each site in detail in Brown (2011).  In 

general, runoff, drainage, and overflow volumes were measured or estimated for each site.  

Because each site was highly impervious, runoff was estimated using an initial abstraction 

method that assumed that shallow depressions were filled first and then the rest of the rainfall 

was transmitted as runoff.  For asphalt on a shallow slope, Pandit and Heck (2009) found that 

nearly all of the rainfall on an asphalt surface would be transmitted as runoff.  At the 

Nashville site, overflow and drainage were measured together using a sharp-crested 90
o
 v-

notch weir.  Based on the outflow hydrograph, overflow could be separated from drainage to 

allow for each to be summed separately.  At Rocky Mount, drainage was measured with a 

sharp-crested 30
o
 v-notch weir, and overflow was estimated based on rainfall intensity, 

bioretention cell surface storage characteristics, drainage area characteristics, and measured 

surface infiltration rates that varied by month.  An Excel spreadsheet was created to estimate 

overflow volume on an hourly basis.  Based on a water balance, all of the runoff that did not 

exit via overflow or drainage was assumed to be lost via exfiltration or ET.  At each site, 

estimations of ET suggested that water was primarily released through exfiltration, 

attributable to the relatively sandy underlying soils. 

Water level loggers, manufactured by Infinities USA, were installed during the second year 

of the monitoring period to measure the water levels in the surface storage zone of all cells 

and in the IWS zone at the cells in Rocky Mount.  The IWS zone drawdown rates were 7-11 

mm/hr (0.28-0.43 in/hr) and 200-300 mm/hr (8-12 in/hr) for the Sandy Clay Loam (SCL) and 

Sand cells, respectively.  To calculate the exfiltration rate, the IWS drawdown rate was 

multiplied by the effective drainable porosity, which was estimated to be 0.30.  This equated 

to an exfiltration rate of 2.1-3.3 mm/hr (0.08-0.13 in/hr) in the SCL cell and 60-90 mm/hr 

(2.4-3.6 in/hr) in the Sand cell.  Initial soil-water content prior to rainfall has a major 

influence on infiltration rate (Skaggs and Khaleel 1982).  In order to assume that the 

measured infiltration rate (drawdown rate of surface storage zone) would represent the final 

constant infiltration rate that occurs under fully saturated conditions, only the tail ends of 

large events (events greater than 25 mm (1 in)) that occurred throughout the year were used.  

These infiltration rates were used to determine the Green and Ampt infiltration parameters 

used in DRAINMOD.  The average, measured final constant infiltration rate from each set of 

cells was assumed to be equivalent to the saturated hydraulic conductivity of the entire 

profile, which is used in determining both of the Green and Ampt infiltration parameters.   

At the Nashville site, there was no internal water storage zone and the soil had a high 

saturated hydraulic conductivity, so drainage rarely occurred for more than 12 hours after 

runoff ceased.  This made it difficult to take water table readings within the media to 

compare to the daily output of water table depth in DRAINMOD, so HOBO soil moisture 

sensors were installed to measure soil water content in the media.  Four Soil Moisture smart 

sensors (model: S-SMC-M005) were used in a HOBO Micro Station (manufacturer: Onset 

Computer Corporation) to measure volumetric soil water content in one 0.6-m and one 0.9-m 
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media depth cell.  In the 0.9-m media depth cell, sensors were installed at the following 

depths: 0.05, 0.3, 0.6, and 0.9 m, and in the 0.6-m media depth cell, sensors were installed at 

the following depths: 0.05, 0.2, 0.4, and 0.56 m.  This type of soil moisture sensor uses time-

domain reflectometry (TDR) to measure volumetric soil-water content by measuring the 

velocity of a voltage pulse passing between the two parallel rods.  Volumetric water content 

was measured at each depth for two separate occasions to confirm the readings of the soil 

moisture sensors, which had an average absolute error of 5.9 percent and a range of error of 

11.5 to 11.3 percent.  The volumetric water content measurements were used to assist in 

selecting the vertical seepage parameters.  This was done by comparing predicted water table 

depths, when the level was beneath the bottom of the bioretention cell, to the measured 

volumetric water content of the media and its resulting negative pressure head as determined 

by the soil-water characteristic. 

At each site, the drainage area, bioretention cell area and average surface storage zone depth, 

media depth, drain depth, and depth to drain outlet (for IWS designs) were surveyed.  The 

bioretention design specifications were entered in the model per surveyed data and 

measurements (described later) taken of the media’s soil-water characteristic curves, 

saturated hydraulic conductivities, and infiltration and exfiltration rates.  Once these 

properties were determined, they were entered into DRAINMOD to simulate the hydrologic 

response of the systems. 

1.2.3.3 Drainage Coefficient 

The drainage coefficient is the maximum hydraulic capacity of the drainage network in 

cm/day.  If the drainage coefficient exceeds the flux calculated by the Kirkham equation 

when the surface is fully ponded and the media is fully saturated, the maximum drainage rate 

would be the rate calculated by the Kirkham equation.  If the drainage coefficient is less than 

the rate calculated by the Kirkham equation, the capacity of the drainage network limits the 

drainage rate, so the maximum drainage rate predicted by the model is set equal to the 

drainage coefficient.  The drainage coefficient was determined by examining the maximum 

drainage rate from the largest events from each monitoring period.  The largest events were 

selected because it was likely that the entire profile would be saturated and the surface 

storage zone would be full.  Based on the maximum observed drainage rates from each set of 

cells at the Nashville site, the drainage coefficients for the 0.6-m and 0.9-m media depth cells 

were set at 85 and 60 cm/day, respectively.  The maximum drainage rate at the Rocky Mount 

site occurred during the shallow IWS period because of the larger difference in hydraulic 

head between the surface storage zone and IWS outlet.  Based on the maximum observed 

drainage rate at Rocky Mount, the drainage coefficient was set at 75 cm/day. 

1.2.3.4 Soil 

To create a new soil file in DRAINMOD, two parameters are required: (1) a soil-water 

characteristic curve and (2) saturated hydraulic conductivity.  To determine these inputs, six, 
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77-mm diameter soil cores were collected from each type of bioretention media.  The soil-

water characteristic curves were measured using a pressure plate apparatus, which measured 

the water released from a saturated soil core under various pressures.  The average 

volumetric water contents at the various pressures for the two media are presented in Table 4.  

Saturated hydraulic conductivity was measured with a constant head permeability test, as 

described in Klute (1986).   

Table 4: Soil-water characteristics for Rocky Mount and Nashville media. 

Pressure head 

(m) 

Volumetric Water Content (m
3
/m

3
) 

Rocky Mount Media Nashville Media 

0 0.350 0.344 

-0.04 0.291 0.342 

-0.1 0.175 0.337 

-0.3 0.05 0.221 

-0.6 0.045 0.189 

-1.0 0.044 0.172 

-2.0 0.044 0.151 

-3.0 0.044 0.139 

-4.0 0.044 0.131 

-6.0  N/A 0.117 

Notes Too sandy (96% sand)
a 

Typical N.C. Composition
a
 

a
 per NCDENR (2009) standards 

 

Additionally, soil samples were collected of the surrounding soil with an auger to determine 

the soil particle distribution.  Soil particle size distribution was measured with a hydrometer 

and followed the procedure in Gee and Bauder (1986).  These measurements confirmed the 

underlying soil texture with that listed for the soil series described in the Nash County soil 

survey.  In the description of each soil series, information about the saturated hydraulic 

conductivity of the most limiting layer and depth to water table was presented.  These 

numbers were a guideline for entering the deep seepage parameters for the Nashville site 

because the conventional drainage configuration did not allow for a more exact exfiltration 

rate to be measured on site. 

1.2.3.5 Climate 

1.2.3.5.1 Temperature 

Maximum and minimum daily air temperatures are climate inputs for DRAINMOD.  These 

measurements were obtained for both the Rocky Mount and Nashville sites from the State 



17 

 

Climate Office of NC monitoring station, “NRKM – Rocky Mount,” in Rocky Mount, NC 

(SCO 2011).  This monitoring station was the closest available weather station to either site.  

It was within 12 km (7.5 mi) and 2.5 km (1.5 mi) of the Nashville and Rocky Mount sites, 

respectively.  

1.2.3.5.2 Precipitation 

Precipitation depths were measured every 2 minutes using an ISCO 674 tipping bucket rain 

gage.  Since DRAINMOD precipitation can be entered as hourly depths, the measured 

rainfall depths were summed on an hourly basis throughout the entire monitoring period for 

each site.   

A major benefit of DRAINMOD is its ability to simulate long-term hydrology, so in addition 

to the weather datasets during the monitoring periods, two sets of long-term weather files 

were created from weather stations in Raleigh and Wilmington, NC.  The Raleigh station is 

located at the Raleigh-Durham International Airport – station call sign “KRDU.”  The 

Wilmington station is located at the Wilmington International Airport – station call sign 

“KILM.”  These stations are cooperative weather stations and are automated surface 

observation systems managed by the National Weather Service (ASOS-NWS).  Sixty years 

of hourly precipitation data (1950-2009) were obtained from the National Climatic Data 

Center (NOAA 2011).  Daily maximum and minimum air temperatures for the same stations 

and period (1950-2009) were obtained from the State Climate Office of North Carolina (SCO 

2011).  “KRDU” was selected as the site to be used for a long-term weather dataset because 

it had a more complete and longer dataset.  “KILM” was used to serve as a representative 

weather profile for a coastal region of NC.  The design event for bioretention cells was 25 

mm (1.0 in) for the Nashville, Rocky Mount, and Raleigh locations.  For the 20 coastal 

counties of NC it is increased to 38 mm (1.5 in) because of the larger annual rainfall depths 

in this region (NCDENR 2009). 

1.2.3.5.3 Potential Evapotranspiration  

PET can be incorporated into the model by entering a file of daily PET depths based on any 

type of PET method that is possible for the available meteorological data.  If PET is not 

calculated separately, the option in DRAINMOD is to use the Thornthwaite method based on 

the daily maximum and minimum air temperatures.  This is the simplest method to calculate 

PET because it only requires mean monthly air temperature as its sole input, so it is not as 

precise as other options.  As a result, DRAINMOD has an option to include PET correction 

factors.  The mean monthly air temperature is used to calculate the heat index from the site.  

The calculation of heat index (I) is described in Equation 7, where Ti is the mean monthly 

temperature in degrees Celsius.  For the Nashville and Rocky Mount sites, mean monthly air 

temperatures from 1971-2000 were reported from station “316044 – Nashville” and “317400 

– Rocky Mount 8 ESE,” respectively (SCO 2011).  Based on these temperatures, the 
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calculated heat indices for Nashville and Rocky Mount were 71.2 and 73.9, respectively.  

The calculated heat index and daily temperatures are then used to calculate daily PET. 
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To improve accuracy of PET, monthly correction factors for the Thornthwaite method were 

used to correct the daily PET estimate.  Amatya et al. (1995) calculated correction factors for 

three sites in eastern North Carolina (Tarboro, Carteret, and Plymouth).  Tarboro is within 35 

km of both field sites, so its correction factors were used (Appendix Table C1).   

1.3 RESULTS 

With the exception of the deep seepage parameters for the Nashville site, the DRAINMOD 

input parameters were either measured on site or in the Soil and Water Laboratory at Weaver 

Laboratory on N.C. State University campus.  Inputs were determined and DRAINMOD was 

used to simulate the hydrology of all bioretention cells.  The methods used to quantify the 

calibration and validation of the model were calculating percent error of runoff and each 

outflow variable and comparing the measured and predicted depths of runoff and the outflow 

variables (in terms of cm per bioretention surface area).  At Rocky Mount, measured and 

predicted water table depths were also compared.  Finally, Nash-Sutcliffe coefficients and 

coefficients of determination (r
2
) were calculated.  Nash-Sutcliffe coefficients were 

calculated on an event-basis using Equation 8. 
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where, Qi,measured = measured volume for event i, Qi,predicted = predicted volume for event i, 

Qaverage = average measured volume for N events, N = total number of events for the 

monitoring period, and R
2

NS = Nash-Sutcliffe coefficient (Nash and Sutcliffe 1970). 

Contributing area runoff was the first process calibrated.  It was calibrated by adjusting the 

drain spacing, drain depth, surface storage depth, and Green and Ampt infiltration parameters 

for the soil file created for asphalt.  At each site, data from the second monitoring period and 

first monitoring period were used to calibrate and validate DRAINMOD, respectively.  Once 

predicted runoff was in agreement with the estimated runoff, the different forms of outflow 

were calibrated from the various bioretention cells based on their site and design 
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characteristics.  Since the change between monitoring periods at Rocky Mount was relatively 

minor (reducing the IWS outlet), data collected for the entire shallow IWS period were used 

to calibrate DRAINMOD for these bioretention cells.  Data collected for the deep IWS 

period were used to test or validate the model.  At Nashville, the presence of a clogging layer 

in the pre-repair period made the transition between modeling the two periods more complex 

than solely changing an outlet depth.  For this reason, both monitoring periods were split into 

two equal (6 month) periods to calibrate and validate the model.  The post-repair period was 

calibrated first because the profile was more uniform and not impacted by a restricting layer.  

The same vertical seepage parameters and drain characteristics from the post-repair period 

were used for the pre-repair period. 

1.3.1 Contributing Area Runoff 

There were three combinations of impervious percentage and consistency in the impervious 

area (depressions versus smoothly graded asphalt) in the four separate bioretention cells.  The 

parking lot at the Rocky Mount site had larger depressions compared to Nashville site, which 

was smoothly graded.  Therefore, less runoff per unit area was generated at the Rocky Mount 

site.  Also, the impervious portion of the drainage area at Rocky Mount was approximately 

75 percent for the two bioretention cells, where, in Nashville, it was 83 percent and nearly 

100 percent for the 0.6-m and 0.9-m media depth cells, respectively.  A constant surface 

storage depth was initially used to model runoff from the contributing area.  Then the field 

ratio (drainage area to bioretention area ratio) was altered to set the annual estimated and 

predicted (modeled) runoff volumes equal to each other for modeling the performance of the 

bioretention cell.  However, this approach resulted in an over-prediction of runoff for smaller 

events and an under-prediction of runoff from larger events for the sites that had larger 

portions of pervious areas and larger depression storage in the impervious areas.  Overall, 

this approach inaccurately represented the depression storage of the drainage area.  

Therefore, in the model setup to predict runoff from the contributing area, the surface storage 

parameter was increased for the sites with larger depression storage in the impervious 

sections and larger portions of pervious area.  The Nashville site with nearly 100 percent 

impervious area had a surface storage parameter equal to 0.01 cm.  This was increased to 

0.07 cm for the Nashville site with 83 percent impervious area and 0.28 cm for the Rocky 

Mount sites with approximately 75 percent impervious area and several shallow depressions 

in the asphalt surface. 

The period with a deep IWS zone at Rocky Mount and the post-repair period at Nashville 

were used as the calibration periods.  Nash-Sutcliffe coefficients during the calibration period 

were 0.99 at Rocky Mount and 1.00 for both sites at Nashville.  In the validation period 

(shallow IWS period at Rocky Mount and pre-repair period at Nashville), Nash-Sutcliffe 

coefficients were 0.99 and 1.00 for the Rocky Mount site and both Nashville sites, 

respectively.  For runoff from each site and period, Nash-Sutcliffe coefficients exceeded 

0.99.  Also, a linear trend was calculated for the predicted (modeled) versus estimated data 

and the slope ranged between 0.99 and 1.01, with the coefficient of determination (r
2
) 
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exceeding 0.99 for all sites and periods.  The predicted runoff volumes for each event were in 

excellent agreement with the method that was used to estimate runoff volume.  An example 

of the predicted (modeled) versus estimated runoff data for the 0.6-m media depth cells at 

Nashville during the validation (pre-repair) period is presented in Fig 2.  The linear trend and 

coefficient of determination (r
2
) are also presented.  

 
Figure 2: Predicted (modeled) versus estimated runoff volume data for pre-repair 

(validation) period of the 0.6-m media depth bioretention cells at Nashville.  Also presented 

are the linear trend of these data and coefficient of determination (r
2
).  (All units are in cm 

per bioretention surface area). 

1.3.2 Nashville Site – Conventional Drainage Configuration 

1.3.2.1 Post-Repair Monitoring Period (Year 2) 

As described in Table 5, the predicted data at the Nashville site were in good agreement with 

the measured and estimated data for both the calibration and validation periods, during the 

post-repair monitoring period.  Of the forms of outflow, drainage had the strongest 

agreement between measured and predicted data; Nash-Sutcliffe coefficients and coefficients 

of determination exceeded 0.9.  Nash-Sutcliffe coefficients for exfiltration/ET were 

approximately 0.9 and 0.8 during the calibration and validation periods, respectively.  Nash-

Sutcliffe coefficients for overflow during the calibration period were 0.82 and 0.71 for the 

0.6-m and 0.9-m media depth cells, respectively.  The weakest model agreement occurred 

during the validation period for overflow, where Nash-Sutcliffe coefficients were 0.58 and 



21 

 

0.40 for the 0.6-m and 0.9-m media depth cells, respectively.  However, the error between 

predicted and measured volumes from each set of cells during the validation period was less 

than 10 percent.  The cumulative water balance is displayed in Figs. 3–4 for the 0.6-m and 

0.9-m media depth cells, respectively. 

 

Table 5: Comparison of measured/estimated and predicted (modeled) results for the 

Nashville bioretention cells, during the post-repair period. 

Cell 

Description 
Method of Comparison 

Fate of Runoff: (cm per bioretention surface area 

per monitoring period [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration/ET 

Calibration 

Period 

[0.6-m 

Media 

Depth 

Cells] 

(11Mar09-

16Sept09) 

Measured/estimated 

volume [percent of annual 

runoff] 

1005 470 

[46.8%] 

120 

[11.9%] 

415 

[41.3%] 

Predicted volume [percent 

of annual runoff] 

1010 538 

[53.3%] 

100 

[9.9%] 

372 

[36.8%] 

Difference between 

measured and predicted 

volumes 

5 68 -20 -43 

Percent difference 

between measured and 

predicted volumes 

0.6% 14.5% -16.5% -10.4% 

Nash-Sutcliffe 

Coefficient 

1.00 0.90 0.82 0.87 

Coefficient of 

determination (r
2
) 

1.00 0.99 0.85 0.96 

  

Validation 

Period 

[0.6-m 

Media 

Depth 

Cells] 

(16Sept09-

24Mar10) 

Measured/estimated 

volume [percent of annual 

runoff] 

1300 744 

[57.3%] 

150 

[11.5%] 

406 

[31.2%] 

Predicted volume [percent 

of annual runoff] 

1292 652 

[50.4%] 

165 

[12.8%] 

475 

[36.8%] 

Difference between 

measured and predicted 

volumes 

-8 -92 15 69 

Percent difference 

between measured and 

predicted volumes 

-0.6% -12.4% 10.5% 17.1% 

Nash-Sutcliffe 

Coefficient 

1.00 0.96 0.58 0.81 

Coefficient of 

determination (r
2
) 

1.00 0.97 0.88 0.86 
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Table 5 (continued) 

Cell 

Description 
Method of Comparison 

Fate of Runoff: (cm per bioretention surface area 

per monitoring period [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration/ET 

Calibration 

Period 

[0.9-m 

Media 

Depth 

Cells] 

(11Mar09-

16Sept09) 

Measured/estimated 

volume [percent of annual 

runoff] 

974 418 

[42.9%] 

108 

[11.0%] 

448 

[46.0%] 

Predicted volume [percent 

of annual runoff] 

981 454 

[46.3%] 

63 

[6.4%] 

464 

[47.3%] 

Difference between 

measured and predicted 

volumes 

7 36 -45 16 

Percent difference 

between measured and 

predicted volumes 

0.6% 8.5% -41.7% 3.5% 

Nash-Sutcliffe 

Coefficient 

1.00 0.94 0.71 0.88 

Coefficient of 

determination (r
2
) 

1.00 0.95 0.77 0.91 

  

Validation 

Period 

[0.9-m 

Media 

Depth 

Cells] 

(16Sept09-

24Mar10) 

Measured/estimated 

volume [percent of annual 

runoff] 

1257 564 

[44.8%] 

147 

[11.7%] 

547 

[43.5%] 

Predicted volume [percent 

of annual runoff] 

1254 540 

[43.0%] 

141 

[11.3%] 

574 

[45.7%] 

Difference between 

measured and predicted 

volumes 

-3 -24 -6 27 

Percent difference 

between measured and 

predicted volumes 

-0.2% -4.3% -3.6% 4.9% 

Nash-Sutcliffe 

Coefficient 

1.00 0.93 0.40 0.81 

Coefficient of 

determination (r
2
) 

1.00 0.93 0.77 0.83 
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Figure 3: Cumulative fate of runoff for 0.6-m media depth cells at Nashville, during the 

post-repair monitoring period. 

 
Figure 4: Cumulative fate of runoff for 0.9-m media depth cells at Nashville, during the 

post-repair monitoring period. 
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1.3.2.2 Pre-Repair Monitoring Period [Clogged and Undersized] (Year 1) 

Modeling the performance of the Nashville bioretention cells for the pre-repair period was 

difficult because of the thin restrictive layer that formed at the 20-cm depth, as discussed in 

Brown and Hunt (2011a).  Infiltration parameters were finally determined based on the 

effective saturated hydraulic conductivity of the entire profile, which was approximately 

equal to the upper range of the final constant infiltration rate that was measured under fully 

saturated conditions.  With these inputs, results predicted by the model were in good 

agreement with the measured/estimated data for the pre-repair monitoring period, as shown 

in Table 6.  Nash-Sutcliffe coefficients during the calibration and validation periods ranged 

from 0.81-0.88, 0.70-0.73, and 0.62-0.73, for overflow, drainage, and exfiltration/ET, 

respectively, showing that the model agreement was similar between the calibration and 

validation periods for the pre-repair monitoring period.  The cumulative water balance is 

displayed in Figs. 5–6 for the 0.6-m and 0.9-m media depth cells, respectively.   
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Table 6: Comparison of measured/estimated and predicted (modeled) results for the 

Nashville bioretention cells, during the pre-repair period. 

Cell 

Description 
Method of Comparison 

Fate of Runoff: (cm per bioretention surface area 

per monitoring period [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration/ET 

Calibration 

Period 

[0.6-m 

Media 

Depth 

Cells] 

(7Apr08-

29Sept08) 

Measured/estimated 

volume [percent of annual 

runoff] 

1357 426 

[31.4%] 

576 

[42.4%] 

355 

[26.2%] 

Predicted volume [percent 

of annual runoff] 

1355 375 

[27.7%] 

634 

[46.8%] 

346 

[25.5%] 

Difference between 

measured and predicted 

volumes 

-2 51 58 -9 

Percent difference 

between measured and 

predicted volumes 

-0.1% -11.8% 10.1% -2.8% 

Nash-Sutcliffe 

Coefficient 

1.00 0.70 0.87 0.62 

Coefficient of 

determination (r
2
) 

1.00 0.71 0.97 0.64 

  

Validation 

Period 

[0.6-m 

Media 

Depth 

Cells] 

(30Sept08-

10Mar09) 

Measured/estimated 

volume [percent of annual 

runoff] 

742 250 

[33.6%] 

205 

[27.6%] 

288 

[38.8%] 

Predicted volume [percent 

of annual runoff] 

744 292 

[39.3%] 

191 

[25.7%] 

261 

[35.0%] 

Difference between 

measured and predicted 

volumes 

2 42 -14 -27 

Percent difference 

between measured and 

predicted volumes 

0.2% 17.2% -6.8% -9.5% 

Nash-Sutcliffe 

Coefficient 

1.00 0.73 0.86 0.69 

Coefficient of 

determination (r
2
) 

1.00 0.84 0.89 0.81 
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Table 6 (continued) 

Cell 

Description 
Method of Comparison 

Fate of Runoff: (cm per bioretention surface area 

per monitoring period [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration/ET 

Calibration 

Period 

[0.9-m 

Media 

Depth 

Cells] 

(7Apr08-

29Sept08) 

Measured/estimated 

volume [percent of annual 

runoff] 

1295 299 

[23.1%] 

501 

[38.7%] 

495 

[38.2%] 

Predicted volume [percent 

of annual runoff] 

1292 290 

[22.4%] 

546 

[42.3%] 

457 

[35.3%] 

Difference between 

measured and predicted 

volumes 

-3 -9 45 -38 

Percent difference 

between measured and 

predicted volumes 

-0.2% -3.0% 9.0% -7.7% 

Nash-Sutcliffe 

Coefficient 

1.00 0.72 0.88 0.73 

Coefficient of 

determination (r
2
) 

1.00 0.73 0.97 0.75 

  

Validation 

Period 

[0.9-m 

Media 

Depth 

Cells] 

(30Sept08-

10Mar09) 

Measured/estimated 

volume [percent of annual 

runoff] 

725 157 

[21.6%] 

209 

[28.8%] 

359 

[49.6%] 

Predicted volume [percent 

of annual runoff] 

729 227 

[31.1%] 

156 

[21.5%] 

345 

[47.4%] 

Difference between 

measured and predicted 

volumes 

4 70 -53 -14 

Percent difference 

between measured and 

predicted volumes 

0.5% 44.5% -25.1% -3.8% 

Nash-Sutcliffe 

Coefficient 

1.00 0.71 0.81 0.72 

Coefficient of 

determination (r
2
) 

1.00 0.89 0.85 0.72 
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Figure 5: Cumulative fate of runoff for 0.6-m media depth cells at Nashville, during the pre-

repair monitoring period. 

 
Figure 6: Cumulative fate of runoff for 0.9-m media depth cells at Nashville, during the pre-

repair monitoring period. 
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1.3.3 Rocky Mount Site – IWS Drainage Configuration 

1.3.3.1 Sandy Clay Loam (SCL) Cell 

Results for the SCL cell at Rocky Mount are provided in Table 7.  Overall, model predictions 

for the Rocky Mount site were in good agreement with the measured data.  During the 

calibration period (shallow IWS period), Nash-Sutcliffe coefficients were 0.92 for drainage 

and exfiltration/ET and 0.88 for overflow.  The error between the cumulative predicted and 

estimated overflow volume and exfiltration/ET volume were less than one percent, and the 

error between the cumulative predicted and measured drainage volume was 16 percent.  

Initial inspection of the results indicates that predicted drainage and overflow were not in 

good agreement with measured/estimated values during the validation period (deep IWS 

period).  The reason for the poor agreement was attributable to the shallow slope of the 

parking lot and the emergency bypass stormwater drop inlet not being installed at the proper 

elevation.  These two factors caused runoff to bypass the bioretention cell and immediately 

enter the emergency bypass prior to flowing into the surface storage zone for extreme, 

intense events.  These events were more prevalent during the validation period (deep IWS 

period).  It did not matter if there was still storage available, flow bypassed the cell.  

DRAINMOD will not predict overflow to occur until the surface storage zone has been 

exceeded.  Therefore, for this site that allowed bypass prior to filling the surface storage zone 

to maximum capacity, DRAINMOD cannot accurately predict overflow.  Had the storage 

volume been available, the bypass water would have entered the cell and left via drainage, 

thus improving agreement between predicted and measured flows.  Although the bypass flow 

problem prevented the model from accurately predicting outflows, model prediction of the 

portion leaving as exfiltration/ET was in good agreement with measured results.  In the 

validation period, the error between the cumulative predicted and estimated exfiltration/ET 

volumes was five percent, and the Nash-Sutcliffe coefficient and coefficient of determination 

were both 0.92.  While the agreement for outflow from the validation period was weaker, the 

Nash-Sutcliffe coefficient for overflow was still 0.69.  Also, despite a negative Nash-

Sutcliffe coefficient for drainage, the net difference in predicted and measured volumes was 

only 7.9 percent of the cumulative runoff volume (124 cm/bioretention surface area out of 

1559 cm/bioretention surface area of runoff).  The evolution of the cumulative water balance 

is displayed in Figs. 7–8 for the shallow (calibration) and deep (validation) IWS monitoring 

periods, respectively. 
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Table 7: Comparison of measured/estimated and predicted (modeled) results for the SCL cell 

at Rocky Mount. 

Monitoring 

Period 
Method of Comparison 

Fate of Runoff: (cm per bioretention surface area 

per monitoring period [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration/ET 

Calibration 

Period 

[Shallow 

IWS Zone 

Period] 

(13Jan09 – 

11Jan10) 

Measured/estimated 

volume [percent of annual 

runoff] 

1251 231 

[20.5%] 

88 

[7.1%] 

932 

[72.5%] 

Predicted volume [percent 

of annual runoff] 

1272 269 

[21.2%] 

88 

[7.0%] 

930 

[71.9%] 

Difference between 

measured and predicted 

volumes 

21 38 0 -2 

Percent difference 

between measured and 

predicted volumes 

2% 16% <1% <1% 

Nash-Sutcliffe 

Coefficient 

0.99 0.92 0.88 0.92 

Coefficient of 

determination (r
2
) 

0.99 0.96 0.90 0.92 

 

Validation 

Period 

[Deep IWS 

Zone 

Period] 

(14Sept07 – 

13Jan09) 

Measured/estimated 

volume [percent of annual 

runoff] 

1562 31 

[2.0%] 

175 

[11.2%] 

1353 

[86.8%] 

Predicted volume [percent 

of annual runoff] 

1559 155 

[9.9%] 

111 

[7.1%] 

1292 

[83.0%] 

Difference between 

measured and predicted 

volumes 

-3 124 -64 -61 

Percent difference 

between measured and 

predicted volumes 

<1% 407% -36% -5% 

Nash-Sutcliffe 

Coefficient 

0.99 < 0 0.69 0.92 

Coefficient of 

determination (r
2
) 

0.99 0.61 0.72 0.92 
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Figure 7: Cumulative fate of runoff for SCL cell at Rocky Mount, during the calibration 

period (shallow IWS zone monitoring period). 

 
Figure 8: Cumulative fate of runoff for SCL cell at Rocky Mount, during the validation 

period (deep IWS zone monitoring period). 

Measured water table depths were also used in calibrating DRAINMOD during the shallow 

IWS period.  DRAINMOD predicts water table depth at the end of each day.  These depths 

were compared to the measured depths for the SCL cell during the shallow IWS period.  Of 
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320 daily readings, the water table was too deep to take an actual reading for 178, and 

drainage was occuring for 7, so in comparing 135 daily water table depths, the average 

absolute error was 7.8 cm (3.1 in), and the interquartile range of the absolute error was -7.9 

to 3.5 cm (-3.1 to 1.4 in).  The 135 daily water table depths that had valid measurements were 

compared to the predicted results in Fig 7.9.  A linear trendline was added to this plot, which 

had a coefficient of determination of approximately 0.82 and a slope of approximately 1.04, 

which was nearly in line with the 1:1 line of perfect agreement.  The plot of the entire period 

in which water table measurements were recorded is presented in Figs. 10–12.  The range of 

valid water table depths is presented as the data points between the two dashed lines (bottom 

of drain pipe and top of IWS outlet).  Overall, model prediction matched well with 

observations during each event and drawdown was accurately modeled within the IWS zone.  

It was most accurate in the period between May and October (most of the growing season).  

From February to April and November to January (most of the dormant season), the 

measured drawdown was slower than the predicted drawdown rate.  This was likely due to 

the water table underlying the bioretention cell rising closer to the bottom of the cell reducing 

the downward hydraulic gradient and slowing the exfiltration rate.  During these months, 

local water tables often rise due to reduced ET.  In the period between June and July, the 

measured water table drawdown was slightly faster than the predicted drawdown.  This could 

be due to a deeper water table beneath the bioretention cell and increased hydraulic gradient 

and exfiltration rate.  There was a slight variation in the actual measured exfiltration/seepage 

rate for the SCL cell 2.1-3.3 mm/hr (0.08-0.13 in/hr).  In order to balance the faster and 

slower rates during calibration, 3.0 mm/hr (0.12 in/hr) was selected to be used in the model. 

 
Figure 9: Comparison of predicted versus measured water table depths for SCL cell at 

Rocky Mount, during the calibration period (shallow IWS zone monitoring period). 
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Figure 10: Comparison of predicted versus measured water table depths for SCL cell at Rocky Mount [February to May 2009]. 

 
Figure 11: Comparison of predicted versus measured water table depths for SCL cell at Rocky Mount [May to September 2009]. 
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Figure 12: Comparison of predicted versus measured water table depths for SCL cell at Rocky Mount [September 2009 to January 

2010]. 
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1.3.3.2 Sand Cell 

The Sand cell represented a type of system that had extremely high infiltration rates into the cell 

and into the surrounding soil.  The shallow IWS period was used as the calibration period 

because exfiltration was measured during this period and the deep IWS period was used as the 

validation period.  The infiltration rate was so fast that surface ponding was never recorded 

during the shallow IWS period.  The range of measured exfiltration/seepage rates was 60-90 

mm/hr (2.4-3.6 in/hr), so 75 mm/hr (3.0 in/hr) was used in DRAINMOD.  The media and 

underlying soil at this site were both classified as a sand texture.  For both monitoring periods, 

there was essentially no outflow and all the runoff left as exfiltration.  After setting the deep 

seepage parameters to the measured exfiltration rate and the internal water storage zone depth to 

its appropriate levels in the calibration period, DRAINMOD successfully predicted the 

exfiltration/ET volume to within one percent of the measured volume.  Likewise, in the 

validation period, the predicted exfiltration/ET volume was within one percent of the measured 

volume.  The model slightly over-predicted the drainage portion from this cell during the 

calibration period, but the net difference in predicted and measured volumes was only two 

percent of the cumulative runoff volume (29 cm/bioretention surface area out of 1440 

cm/bioretention surface area of runoff). 

Table 8: Comparison of measured/estimated and predicted (modeled) results for the Sand 

cell at Rocky Mount. 

Monitoring 

Period 
Method of Comparison 

Fate of Runoff: (cm per bioretention surface area 

per monitoring period [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration/ET 

Calibration 

Period 

[Shallow 

IWS Zone 

Period] 

(13Jan09 – 

11Jan10) 

Measured/estimated 

volume [percent of 

annual runoff] 

1416 4 

[0.3%] 

0 

[0.0%] 

1412 

[99.7%] 

Predicted volume 

[percent of annual runoff] 

1440 33 

[2.5%] 

0 

[0.0%] 

1407 

[97.4%] 

Difference between 

measured and predicted 

volumes 

24 29 0 -5 

Percent difference 

between measured and 

predicted volumes 

2% 651% 0% <1% 

  

Validation 

Period 

[Deep IWS 

Zone 

Period] 

(14Sept07 – 

13Jan09) 

Measured/estimated 

volume [percent of 

annual runoff] 

1762 5 

[0.3%] 

30 

[1.7%] 

1727 

[98.0%] 

Predicted volume 

[percent of annual runoff] 

1765 6 

[0.3%] 

8 

[0.5%] 

1751 

[99.2%] 

Difference between 

measured and predicted 

volumes 

3 1 -22 24 

Percent difference 

between measured and 

predicted volumes 

0% 18% -73% 1% 
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1.3.4 ANALYSIS OF INPUT PARAMETERS 

Existing bioretention specifications at Rocky Mount and Nashville were altered to analyze the 

overall impact of different design specifications on the model and the implications for design 

recommendations.  Long-term simulations were also conducted based on 60 years of historical 

hourly rainfall and daily temperature records.  Weather files from the Raleigh-Durham 

International Airport were used in most of the long-term simulations.  For these cases, long-term 

simulations were conducted for a bioretention cell designed per NC standards to capture a 25-

mm (1.0 in) design event (NCDENR 2009).  Wilmington weather files were only used in one set 

of long-term simulations, which is clearly noted.  When the Wilmington weather files were used, 

the design event was increased to 38 mm (1.5 in) (NCDENR 2009).  For the long-term 

simulations, the NC design standard specifications were altered to determine the implications of 

variant designs.  The average annual rainfall depths at the Raleigh-Durham and Wilmington 

airports during this period (1950-2009) were 106.9 cm (42.07 in) and 139.3 cm (54.85 in), 

respectively (NOAA 2011). 

1.3.4.1 Drainage Configuration 

Underdrain configuration has a major impact on hydrologic performance.  The Rocky Mount site 

had nearly all of the runoff leave via exfiltration because of the combination of the IWS zone and 

the high hydraulic conductivity of the underlying soil.  To simulate how the Nashville site would 

have performed had an IWS zone been included during the post-repair period, the outlet under 

controlled drainage (DRAINMOD input) was set at 30 cm from the surface for both cells.  These 

results, as shown in Table 9, illustrate how the IWS drainage configuration substantially reduced 

the drainage volume released by these cells.  An additional 24 and 39 percent of annual runoff 

now left as exfiltration from the 0.6-m and 0.9-m media depth cells, respectively.  For both sets 

of cells, the amount of exfiltration nearly doubled by adding an elevated underdrain outlet.  This 

change is relatively easy and inexpensive, so this would be a viable option to improve hydrologic 

performance of bioretention cells, especially for retrofits.  In some cases, one potential drawback 

would be a modest increase in overflow volume. 

 

Table 9: Summary of Nashville site fate of runoff if an IWS zone was included that had an 

outlet 30 cm from the surface of the media. 

Cell Description        

(Drainage Configuration) 

Annual Fate of Runoff: (cm per bioretention surface area 

per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

0.6-m Media (conventional) 2302 
1190 

[52%] 

265 

[12%] 

733 

[32%] 

114 

[5%] 

0.9-m Media (conventional) 2235 
1010 

[45%] 

204 

[9%] 

904 

[40%] 

117 

[5%] 

0.6-m Media (IWS outlet 30 

cm from surface) 
2302 

616 

[27%] 

283 

[12%] 

1290 

[56%] 

114 

[5%] 

0.9-m Media (IWS outlet 30 

cm from surface) 
2235 

144 

[6%] 

200 

[9%] 

1775 

[79%] 

117 

[5%] 
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The reason for the good hydrologic performance of the Nashville site in Table 9 was attributable 

to its moderately permeable underlying soils.  To model the performance for cells with more 

restrictive underlying soils, the standard NC design guidance methods were used to size a typical 

bioretention cell (NCDENR 2009).  Model simulations were run for a conventional drainage 

configuration and for an IWS zone with the outlet set at 30 cm from the surface.  A range of 

underlying soil types was considered.  The profile consisted of a 30-cm average surface storage 

depth, 5-cm mulch layer, 90-cm media layer, 10-cm sand layer, and 20-cm gravel layer.  The 

saturated hydraulic conductivity of the fill media was 2.5 cm/hr.  The 15-cm diameter drains 

were spaced 4.5 m apart, and the drainage coefficient for all simulations was set at 60 cm/day to 

avoid having the hydraulic capacity of the underdrains limit the maximum drainage rate.  By 

setting the drainage coefficient to 60 cm/day, the hydraulic capacity of the underdrains would not 

be reached under fully saturated and ponded conditions.  The deep seepage parameters had a 

restricting layer thickness of 60 cm and piezometric head of 60 cm of an aquifer directly below 

the restrictive layer.  The vertical conductivity of the restricting layer varied between 0.01, 0.1, 

and 0.5 cm/hr, to represent a range of underlying soils.  Simulations were conducted for a 60-

year period using weather records from the Raleigh-Durham International Airport.  Results are 

presented in Table 10.  As mentioned earlier, the Rocky Mount SCL cell, with a sandy clay loam 

underlying soil, had an exfiltration/seepage rate of 0.30 cm/hr.  Based on measured 

exfiltration/seepage rates of other Piedmont bioretention field sites described in Appendix A, the 

0.01 and 0.1 cm/hr rates would be representative of clay influenced underlying soils.  The results 

show that the IWS zone increased the total volume of water leaving as exfiltration.  Predicted 

annual exfiltration volumes were 8, 38, and 65 percent of the annual runoff volume for the 

conductivity values of the restricting layer of 0.01, 0.1, and 0.5 cm/hr, respectively.  Without the 

IWS zone, predicted annual exfiltration volumes were only 1, 5, and 16 percent of annual runoff 

volume, respectively.  The IWS zone increased predicted annual exfiltration volume by 

approximately 10, 8, and 4 times for conductivities of the restricting layer of 0.01, 0.1, and 0.5 

cm/hr, respectively.  However, predicted overflow volumes were also modestly increased.  As 

the hydraulic conductivity of the underlying soils decreases, the time necessary to drain the IWS 

zone increases.  Therefore, when successive extreme events occur at sites with restrictive 

underlying soils, the IWS zone will not be fully drained, so less storage will be available in the 

media.  The IWS zone configuration would produce more overflow from the second event than 

predicted for conventional drainage.  However, since successive extreme events are not common, 

the increase of annual exfiltration likely offsets the minor volume increase associated with 

overflow for most cases. 
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 Table 10: Analysis of the impact of an IWS zone with restrictive underlying soils. 

Drainage 

Configuration 

Conductivity of 

Restricting Layer 

(cm/hr) 

Annual Fate of Runoff: (cm per bioretention 

surface area per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

Conventional 0.01 1420 1214 

[85%] 

96 

[7%] 

10 

[1%] 

101 

[7%] 

IWS 0.01 1420 1093 

[77%] 

118 

[8%] 

108 

[8%] 

101 

[7%] 

Conventional 0.1 1420 1148 

[81%] 

96 

[7%] 

76 

[5%] 

101 

[7%] 

IWS 0.1 1420 672 

[47%] 

106 

[7%] 

542 

[38%] 

101 

[7%] 

Conventional 0.5 1420 1003 

[71%] 

95 

[7%] 

221 

[16%] 

101 

[7%] 

IWS 0.5 1420 303 

[21%] 

95 

[7%] 

923 

[65%] 

100 

[7%] 

 

The “model cell” in Table 10 was used for the following set of long-term simulations, except the 

vertical conductivity of underlying soils remained constant at 0.1 cm/hr to represent moderately 

restrictive underlying soils.  This rate is characteristic of a soil type that ranges between clay and 

sandy clay loam.  Also, the drainage configuration for these simulations did not include an IWS 

zone; they were all conventionally drained.  Results for the set of simulations given in Table 11 

show the effect of reducing the drainage coefficient (the hydraulic capacity of the underdrain 

system) by restricting the underdrain outlet.  The intention of metering outflow would be to keep 

the drainage water in the profile for longer periods to increase the hydraulic residence time and 

potential for denitrification and water quality treatment (Brown et al. 2011b).  One way of 

metering outflow would be to restrict the pipe outlet.  The results from Table 11 show that 

restricting outflow would increase exfiltration volume; however, it also increases overflow.  

Drainage rates are decreased, so the cell is more frequently saturated and the surface storage 

zone becomes overwhelmed more often, resulting in increased annual overflow.  When the 

drainage coefficient was reduced to 2.5 cm/day, the amount of exfiltration was nearly equal to 

the amount of exfiltration for the design with an IWS zone that was set 30 cm from the surface 

(Table 10).  The difference between these two designs was that annual overflow was 

approximately 2.5 times higher for the cell with the low drainage coefficient (an additional 151 

cm/bioretention surface area per 1420 cm/bioretention area of annual runoff).  Using 

DRAINMOD’s facility to analyze the hydrology of wetlands, simulation results were analyzed to 

find the number of times in each calendar year that the water table was within 30 cm of the base 

of the surface storage zone for 14 consecutive days.  When the hydraulic capacity of the 

underdrains was not a limiting factor (drainage coefficient = 60 cm/day), this never occurred.  

When the drainage coefficient was reduced to 10, 5, and 2.5 cm/day, the total number of years in 

which this condition occurred for the 60 year simulation period were 0, 1, and 19 years, 

respectively.  The average longest consecutive period for each calendar year in which the water 

table was within the top 30 cm of the profile for drainage coefficients of 10, 5, and 2.5 were 4.0, 

7.3, and 12.8 days, respectively.  A goal of BRC design is to prevent the bioretention soils from 

becoming hydric. 
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Table 11: Analysis of reducing drainage coefficient for a conventionally drained bioretention 

cell with restrictive underlying soils (vertical conductivity of underlying soils = 0.1 cm/hr). 

Drainage 

Coefficient 

(cm/day) 

Annual Fate of Runoff: (cm per bioretention surface area per year [percent of 

annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

60 1420 1148 [81%] 96 [7%] 76 [5%] 101 [7%] 

45 1420 1133 [80%] 99 [7%] 88 [6%] 101 [7%] 

30 1420 1098 [77%] 107 [8%] 115 [8%] 101 [7%] 

15 1420 1001 [70%] 136 [10%] 183 [13%] 101 [7%] 

10 1420 925 [65%] 161 [11%] 234 [16%] 101 [7%] 

5 1420 747 [53%] 205 [14%] 367 [26%] 101 [7%] 

2.5 1420 535 [38%] 257 [18%] 528 [37%] 101 [7%] 

 

When the underlying soil became very restrictive (hydraulic conductivity  of 0.01 cm/hr), the 

frequency of the water table present in the top 30 cm of the profile occurred for longer periods 

and more frequently.  When the drainage coefficient was 10, 5, and 2.5 cm/day, the total number 

of years in which the water table was present in the top 30 cm for 14 consecutive days increased 

to 1, 37, and 60 years, respectively.  The average longest consecutive period for each calendar 

year in which the water table was within the top 30 cm of the profile for drainage coefficients of 

10, 5, and 2.5 were 6.2, 16.7, and 50.1 days, respectively.  When the drainage coefficient was 

reduced to 2.5 cm/day, the water table was within the top 30 cm of the profile for at least 14 

consecutive days for 5.3 times a year, with the longest consecutive period in one calendar year 

lasting 125 days.  Therefore, restricting the outlet from a conventionally drained bioretention cell 

could cause it to satisfy the hydrologic condition for a wetland.  It could also harm the 

vegetation, lead to the possible dissolution and release of pollutants trapped near the surface of 

the media, and cause the bioretention media to become hydric.  Therefore, for sites with 

restrictive underlying soils (i.e., hydraulic conductivity < 0.01 cm/hr), it would be more 

beneficial to include an IWS zone than to restrict outflow in a conventionally drained system. 

1.3.4.2 Drainage Area to Bioretention Surface Area Ratio 

Another important design parameter is the drainage area to bioretention surface area ratio.  For a 

fixed design event (25 mm), increasing the average surface storage depth will decrease the 

surface area (footprint) required for the bioretention cell.  This not only reduces the spatial 

opportunity cost, but decreases the amount of specialized media needed to be hauled in, to 

further decrease the construction costs.  Long-term simulations were run for a 25-mm design 

event that had moderately restrictive underlying soils (vertical conductivity of underlying soils = 

0.1 cm/hr).  The surface storage volume of the bioretention cell was held constant, while the 

drainage area to bioretention area ratio varied based off changing the average surface storage 

depth.  The media had a saturated hydraulic conductivity of 2.5 cm/hr, and the drainage 

coefficient was set high enough (60 cm/day) to avoid limiting the drainage rate.  The drainage 

configuration for these simulations did not include an IWS zone; they were conventionally 

drained.  Decreasing the area required for the bioretention cell had a substantial impact on 

overflow and ET, as shown in Table 12.  As drainage area to bioretention area ratio increased, 

runoff, drainage, exfiltration, and overflow increased.  ET in terms of depth per bioretention 



39 

 

surface area remained constant, but as the relative bioretention surface area decreased, ET 

decreased as a percentage of runoff.  

 

Table 12: Analysis of drainage area to bioretention area ratio for bioretention cells designed 

to capture the 25-mm event (media saturated hydraulic conductivity = 2.5 cm/hr). 

Drainage Area: 

Bioretention Area 

Ave. Surface 

Storage 

Depth (cm) 

Annual Fate of Runoff: (cm per bioretention surface 

area per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

6.5:1 15 717 537 

[75%] 

21 

[3%] 

58 

[8%] 

101 

[14%] 

10.2:1 23 1064 844 

[79%] 

51 

[5%] 

68 

[6%] 

101 

[9%] 

14.0:1 30 1420 1148 

[81%] 

96 

[7%] 

76 

[5%] 

101 

[7%] 

21.6:1 45 2133 1733 

[81%] 

210 

[10%] 

90 

[4%] 

101 

[5%] 

29.1:1 60 2837 2287 

[81%] 

346 

[12%] 

103 

[4%] 

101 

[4%] 

 

The same analysis was done (Table 13) for a saturated hydraulic conductivity of the fill media of 

5.0 cm/hr.  This conductivity value is similar to that of the Nashville site (post-repair).  The 

drainage coefficient was also doubled (DC = 120 cm/day) to avoid limitation of drainage rate by 

the hydraulic capacity of the underdrains.  Increasing hydraulic conductivity increased drainage 

and reduced overflow.  It also reduced water table elevations in the cell quicker which reduced 

exfiltration.  Overall, doubling the hydraulic conductivity resulted in approximately half as much 

overflow.   

 

Table 13: Analysis of drainage area to bioretention area ratio for bioretention cells designed 

to capture the 25-mm event (media saturated hydraulic conductivity = 5.0 cm/hr). 

Drainage Area: 

Bioretention Area 

Ave. Surface 

Storage 

Depth (cm) 

Annual Fate of Runoff: (cm per bioretention surface 

area per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

6.5:1 15 717 566 

[79%] 

9 

[1%] 

43 

[6%] 

99 

[14%] 

10.2:1 23 1064 888 

[83%] 

24 

[2%] 

53 

[5%] 

100 

[9%] 

14.0:1 30 1420 1212 

[85%] 

48 

[3%] 

60 

[4%] 

100 

[7%] 

21.6:1 45 2133 1841 

[86%] 

118 

[6%] 

74 

[3%] 

100 

[5%] 

29.1:1 60 2837 2442 

[83%] 

209 

[7%] 

86 

[3%] 

100 

[4%] 
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As presented in Brown (2011), the surface storage volumes of the Nashville bioretention cells 

were undersized with respect to the 25-mm design event (approximately one-half to two-thirds of 

the design capacity); however, they were able to treat nearly 90 percent of the runoff for one 

year.  The results from these 60-year simulations showed that bioretention cells following the 

NC recommendation of an average surface storage depth of 23 cm will be able to treat 95 percent 

of annual runoff (Table 12).  If treating 90 percent of annual runoff is a common target water 

quality capture percentage for LID practices, this implies that current design standards are over-

sizing the surface storage zone.  These conservative methods provide a factor of safety in the 

design methodology for cases in which bioretention cells are under-sized due to construction 

errors or if the surface becomes clogged due to lack of maintenance.  However, if regulators 

require (1) as-built surveys and (2) maintenance guarantees, perhaps future NC bioretention 

design standards should allow for the surface storage volume to be reduced. 

Current NC design standards only provide guidance and grant credit to systems that are designed 

to handle the design event.  This “one size fits all” approach hinders retrofits and other site 

designs where land constraints are present.  By understanding performance from undersized and 

oversized systems, better design guidance can be provided.  In exploring the impact of over-

sizing and under-sizing bioretention cells, the surface storage depth was cut in half and doubled 

for two different combinations of surface storage depth and drainage area to bioretention area 

ratios that could capture the 25-mm event.  The surface storage depths for the design event were 

simulated for 23 and 30 cm, which are common depths in current NC designs.  The same 

hydraulic conductivity of the media, drainage coefficient, drainage configuration, and deep 

seepage parameters were used as in the simulations from Table 12.  The biggest impact of 

changing the surface storage depth was on overflow.  Reducing the depth by half doubled the 

overflow volume, and doubling the depth reduced the overflow volume by approximately two-

thirds.  When the 23-cm average surface storage depth was reduced by half, the bioretention cell 

was able to treat 90 percent of annual runoff.  Finally, since the surface area remained constant, 

ET and exfiltration were nearly identical for all three variations (Table 14). 
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Table 14: Over-sizing and under-sizing bioretention cells based on surface storage depth.  

Drainage Area: 

Bioretention 

Area 

Ave. Surface 

Storage Depth 

(cm) 

Annual Fate of Runoff: (cm per bioretention surface 

area per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

10.2:1 11.5
a
 1064 788 

[74%] 

108 

[10%] 

67 

[6%] 

101 

[9%] 

10.2:1 23
b
 1064 844 

[79%] 

51 

[5%] 

68 

[6%] 

101 

[9%] 

10.2:1 46
c 

1064 877 

[82%] 

17 

[2%] 

69 

[6%] 

101 

[9%] 

14.0:1 15
a 

1420 1045 

[74%] 

201 

[14%] 

74 

[5%] 

101 

[7%] 

14.0:1 30
b 

1420 1148 

[81%] 

96 

[7%] 

76 

[5%] 

101 

[7%] 

14.0:1 60
c 

1420 1211 

[85%] 

31 

[2%] 

78 

[5%] 

101 

[7%] 
a
 Under-sized surface storage volume (one-half of design surface storage volume) 

b
 Sized per NCDENR (2009) standard 

c
 Over-sized surface storage volume (double of design surface storage volume) 

 

If land area is a constraint or concern, the more common way to oversize and undersize a system 

would be to alter the surface area of the bioretention cell.  Altering the surface area will impact 

the volume of media required in the design, which will also increase or decrease the cost to 

construct the bioretention cell.  To compare the impact of altering bioretention surface area, the 

surface storage depth was held constant and the surface area was either halved or doubled (Table 

15).  The same combinations of surface storage depth for the design event (25 mm) and other 

design specifications were used.  By changing the surface area, the footprint of the bioretention 

cell and volume of the media consequently changed.  Therefore, exfiltration and ET for both 

combinations varied.  By doubling the area, exfiltration and ET increased and overflow 

decreased.  The opposite occurred when the area was reduced by half.  However, it is important 

to note that despite the reduction of surface area (by one-half), the bioretention cell was still able 

to treat approximately 82 and 77 percent of the annual runoff volume for surface storage depths 

of 23 and 30 cm, respectively.  Because the volume of the media was changed by a factor of two 

in Table 15, the impact on overflow in comparison to the design event area was more extreme.  

Reducing the area by one-half increased the overflow volume by more than three times, while 

doubling the area reduced the overflow volume by approximately 80 percent.   
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Table 15: Over-sizing and under-sizing bioretention cells based on surface area. 

Drainage Area: 

Bioretention 

Area 

Ave. Surface 

Storage Depth 

(cm) 

Annual Fate of Runoff: (cm per bioretention surface 

area per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

5.1:1  

(double area)
a
 

23 585 427 

[73%] 

5 

[1%] 

53 

[9%] 

100 

[17%] 

10.2:1 

(25-mm event)
b
 

23 1064 844 

[79%] 

51 

[5%] 

68 

[6%] 

101 

[9%] 

20.4:1 

(half area)
c
 

23 2021 1467 

[73%] 

368 

[18%] 

85 

[4%] 

101 

[5%] 

7.0:1  

(double area)
a 

30 764 594 

[78%] 

10 

[1%] 

60 

[8%] 

101 

[13%] 

14.0:1 

(25-mm event)
b 

30 1420 1148 

[81%] 

96 

[7%] 

76 

[5%] 

101 

[7%] 

28.0:1  

(half area)
c 

30 2734 1901 

[70%] 

637 

[23%] 

95 

[3%] 

101 

[4%] 
a
 Over-sized surface storage volume (double of design surface storage volume) 

b
 Sized per NCDENR (2009) standard 

c
 Under-sized surface storage volume (one-half of design surface storage volume) 

  

Brown (2011) highlighted the importance of including intra-event infiltration in the calculations 

of the percentage of annual runoff treated by the media.  It also presented results for two 

bioretention cells with surface storage capacities between one-half and two-thirds of that 

required by design standards.  These cells treated nearly 90 percent of annual runoff, which is a 

common target water quality capture percentage for LID practices.  Using DRAINMOD, a 

variety of combinations of media types, surface storage depths, and area ratios could be 

simulated to determine what the actual size of the surface storage zone needs to be to treat 90 

percent of annual runoff on a long-term basis.  In Table 16, the bioretention area required to treat 

90 percent of annual runoff is given for a variety of media hydraulic conductivities, DCs, and 

average surface storage depths.  These results are based on analysis of the predicted performance 

of the cells for a 60-year period of weather record.  The percentage of the current design standard 

design event is given for comparison.  Unless otherwise specified in the table, DRAINMOD 

inputs were identical to those in Table 12.  The media consistency at the Nashville site was 

between the 2.5 and 5.0 cm/hr saturated hydraulic conductivity and the average surface storage 

depth was approximately 23 cm, explaining why one-half to two-thirds of design capacity was 

almost able to treat the 90 percent event.  For these configurations, 90 percent of annual runoff 

could be treated by providing only 51 to 70 percent of the standard 25-mm design event capacity 

(within range of the Nashville cells’ performance). 

 

 

 

 



43 

 

Table 16: Varying design parameters for several bioretention cells that would treat 90 

percent of annual runoff in Piedmont, NC (Raleigh-Durham weather [1950-2009]). 

Media Saturated 

Hydraulic 

Conductivity (cm/hr) 

Drainage 

Coefficient 

(cm/day) 

Ave. Surface 

Storage Depth 

(cm) 

Drainage Area: 

Bioretention 

Area 

Percentage of 

Design Event 

Capacity
a 

2.5 60
b 

23 14.5:1 70% 

2.5 60
b 

30 16.9:1 83% 

5.0 90 23 19.1:1 53% 

5.0 120
b 

23 20.0:1 51% 

5.0 90 30 21.7:1 65% 

5.0 120
b 

30 22.8:1 61% 
a
 A volume. The design event capacity is based on sizing the surface storage volume using methods in 

NCDENR (2009); the design event for Raleigh, NC is 25 mm (1 inch).  The drainage area to bioretention area 

ratio for a 100 percent impervious drainage area is 10.2:1 and 14.0:1 when the average surface storage depth is 

23 and 30 cm, respectively. 
b
 Drainage coefficient exceeds maximum rate allowable by Kirkham equation under saturated conditions, so 

drainage rate is not limited by hydraulic conductivity of underdrains. 

 

A similar exercise was performed for the coastal counties where the design event is 38 mm (1.5 

in).  Requiring capture of the larger design event reduces the drainage area to bioretention area 

ratio.  For these simulations, long-term data from Wilmington International Airport were used.  

The same combinations of media saturated hydraulic conductivity, drainage coefficient, and 

surface storage depth were explored.  Results in Table 17 show that bioretention cells are being 

oversized in the coastal counties as well.  Interestingly, the percentages of the respective design 

event capacities required to treat 90 percent of annual runoff were similar for Raleigh-Durham 

and Wilmington. 

 

Table 17: Varying design parameters for several bioretention cells that would treat 90 

percent of annual runoff in coastal counties of NC (Wilmington weather [1950-2009]). 

Media Saturated 

Hydraulic 

Conductivity (cm/hr) 

Drainage 

Coefficient 

(cm/day) 

Ave. Surface 

Storage Depth 

(cm) 

Drainage Area: 

Bioretention 

Area 

Percentage of 

Design Event 

Capacity
a 

2.5 60
b 

23 8.6:1 70% 

2.5 60
b 

30 10.2:1 81% 

5.0 90 23 11.4:1 53% 

5.0 120
b 

23 11.9:1 50% 

5.0 90 30 13.0:1 64% 

5.0 120
b 

30 13.7:1 61% 
a
 A volume. The design event capacity is based on sizing the surface storage volume using methods in 

NCDENR (2009); the design event for Wilmington, NC is 38 mm (1.5 inch).  The drainage area to bioretention 

area ratio for a 100 percent impervious drainage area is 6.0:1 and 8.3:1 when the average surface storage depth 

is 23 and 30 cm, respectively. 
b
 Drainage coefficient exceeds maximum rate allowable by Kirkham equation under saturated conditions, so 

drainage rate is not limited by hydraulic capacity of underdrains. 
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1.3.4.3 Media Type 

Media type is a very important parameter because it controls the water storage availability in the 

media.  For example, the media used at the Rocky Mount site had substantially more water 

storage potential for an IWS layer than that used for Nashville because it had a higher drainable 

porosity.  When the internal water table was at bottom of cell, there was greater storage available 

in the Rocky Mount media because soil water contents were lower at low suctions (close to the 

water table).  An example of how the Rocky Mount site would have been affected if the media 

from Nashville had been used in Rocky Mount is described in Table 18.  In these simulations, 

the infiltration parameters remained constant when the Nashville media was substituted.  The 

main impact was that an approximately 9 to 12 percent more annual runoff was leaving via 

exfiltration would have left the cell as outflow (drainage and overflow) if the Nashville media 

with more fine particles was used.   

 

Table 18: Comparison of SCL performance at Rocky Mount had a different media (from 

Nashville site) been used. (Infiltration parameters remained constant) 

Cell Description (Media Type) 

Annual Fate of Runoff: (cm per bioretention surface 

area per year [percent of annual runoff]) 

Runoff Drainage Overflow Exfiltration ET 

SCL Cell Deep IWS (actual 

media) 

1559 155 

[9.9%] 

111 

[7.1%] 

1161 

[74.4%] 

133 

[8.5%] 

SCL Cell Deep IWS (Nashville 

media) 

1559 338 

[21.7%] 

111 

[7.1%] 

979 

[62.8%] 

133 

[8.5%] 

SCL Cell Shallow IWS (actual 

media) 

1272 269 

[21.2%] 

88 

[7.0%] 

802 

[63.0%] 

112 

[8.8%] 

SCL Cell Shallow IWS (Nashville 

media) 

1272 388 

[30.5%] 

88 

[7.0%] 

684 

[53.8%] 

112 

[8.8%] 

 

1.3.5 LONG-TERM SIMULATIONS BASED ON TYPICAL NC DESIGNS 

Continuing with the results presented in the previous section, “1.3.4 – Analysis of Input 

Parameters,” a comprehensive analysis of 432 different bioretention designs was conducted.  

This analysis targeted specific design specifications currently presented in the N.C. bioretention 

design guidance manual (NCDENR 2009).  Sixty-year simulations were conducted based on 

historical hourly rainfall and daily temperature records from the Raleigh-Durham International 

Airport.  The factors that varied between the simulations were surface storage depth, surface 

storage volume relative to the design event, underlying soil type, media depth, and drainage 

configuration.  Since the design manual recommends an average surface storage depth of 23 cm 

(9 in) and will allow for a maximum of 30 cm (12 in), these two surface storage depths were 

analyzed.  The surface storage volume was calculated based on the Piedmont region standard 

design event of 25 mm (1 in) (NCDENR 2009) and assumed that the drainage area was 0.4 ha 

(1.0 ac) with 100 percent impervious.  To explore the effects of over-sizing and under-sizing the 

bioretention surface storage volume, five additional variations of surface storage volume relative 

to the design capacity were explored.  The additional relationships of surface storage volume 
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relative to the design event capacity were 50, 75, 125, 150, and 200 percent of the design event 

capacity.  The associated drainage area to bioretention surface area ratios for the two 

combinations of surface storage depths are presented in Table 19.   

 

Table 19: Drainage area to bioretention surface area ratios for varying surface storage volumes 

relative to design capacity for a 25 mm (1 in) design event.  These ratios were calculated for a 

drainage area that was 0.4 ha (1.0 ac) and 100 percent impervious. 

Surface Storage 

Volume Relative to 

Design Capacity 

Drainage Area : Bioretention Surface Area Ratio 

Surface Storage Depth (30 cm) Surface Storage Depth (23 cm) 

0.5 28 20.4 

0.75 18.7 13.6 

1.0 14 10.2 

1.25 11.2 8.2 

1.5 9.3 6.8 

2.0 7 5.1 

 

Four underlying soil types were analyzed by varying the vertical conductivity of the restricting 

layer in the vertical/deep seepage model input.  The underlying soils were classified based on 

USDA hydrologic soil groups (HSGs).  Based on measured exfiltration rates and classified 

underlying soil types presented in Appendix Table C.4 and measured saturated hydraulic 

conductivities presented in Rawls et al. (1998), the vertical conductivities of the underlying soils 

for HSGs A, B, C, and D were 3.0, 0.35, 0.05, and 0.005 cm/hr, respectively.  The vertical 

conductivities were approximately an order of magnitude different between each HSG.  The 

values selected were slightly conservative to account for the reduced hydraulic conductivity 

created by compaction from construction equipment and to provide an additional factor of safety.  

The vertical conductivities were in the range of measured saturated hydraulic conductivities that 

were based on the USDA soil texture classes (Rawls et al. 1998).  For each of the 12 USDA soil 

texture classes, the data were divided into two groups (low bulk density and high bulk density), 

and the geometric mean, 25
th

 percentile, and 75
th

 percentile were presented.  Since construction 

equipment can compact the bottom of a bioretention cell, the 75
th

 percentile for the high bulk 

density soils were used to estimate vertical hydraulic conductivity inputs for the model.  As 

compared to a 3.0 cm/hr vertical hydraulic conductivity for HSG A soils, the saturated hydraulic 

conductivities for sand and loamy sand in Rawls et al. (1998) were 6.40 and 3.05 cm/hr, 

respectively.  As compared to a 0.35 cm/hr vertical hydraulic conductivity for HSG B soils, the 

saturated hydraulic conductivities for sandy loam and loam were 0.51 and 0.28 cm/hr, 

respectively (Rawls et al. 1998).  As compared to a 0.05 cm/hr vertical hydraulic conductivity for 

HSG C soils, the saturated hydraulic conductivities for sandy clay loam, sandy clay, and clay 

loam were 0.10, 0.03, and 0.02 cm/hr, respectively (Rawls et al. 1998).  As compared to a 0.005 

cm/hr vertical hydraulic conductivity for HSG D soils, the saturated hydraulic conductivity for 

clay in Rawls et al. (1998) was 0.03 cm/hr.  Based on the type of clay soils located in the Triassic 

Basin in central North Carolina, the 75
th

 percentile from Rawls et al. (1998) for clay soils seemed 

high, so for HSG D soils, the rate from the HSG C soils was decreased by an order of magnitude.  

In DRAINMOD, the deep seepage parameters had a restricting layer thickness of 60 cm and 
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piezometric head of 60 cm relative to a directly underlying restrictive layer.  For bioretention 

cells with a larger hydraulic gradient below the bioretention cell, the piezometric head can be 

reduced to be less than that of the restricting layer thickness. 

A variation of media depth was explored based on the different underlying soil types.  For all 

HSGs, 90-cm media depth was analyzed.  Since HSG A was sandier than the others, a shallower 

depth (60 cm) was analyzed too.  For HSGs B, C, and D, an additional iteration of deeper media 

depth (120 cm) was analyzed, and for HSG D, 150-cm media depth was also analyzed.  The 

profile consisted of a 5-cm mulch layer, variable depth media layer, 10-cm sand layer, and 20-cm 

gravel layer.  The soil-water characteristic curve used for the media layer was the one calculated 

for two bioretention cells monitored by Luell (2011) in Knightdale, NC.  These cells followed 

the NC recommended media mixture of 85-88 percent sand, 8-12 percent silt and clay, and 3-5 

percent organic matter (NCDENR 2009).  Another set of bioretention cells in Nashville, NC, that 

followed these media specifications had a nearly identical soil-water characteristic curve (Brown 

and Hunt 2011a).  The soil-water characteristic curve used for the sand layer was the one 

calculated for two bioretention cells monitored in Rocky Mount, NC, because the media was 96 

percent sand and 4 percent silt and clay (Brown and Hunt 2011b).  The specific soil-water 

characteristic curves for these materials are presented in Appendix Table C.3.  The lateral 

saturated hydraulic conductivities for the mulch, fill media, sand, and gravel were 2.5, 2.5, 15, 

and 200 cm/hr, respectively.  Drains with a diameter of 15 cm and a spacing of 4.5 m were 

simulated, and the drainage coefficient for all simulations was set at 60 cm/day.  By setting the 

drainage coefficient to 60 cm/day, the hydraulic capacity of the underdrains would never be 

reached.  Model simulations were run for a conventional drainage configuration and for an IWS 

zone configuration where the outlet was set at 30 cm from the surface for HSGs A and B and 45 

cm from the surface for HSGs C and D.  For the simulations that included an IWS zone, two 

additional simulations were run for lower drainage coefficients (40 and 20 cm/day) because 

measured data at the site in Knightdale, NC, showed that the hydraulic capacity of the underdrain 

system was limited (Luell 2011).  This particular design had an IWS zone, so it was possible that 

the IWS zone design restricted the drainage rate because of either a reduced hydraulic gradient or 

hydraulic capacity.   

Water levels in the profile of two bioretention cells in Knightdale, NC, were measured from 

August 11, 2010, to October 12, 2010.  During this time three events exceeded 7.9 cm (3.1 in), 

so it was assumed that the bioretention cells reached saturated conditions during these events.  

The one bioretention cell (K-Large) had a larger surface storage volume than the other (K-

Small).  The underlying soils at this site ranged from sandy clay loam to clay.  K-Small had 

measured exfiltration rates of 0.05-0.08 cm/hr (0.02-0.03 in/hr), and K-Large had measured 

infiltration rates of 0.03-0.04 cm/hr (0.01-0.02 in/hr).  The measured saturated hydraulic 

conductivity of the bioretention media was 3.0 cm/hr (1.2 in/hr), so it was surprising when the 

measured infiltration rates from an event on September 29, 2010, from K-Small and K-Large 

were 1.1 cm/hr (0.4 in/hr) and 0.8 cm/hr (0.3 in/hr), respectively.  The infiltration rate was slow 

because the maximum allowable drainage rate restricted the rate in which runoff could infiltrate 

into the surface.  The maximum drainage rates measured in K-Small and K-Large were 0.25 and 

0.33 L/s, respectively.  When these flow rates were converted into units of depth per bioretention 

surface area, the maximum capacities of the underdrains for K-Small and K-Large were 21 and 

15 cm/day per bioretention surface area.  Using Kirkham’s equation (Equation 5), if the 

hydraulic capacity of the drainage system was not restricting the outflow rate, the underdrains 
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could release approximately 50 cm/day per bioretention surface area based on the drain spacing, 

drain depth, drain radius, and hydraulic conductivity of the media.  The measured drainage rates 

were approximately one-third of the drainage rate calculated with Kirkham’s equation for a 

saturated and entirely ponded condition.   

The comprehensive results from the long-term simulations are presented in Appendix D and 

summarized in Table 20.  The depth of ET per bioretention surface area was consistent between 

all simulations.  The contribution of ET in the water balance only varied based on the drainage 

area to bioretention surface area ratio.  For the 30-cm surface storage depth, the percentage of ET 

when the surface storage volume was at one-half of design capacity, at design capacity, and at 

twice the design capacity was 3.7, 7.0, and 13.0 percent of annual runoff volume, respectively.  

For the 23-cm surface storage depth, more surface area was required to achieve the same storage 

volumes, so a larger area of media was present to promote more ET.  This led to slightly higher 

ET percentages for these ratios of design capacity.  At one-half of design capacity, at design 

capacity, and at twice the design capacity, the percentage of ET was 4.9, 9.4, and 16.9 percent of 

annual runoff volume, respectively.  As the surface area was greater for the 23-cm surface 

storage depth, more media area and media volume was present to also promote a modest increase 

in exfiltration volume when compared to the 30-cm surface storage depth.  Consequently, the 

bioretention cells with a surface storage depth of 23 cm had modestly less drainage and overflow 

volumes than those with 30 cm. 

The presence of an IWS zone increased the amount of exfiltration for all HSGs.  In HSG A, 

nearly all of the runoff exited via exfiltration, and in HSG B, exfiltration was also the majority in 

the water balance.  However, in HSG C, drainage became the majority, but the percentage of 

exfiltration was still substantial.  Finally, in HSG D, the overall percentage of exfiltration was 

low; it was even lower than the percentage of ET. 

In HSG A, the underlying soil had a higher hydraulic conductivity than in the media, so drainage 

did not occur when an IWS zone was included.  Likewise, when the drainage coefficient was 

reduced for the case with the IWS zone, there was no difference in the fate of runoff.  However, 

for all of the other HSGs, changing the drainage coefficient had the biggest influence (most 

variation) on percentage of annual runoff when the surface storage volume was undersized.  This 

occurred because as the drainage rate is restricted, water would not infiltrate as fast, so surface 

ponding and consequent overflow were more likely.  More overflow corresponds to less 

drainage.  Additionally, the slower release of drainage maintains water in the media for a longer 

period of time, which allows for more exfiltration.  The variation between percentages of 

overflow for the different drainage coefficients was lower for HSG B than HSGs C and D 

because HSG B promoted more exfiltration than the other two.  These observations are presented 

in Figs. D.19–D.36.   

The overall impact from increasing the media depth had a minor impact for the conventionally 

drained bioretention cells.  However, for HSGs B and C, there was a substantial increase in 

exfiltration after adding an additional 30 cm of media for the bioretention cells with an IWS zone 

because it increased the storage volume of the IWS zone.  HSG D did release more exfiltration 

when the depth of the system increased and an IWS zone was present; however, the increase in 

exfiltration volume was not close to the magnitude predicted in HSGs B and C. All results are 

summarized in Table 20. 
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Table 20. Comparing the importance of design attributes. 

Ranking of 

Imporantance  

Design 

Attribute 

Explanation 

1 IWS Presence Including an IWS substantially increased exfiltration from HSG 

A,B&C soils. The impact was minimal for D soils. 

2 Relative 

Surface Area 

Increasing or decreasing the surface area (without adjusting 

ponding depth), effectively increases or reduces the storage 

volume. The ability to mitigate peak flows is compromised as 

surface area shrinks. The long term volume treated experiences 

diminished marginal returns as the surface area is increased. 

3 Fill Media 

Infiltration Rate 

While not much flexibility exists in media infiltration rate (nor 

do we suggest there should be a wide range), Ksat values of 50 

mm/h clearly allowed more infiltration than those of 25 mm/h. 

For nitrogen removal, however, a long hydraulic retention time 

is desired, suggesting that 25 mm/h may be best for nutrient 

sensitive waters. 

4 Restricting 

Drainage Rate 

While not as effective as including an IWS, restricting the 

drainage rate by manipulating the underdrain configuration 

allowed for more infiltration. However, the frequency and 

volume of overflow increased as well. 

5 Media Volume Impacts evapotranspiration rates substantially. However, most of 

this is due to increased surface area rather than increased depth. 

6 Media Depth For depths tested (60, 90, 120, and 150 cm) little gain  in 

outflow mitigation was observed as depth increased. However, 

the depths tested were selected for specific HSG’s, and it is 

probable that the minimum depth tested was already sufficient. 

 

1.4 CONCLUSIONS 

Bioretention cells are perhaps  the most popular low impact development stormwater practice; 

their level of performance is very site specific because of the impact of underlying soils, design 

specifications, and climate conditions.  DRAINMOD was used to simulate performance of four 

bioretention cells that had varying media depths, media types, drainage configurations, surface 

storage volumes, and underlying soils.  Each of the four cells was monitored for two year-long 

monitoring periods, in between which one of the design parameters was altered.  Results showed 

that DRAINMOD can be used to predict the hydrologic response to runoff entering bioretention 

cells on a continuous, long-term basis.  The annual water balance calculated in DRAINMOD is 
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most useful to: (1) determine whether predevelopment hydrology has been restored and (2) to 

estimate effluent pollutant loads.   

The results of the validation of DRAINMOD after calibration showed that it can be used reliably 

to simulate the hydrologic response of runoff entering a bioretention cell.  DRAINMOD 

accurately predicted runoff volumes from drainage areas with a varying degree of impervious 

percentage and consistency of the impervious area (depressions versus smoothly graded asphalt).  

The Nash-Sutcliffe coefficients for runoff from each site’s drainage area exceeded 0.99 for both 

the calibration and validation periods.  At Nashville, during the post-repair period, the Nash-

Sutcliffe coefficients for drainage and exfiltration/ET both exceeded 0.8 during the calibration 

and validation periods.  In the calibration and validation periods for the pre-repair period, the 

Nash-Sutcliffe coefficients for drainage, overflow, and exfiltration/ET were all in the range of 

0.6-0.9.  Good model agreement between predicted and measured water table depth occurred at 

the Rocky Mount site where exfiltration rates were measured from actual events.  At the SCL 

cell, the average absolute error for water table depths was 7.8 cm, and the linear trend of the 

predicted and measured data had a coefficient of determination of approximately 0.82 and a 

slope of 1.04.  For both the calibration and validation periods, the predicted (modeled) volume of 

exfiltration/ET was within five percent of the estimated volume at the SCL cell, and it was 

within one percent for the Sand cell.  Nash-Sutcliffe coefficients for the SCL cell during both the 

calibration and validation periods were 0.92. 

A continuous, long-term model could allow designers and regulators to move away from the 

current “one size fits all” design approach and work towards a "flexible" bioretention design 

methodology that allows for over-sizing and under-sizing bioretention cells based on site 

characteristics.  By modeling a variety of different combinations of under-sized and over-sized 

systems, DRAINMOD can be used to evaluate the effect of cell size and design parameters on 

amount of runoff treated and effluent pollutant loads.  For example, analysis of systems 

considered herein showed that reducing the bioretention cell surface area by one-half would still 

allow for approximately 80 percent of the annual runoff volume to be infiltrated into the media 

and treated.   

Modeled results showed that current bioretention design guidance is somewhat over-sizing the 

surface storage volume necessary to treat 90 percent of runoff.  The degree to which the cells are 

being over-sized is dependent on the saturated hydraulic conductivity of the media, drainage 

coefficient, and drainage area to bioretention area ratio.  For a site with moderately restrictive 

underlying soil (hydraulic conductivity = 0.1 cm/hr), the surface storage volume required to treat 

90 percent of annual runoff only needed to be 70 percent of the design capacity as given by the 

N.C. recommended guidelines for both Raleigh-Durham (Piedmont) and Wilmington (coastal 

counties). 

Media volume is very important for treatment of runoff through ET and exfiltration and to 

decrease overflow volume.  The model simulations showed that as media area increased, ET and 

exfiltration volumes increased and overflow volume decreased.  This was because the relative 

size of the bioretention cell in comparison to the drainage area increased, which increased the 

opportunity for plants to promote ET. 
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Finally, including an IWS zone substantially reduced total outflow (overflow and drainage).  The 

impact was the greatest when the underlying soils had higher hydraulic conductivities, but an 

improvement also occurred for restrictive underlying soils.  On an annual basis, even the most 

restrictive underlying soils (such as clay) had less outflow volume when an IWS zone was 

included, provided that the hydraulic capacity of the drainage network (drainage coefficient) was 

not a limiting factor.   

A technique of metering outflow by restricting the drain pipes for conventionally drained 

bioretention cells was also compared to using an IWS zone in areas with restrictive underlying 

soils.  Restricting drainage rates resulted in more exfiltration when compared to using 

conventional drainage; however, it did not exceed the volume of exfiltration when compared to 

an IWS zone configuration that had the outlet set 0.3 m from the surface and a media depth of 

0.9 m.  Restricting the drainage rate increased overflow volume and resulted in water tables 

closer to the surface for extended periods of time. 

 

1.5 RECOMMENDATIONS 

The results from this research provide numerous design recommendations to improve current 

bioretention design methodology.  The tool that was developed with this research can be used to 

more accurately predict long-term hydrologic performance for a variety of bioretention cell 

designs and locations.  The calibration and validation of eight different combinations of designs 

from four different bioretention cells proved that DRAINMOD can be a reliable model to predict 

the hydrologic performance of bioretention cells.  Collecting site-specific data is important to 

more accurately model bioretention cells.  An important parameter to measure for the purposes 

of calibrating the model is the water level at the midpoint between the underdrains because this is 

one of the daily outputs in DRAINMOD.  Based on experience, this is easier to do in cells that 

are constructed with an IWS zone because the IWS zone keeps water stored in the profile for 

longer periods of time.  The drawdown rate of the IWS zone can also be used to estimate the 

exfiltration rate and the deep seepage model inputs in DRAINMOD. 

 

The comprehensive results from the long-term model simulations that were based on the current 

North Carolina design methodology can be used as a foundation to create a sliding scale 

performance credit system for bioretention cells that have different surface storage volumes 

relative to design capacity, underdrain configurations, and underlying soil types.  A sliding scale 

system will allow for at least partial credit to be awarded to bioretention cells that have to be 

under-sized because of space constraints.  This would likely occur at sites where retrofits will be 

installed.  If a sliding scale performance credit system is created, it would be recommended to 

apply an additional safety factor for the results presented in Appendix D because of uncertainty 

with design, construction oversight, and maintenance.  Another benefit of the sliding scale 

system would be to award different degrees of credit or to alter design recommendations based 

on underdrain configuration and the underlying soil type.  The data available in Appendix D 

could be further analyzed versus estimated construction costs to perform a cost-benefit analysis 

for the varying surface storage capacities relative to the design event.  This would provide a way 

to optimize the rate of return for the different design configurations. 
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The long-term simulation results showed that including an IWS zone will highly benefit the 

hydrologic performance for sites that have underlying soils that are classified as HSGs A, B, and 

C, so it is recommended to install IWS zones for most bioretention cells with these types of 

underlying soils.  For HSG C, the hydrologic benefit is less than for HSGs A and B, but HSG C 

will provide additional water quality benefits of denitrification because water remains in the IWS 

zone for an extended period of time.  One word of caution is to avoid having the outlet 

excessively limit the drainage rate.  The long-term simulations showed that including an IWS 

zone would provide greater hydrologic benefit than adding a restrictor plate on the outlet of a 

conventionally drained bioretention cell. 

 

The N.C. bioretention design manual is currently over-sizing the surface storage volume of 

bioretention cells based on the goal of infiltrating (and treating) 90 percent of the annual runoff 

volume.  Since DRAINMOD is a continuous long-term simulation model, it was able to account 

for the amount of infiltration that occurred during every event, even those greater than the design 

event.  On an annual basis, the volume of runoff that infiltrated into the subsurface was 

substantially more than anticipated.  If regulators use these data and reduce the required surface 

storage volume, they must ensure that bioretention cells are constructed according to the design 

plans.  Anecdotal and documented (Brown and Hunt 2011a) evidence has shown that unless 

experienced and meticulous construction oversight occurs, bioretention cells do not get built to 

the design plans. 
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APPENDIX A.  ABBREVIATIONS AND SYMBOLS 

Conv.: conventionally drained bioretention cell (no IWS zone) 

Drainage: for a bioretention cell water balance, this is the volume of runoff that infiltrates into 

the bioretention media and leaves through the underdrains. 

DC: drainage coefficient; maximum drainage rate as limited by the hydraulic capacity of the 

drainage system in the bioretention cell 

ET: evapotranspiration; water released by soil evaporation and plant transpiration 

ET/Exfiltration: the volume of runoff that is not released as outflow from a bioretention cell. 

Exfil.: exfiltration; vertical or deep seepage; water from the bioretention cell that enters the 

surrounding soils 

HSG: hydrologic soil group; four classifications (A, B, C, and D); A has the highest hydraulic 

conductivity and D has the lowest 

IWS: internal water storage zone; raised underdrain outlet 

LID: low impact development 

NCDENR: North Carolina Department of Environment and Natural Resources 

Outflow: the volume of runoff that leaves a bioretention cell as drainage and overflow combined 

Overflow: the volume of water that does not infiltrate into the surface of the bioretention cell 

because the surface storage volume is at capacity; runoff that bypasses the system (media) 

PET: potential evapotranspiration; maximum allowable rate of evapotranspiration based on 

climatic conditions 

r
2
: coefficient of determination; method to measure model fit 

RNS
2
: Nash-Sutcliffe coefficient; method to measure model fit 

Runoff: As a DRAINMOD output, this refers to the volume of water that does not infiltrate into 

the surface and runs off of the field.  For the water balance calculations for bioretention cells, 

this refers to the volume of water that entered the bioretention cell (direct rainfall and surface 

runoff from contributing drainage area). 

Sand Cell: bioretention cell at the Rocky Mount, NC, site that had sand underlying soil 

SCL Cell: Sandy Clay Loam Cell; bioretention cell at the Rocky Mount, NC, site that had sandy 

clay loam underlying soil 

SCM: stormwater control measure  

TDR: time domain reflectometry; method to determine volumetric water content in soil 

USDA: United States Department of Agriculture 
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APPENDIX B.  RESULTS FROM PROJECT   

Publications:  

 Brown, R. A. (2011). “Chapter 7: Modeling bioretention hydrology with DRAINMOD.” 

Evaluation of bioretention hydrology and pollutant removal in the Upper Coastal Plain of 

North Carolina with development of a bioretention modeling application in 

DRAINMOD, Ph.D. Dissertation, North Carolina State University, Raleigh, N.C., 170-

228. 

o A chapter in R.A. Brown’s Ph.D. dissertation.  Results from this chapter are being 

edited and condensed to submit to a journal.  

 Brown, R. A., Hunt, W. F., and Skaggs, R. W. (2010). “Modeling bioretention hydrology 

with DRAINMOD.” ASCE 2010 International LID Conference, San Francisco, CA. 

April 11-14. 

o Conference proceeding and oral presentation at the American Society of Civil 

Engineers – International Low Impact Development Conference. 

 Brown, R. A., Hunt, W. F., and Skaggs, R. W. (2010). “Long-term modeling of 

bioretention hydrology with DRAINMOD.” ASABE Paper No. 1008640. ASABE-AIM, 

Pittsburgh, PA.  June 20-23. 

o Conference proceeding and oral presentation at the American Society of 

Agricultural and Biological Engineers – Annual International Meeting. 

 Brown, R. A., Hunt, W. F., and Skaggs, R. W. (2011). “Using DRAINMOD to model 

long-term bioretention hydrology.” Proceedings of the ASCE-EWRI World 

Environmental and Water Resources Congress, Palm Springs, CA. May 22-26. 

o Final abstract and oral presentation at the World Environmental and Water 

Resources Congress, sponsored by the American Society of Civil Engineers’ 

Environmental and Water Resources Institute. 

 

Efforts at technology transfer or communication of results to end users, policy makers, or others: 

 Two, one-day bioretention trainings were done August 18
th

 and August 19
th

, 2011, in 

Raleigh and Winston-Salem, respectively.  The trainings were taught by Dr. William 

Hunt, Dr. Robert Brown, and Mr. Bradley Wardynski.  They focused primarily on 

applying the results from this research to improve current bioretention design 

methodology.  The following topics were presented at the trainings: (1) results from the 

calibration of DRAINMOD, (2) procedure to model bioretention cells in DRAINMOD, 

and (3) results of long-term simulations that explored the overall impact of different 

design specification on the model and implications for design recommendations. 

o PowerPoint presentations and handouts will be distributed to training attendees. 

 An additional training may be conducted at the U.S. Environmental Protection Agency’s 

Office of Research and Development in Edison, NJ. 
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APPENDIX C.  USER’S MANUAL FOR MODELING 

BIORETENTION WITH DRAINMOD 

Background 

The steps described in this section can be followed to model the hydrologic response of runoff 

entering a bioretention cell using DRAINMOD.  Suggestions for model inputs for typical 

conditions of bioretention cells in North Carolina are provided.  However, stronger model 

agreement to the actual response of a bioretention cell can be achieved through collection of site 

specific information.  One method to measure the hydrologic response is to measure the water 

table depth at the midpoint between the drains.  From the author’s experience, measuring water 

table recession within the media for a conventionally drained bioretention cell is a difficult task 

because of the short hydraulic residence time, and currently, the shortest time period output in 

DRAINMOD is daily.  For a conventional drainage design, it would be more appropriate to 

monitor the volume of runoff, drainage, and overflow from several events that are of varying size 

and use these volumes to compare to the modeled results. 

As mentioned in Brown (2011), drainage rates are computed using Kirkham’s equation (when 

there is surface ponding and the media is saturated) and Hooghoudt’s equation (when the water 

table is below the surface).  Water table fluctuations are computed using two water balance 

equations, where one is for a section of soil of unit surface area which extends from the 

impermeable layer to the surface at the midway point between the drains and the other is for the 

amount of runoff and storage on the surface.  Even though the shortest output time period for 

water table depth is daily, DRAINMOD normally computes water table fluctuations and 

drainage rates on an hourly basis.  However, it also computes at time increments of 0.05 hours or 

less when the rainfall rate exceeds the infiltration capacity.  When there is rapid drainage and no 

rainfall, the time increment is increased to 2 hours.  Finally, with slow drainage and ET rates and 

no rainfall, the time increment is increased to daily.  More detailed information about 

DRAINMOD’s governing equations, model components, how various model utilities (weather, 

soil, and contributing area runoff) function, and ways to measure model input parameters are 

provided in the DRAINMOD Reference Report (Skaggs 1980), Skaggs (1991), and the 

DRAINMOD Help File that is associated with the program.    

Step 1: Opening a File 

Open DRAINMOD, and in the “Project” heading, select “Open Project.”  Open any existing 

project file (.prj); an example is DHP.prj. 

Step 2: Creating a Contributing Area Runoff File 

In the “Project” heading, select “Save As.”  In the dropdown menu, select the .prj file, and select 

“Save File(s).”  Give the file a unique name, such as, ‘BRContArea,’ and select “Save.”  In the 

pop-up, “Would you like to save both the .prj and .gen files?,” select “Yes.”  In the next pop-up, 

“Would you like to open the saved .prj file as a new project?,” select “Yes.”  Then the user 

interface will appear (Fig. C.1).  This new project will be used to simulate runoff from an 

impervious contributing surface area (bioretention cell drainage area).  The user can enter a 
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unique project description, and must select the following boxes highlighted in Fig. C.1: (1) 

“Project Type: Hydrology,” (2) “PET: Thornthwaite,” (3) “Subsurface Water Mgmt.: 

Conventional Drainage,” (4) “Output Options: Hydrology: Daily, Monthly, Yearly and 

Rankings,” and (5) “Output Options: Hydrology: Hourly Surface Runoff / Water Loss (Surface 

Runoff).”  Additionally, the user will need to select appropriate start and end periods based on the 

period of interest and the length of time of available weather information. 

 
Figure C.1: User interface for contributing area runoff file. 

Step 3: Creating Weather Files 

The user either needs to select existing weather files or create new files using the DRAINMOD 

utility function for creating a weather file.  In this utility, the user can create temperature, 

rainfall, or potential evapotranspiration (PET) files.  As highlighted in Fig. C.2, the DRAINMOD 

utilities (weather, soil, and contributing area runoff) are used to create the necessary input files 

(weather, soil, and hydrology) to run the model.   
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Figure C.2: Location of DRAINMOD utilities and input files. 

If creating new weather files, the required data include: (1) daily maximum air temperature, (2) 

daily minimum air temperature, and (3) either hourly or daily rainfall depth.  Using hourly 

rainfall measurements will provide more precision to properly model runoff to and infiltration 

into the bioretention cell; however, with some long-term climate monitoring stations, hourly 

measurements are not always available.  Hourly rainfall measurements are typically available for 

long durations (i.e. 60 years) at airport weather stations.  The following website, 

http://www.ncdc.noaa.gov/oa/climate/stationlocator.html/, through the National Climatic Data 

Center, a part of the National Oceanic and Atmospheric Administration, provides hourly rainfall 

records at some sites that date back prior to 1950.   

If daily rainfall depths are used, the model evenly distributes rainfall for a specified duration and 

period of the day.  The median rainfall duration for the Rocky Mount, NC site was 6.7 and 6.4 

hours for the first and second monitoring periods, respectively, so it would be recommended to 

distribute the rainfall over 6 hours for sites with a similar climate.  This number should be based 

on what the typical rainfall duration is expected to be for the location of the site.  In the 

subroutine for PET, the daily PET is distributed for the 12 hours between 6:00 a.m. and 6:00 

p.m., and if rainfall is occurring, PET equals 0.  So, as a way to avoid overestimating or 

underestimating the amount of ET that actually occurs over the period of the simulation, assume 

that the rainfall hours should be distributed to evenly split the hours between ET and non-ET 

periods.  To accomplish this for the 6 hour rainfall duration, the distribution should be between 

3:00 p.m. and 9:00 p.m.  Examples of the format for .wea files of temperature and rainfall that 

are needed to run the DRAINMOD weather utility are depicted in Fig. C.3.  The images from left 

to right are for temperature, daily rainfall, and hourly rainfall, respectively.  For the temperature 

weather files (.wea), inputs for each row are as follows: year, day of the year (out of 365), 

maximum daily temperature, and minimum daily temperature.  The units for temperature can be 

in degrees Fahrenheit or Celsius, but they must be specified in the utility.  Rainfall weather files 

have the same .wea extension.  For daily rainfall, the inputs for each row are as follows: year, 

day of the year (out of 365), and daily rainfall depth.  Units of rainfall depth can be in mm, cm, 

or in, but they must be specified in the utility.  For hourly rainfall, the inputs for each row are as 

follows: year, day and hour of the year (out of 365), and hourly rainfall depth.  To create a .wea 

file, the author copied data from Microsoft Excel into Notepad and saved the file as a .wea file. 
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Figure C.3: Examples of format for .wea files for temperature (left), daily rainfall (middle), and 

hourly rainfall (right). 

Once the appropriate .wea files are created, the weather utility can be used to create the 

temperature (.tem) and rainfall (.rai) files needed to run in DRAINMOD.  The interface for the 

weather utility is shown in Fig. C.4.  The first step is to browse for the appropriate .wea file.  

Once chosen, select the appropriate weather variable and units.  As discussed earlier, for daily 

rainfall, there is the option for the duration to distribute daily rainfall, and its starting hour.  After 

these tasks are complete, select “Create,” and the utility will create either a .rai file for rainfall or 

a .tem file for temperature.  These files can then be selected in the tab “Manage Input Files: 

Weather.” 
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Figure C.4: Interface of DRAINMOD weather utility. 

There are a few options to include PET calculations in DRAINMOD.  If the region of interest 

has detailed meteorological data, PET can be calculated with whichever method is desired and 

enough data exists for.  The simplest method to calculate PET is using the Thornthwaite method; 

however, it is not as precise as other methods because it has the fewest number of inputs.  This 

method only requires mean monthly air temperature.  The mean monthly air temperature is used 

to calculate the heat index from the site.  The calculation of heat index (I) is described in 

Equation C.1, where Ti is the mean monthly temperature in degrees Celsius.  Daily PET values 

were estimated using the daily maximum and minimum temperatures and the calculated heat 

index. 
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In DRAINMOD, there is an option to include monthly correction factors for the Thornthwaite 

method to improve accuracy of the daily PET estimates.  Amatya et al. (1995) calculated 

correction factors for three sites in eastern North Carolina (Tarboro, Carteret, and Plymouth).  

Tarboro is the closest site and is within 35 km of both field sites presented in this dissertation 

(Rocky Mount and Nashville).  Table C.1 presents the Thornthwaite PET correction factors for 

Tarboro and for the average of three stations in eastern NC (Amatya et al. 1995).  If the 

Thornthwaite method is used to calculate PET, enter the following information in the “Manage 

Input Data: Weather” tab: (1) latitude of the site in degrees and minutes, (2) monthly factors 

based on Table C.1, and (3) the calculated heat index of the site (Equation 1).  An example of the 

input PET data at the Nashville site is presented in Fig. C.5.  
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Table C.1: Thornthwaite correction factors for Tarboro and 

three eastern NC stations (Amatya et al. 1995). 

Month Tarboro 

Site 

Average for 3 Eastern 

NC Stations 

January 1.65 1.94 

February 2.13 2.32 

March 2.27 2.09 

April 1.84 1.73 

May 1.44 1.23 

June 1.11 1.02 

July 0.92 0.89 

August 0.99 0.84 

September 1.05 0.95 

October 1.05 1.07 

November 1.47 1.23 

December 1.29 1.38 

 

 
Figure C.5: Input PET data for Nashville site for using the monthly Thornthwaite method with 

correction factors. 



63 

 

Step 4: Create Soil File for Asphalt (Parking Lot) 

To create a soil file for asphalt, open an existing soil file (.sin); an example is “Portse.sin.”  

Then, under the “Manage Input Data: Soil: Infiltration” tab, change the Green Ampt parameters 

to those shown in Fig. C.6.  These changes will make the surface behave more similarly to an 

impervious surface, where infiltration is almost non-existent. 

 
Figure C.6: Adjusted Green Ampt infiltration parameters for parking lot soil file. 

Step 5: Change Drainage Design for Parking Lot 

As the final step to model parking lot runoff, the system design in DRAINMOD needs to be 

changed as well.  This can be accomplished with wide drain spacing and shallow drain depth and 

surface storage.  If the contributing area is nearly 100 percent impervious and has smoothly 

graded pavement, the parameters under the “Manage Input Data: Drainage Design: System 

Design” tab should be changed to those shown in Fig. C.7.  If there is a substantial percentage of 

pervious surfaces or if the paved surface has larger depressions, the maximum surface storage 

depth (Sm) should be increased to more accurately model all sizes of events.  A detailed 

description on the calibration of this term is presented in Brown (2011).  The inputs for the 

system design are a shallow and very wide drain spacing and a shallow surface storage depth.  

These characteristics provide for very limited drainage and surface storage, which will result in a 

large proportion of rainfall to run off the surface.  
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Figure C.7: Adjusted drainage system design for an impervious surface (parking lot). 

Step 6: Run DRAINMOD for Parking Lot Runoff 

The parking lot contributing area file has been completed, so select “Simulate: Run Current” and 

“OK.”  Now, the user can view the daily, monthly, and yearly output files for runoff by selecting 

“Output: View” and then selecting either the .day, .mon, or .yr files, respectively.  The hydrology 

output abbreviations and how they relate to bioretention cells are described in Table C.2.  By 

running the simulation, it also creates a .sro file (surface runoff), which will be used to create the 

contributing runoff file.  This is visible by selecting “All files” under the file type.   

 

Table C.2: Description of DRAINMOD hydrology outputs in terms of bioretention meaning. 

DRAINMOD Output Bioretention Meaning 

RAIN
a 

Volume of runoff into the bioretention cell plus direct rainfall 

INFIL
a 

Volume of runoff and rainfall that infiltrated into the media 

ET
a 

Evapotranspiration volume 

DRAIN
a 

Drainage volume 

DTWT Depth to water table from surface of the media 

TVOL
a 

Available water storage volume in the bioretention media 

STOR Depth of water in the surface storage zone 

RUNOFF
a 

Overflow volume 

VERTSP
a 

Vertical seepage/exfiltration volume 
a
 All volumes are expressed in depth of water (cm) across the bioretention surface area.  To transform these 

units into a volume, multiply the depth (cm) by the bioretention surface area. 
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In examining the daily output, the modeled daily abstraction typically ranged from 0.8 to 1.6 mm 

(0.03 to 0.06 in), which as presented in Brown (2011), is consistent with the initial abstraction 

depths calculated for a curve number of 98 – 0.5 to 1.5 mm (0.02 to 0.06 in).  The range of 

abstraction depths in the model was a result of rainfall duration; longer durations had larger 

abstraction depths.  For the yearly output, the average runoff was approximately 90 percent of 

the rainfall depth, which is a close estimate for a standard asphalt parking lot.  Due to shallow 

depressions in pavement, a small fraction of each event is abstracted.  In Line et al. (2011), the 

average runoff to rainfall ratio was calculated to be 0.89 for a 97 percent impervious, 3.0-ha 

commercial shopping center that was comprised of primarily an asphalt parking lot.  If the 

modeled abstraction depths are not within the user’s range of expected abstraction, the maximum 

surface storage depth can be adjusted. 

Step 7: Create Contributing Runoff File 

Once the abstraction depths are satisfactory, the .sro file needs to be converted into an .ovr file 

(overland runoff) using the “Contributing Area Runoff” utility.  First, the user needs to create an 

input file (.inp).  In Fig. C.8, an example of an .inp file, line 1 lists the number of .sro files, and 

line 2 lists the time of concentration (hr), instantaneous unit hydrograph (IUH) adjustment factor, 

contributing area (ha), and source of the .sro file.  The easiest way to do this is to open the 

“Inputs” folder where DRAINMOD is stored on the user’s computer, copy an existing .inp file, 

and rename it.  Then open the file in the “Contributing Area Runoff” utility.  Select the listed .sro 

file and select “Clear,” then select “Add,” and select the .sro file that was just created.  In this 

utility, the user must enter the time of concentration, contributing area, and IUH adjustment 

factor (Fig. C.9).  Typical values for time of concentration and IUH adjustment factor for a 

standard parking lot draining less than 1 ha would be 0.1 hours and 1.67, respectively.  Then 

select “Create” and “OK” to create the contributing runoff file. 

 
Figure C.8: Example of an .inp file.   
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Figure C.9: User interface for contributing area runoff utility.   

Step 8: Setup DRAINMOD for Bioretention Cell Design 

Select “Project: Save As,” select the .prj file from the drop down list, and select “Save File(s).”  

Rename this file because it will now be the new file for the bioretention cell design; an example 

is “BRCell.”  Select “Save,” then “Yes” to save both the .prj and .gen files, and then “Yes” to 

open this new file to begin the input for the bioretention design.  In this new project, the user 

needs to check “Surface Water: Contributing Area Runoff” and then depending on the drainage 

configuration of the bioretention design, “Surface Water Mgmt.: Conventional Drainage” for 

conventional drainage or “Surface Water Mgmt.: Controlled Drainage” for an internal water 

storage (IWS) design.  These parameters are highlighted in Fig. C.10.  If the surface storage zone 

of a bioretention cell releases overflow into another cell, the user can keep the following boxed 

checked: “Output Options: Hydrology: Hourly Surface Runoff/Water Loss.”  This will create a 

.sro file for overflow from the bioretention cell.  If only one bioretention cell is modeled, it is not 

necessary to check this box.  The user should verify that the simulation period is still appropriate 

for the available weather files. 
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Figure C.10: User interface for bioretention design file. 

Step 9: Adding Contributing Runoff File 

In the “Manage Input Files: Hydrology” tab, add the .ovr file that was just created by selecting 

“Browse.”  Then enter the drainage area to bioretention cell area ratio in the box for “Field 

Ratio,” this is highlighted in Fig. C.11. 

  
Figure C.11: User interface for adding contributing runoff file and drainage area to bioretention 

area ratio. 
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Step 10: Add/Create Soil File for Bioretention Media.   

The specific soil-water characteristic for bioretention media must then be accounted for in the 

model.  Either an existing soil-water characteristic curve from previously measured bioretention 

media can be used or a new soil-water characteristic curve should be measured.  As part of this 

project, soil-water characteristic curves were measured using a pressure plate apparatus (tension 

table) (Fig. C.12) for several different types of bioretention media, including more recent designs 

that followed the N.C. design guidance for media composition.  This test measures water 

released from a saturated soil core at various pressures, and these relationships are presented in 

Table C.3.  If the relationships from Table C.3 are used to model a current design, it would be 

recommended to use the Nashville or Knightdale characteristic for the bioretention media, the 

Rocky Mount characteristic for underlying sand (if sand choking layer is present), and the Rocky 

Mount characteristic for guidance for underlying gravel.  If creating a new soil file in 

DRAINMOD, saturated hydraulic conductivity is required in addition to the soil-water 

characteristic curve.  This can be measured by running a constant head permeability test, as 

described in Klute (1986).   

Table C.3: Soil-water characteristic relationships for a variety of bioretention media. 

Pressure 

(cm) 

Volumetric Water Content (cm
3
/cm

3
) 

Rocky 

Mount 
Nashville 

a 
Knightdale 

a
 Louisburg Graham Greensboro 

0 0.350 0.344 0.356 0.319 0.345 0.373 0.441 0.399 

-4 0.291 0.342 0.355 0.319 0.344 0.296 0.428 0.392 

-6     0.355 0.319 0.344 0.283 0.423 0.388 

-10 0.175 0.337 0.350 0.281 0.339 0.237 0.383 0.378 

-20     0.280 0.200 0.222 0.191 0.285 0.317 

-30 0.05 0.221 0.245 0.176 0.189 0.173 0.236 0.262 

-50     0.209 0.157 0.166 0.155 0.192 0.208 

-60 0.045 0.189             

-75     0.189 0.145 0.151 0.145 0.173 0.190 

-100 0.044 0.172 0.176 0.137 0.142 0.137 0.164 0.182 

-200 0.044 0.151 0.148 0.121 0.122 0.124 0.147 0.168 

-300 0.044 0.139 0.133 0.112 0.112 0.115 0.138 0.158 

-400 0.044 0.131 0.124 0.109 0.106 0.109 0.132 0.152 

-600   0.117             

Notes 

Too 

sandy 

(96% 

sand) 

Typical 

N.C. 

Media 

Typical 

N.C.  

Media 

Looser 

fill 

(L2) 

More 

compact 

(L1) 

Mostly 

Stalite 

(Expanded 

Slate) 

IWS 

Cell 

Conv. 

Cell 

Field 

Study 

Refs. 

Brown 

and Hunt 

2011b 

Brown 

and Hunt 

2011a 

Luell et al. 

2011 

Sharkey 2006                       

(close to typical 

design) 

Passeport 

et al. 2009 

Hunt et al. 

2006                    

(old design, 

more topsoil) 
a
 Bioretention media that meets current N.C. standards (NCDENR 2009).  Ideal soil-water characteristic 

curves for typical N.C. bioretention media. 
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Figure C.12: Pressure plate apparatus (tension table) used to measure soil-water characteristic 

curves. 

If creating a new soil file (.soi), the “Create Soil File” utility is used.  A .soi file is needed to run 

the utility, so the easiest way to make one is by opening the “Soils” folder where DRAINMOD is 

stored on your computer, copy an existing .soi file, and rename it.  Then open this file in the 

“Create Soil File” utility.  The interface of the utility is shown in Fig. C.13.  In this utility, 

existing layers from this file can be deleted and new layers can be added with specific soil-water 

characteristic relationships.  For each layer, soil-water content at a 15000 cm tension must be 

included.  For each layer, the bottom depth and saturated hydraulic conductivity are also 

required.  Additionally, root depth, maximum root depth for Green Ampt calculations, and layer 

of the soil-water characteristic to use for DRAINMOD’s maximum root depths are needed.  Root 

depth is dependent on the type of vegetation.  Once completed, select “Create.”  This will create 

several relationships for volume drained and upward flux at various water table depths and Green 

and Ampt infiltration parameters, and it creates a .sin file, which will be selected in the “Manage 

Input Files: Soil” tab.  An example of a .soi file is presented in Fig. C.14.  The various line 

inputs are as follows: 
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Line 1: Title  

Line 2: Number of layers 

Line 3: Layer 1: Number of inputs for the layer, saturated conductivity (cm/hr), depth at 

the bottom of the layer (cm) 

Lines 4-14: Volumetric water content (cm
3
/cm

3
), tension (pressure) (cm) [must include a 

15000 cm tension for each layer]  

Line 15: Layer 2: Number of inputs for the layer, saturated conductivity (cm/hr), depth at 

the bottom of the layer (cm) 

Lines 16-26: Volumetric water content (cm
3
/cm

3
), tension (pressure) (cm) [must include a 

15000 cm tension for each layer]  

Layer X… 

… 

Last Line: Maximum root depth for Green-Ampt calculations (cm), root depth (cm), layer 

of the soil-water characteristic to use for DRAINMOD’s maximum root depths 

 
Figure C.13: Interface for “Create Soil File” utility. 
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Figure C.14: Example of .soi file. 

Step 11: Verify/Enter Weather Information for Bioretention Site 

If the weather information is different from the contributing runoff file, the new information 

should be entered.  Verify PET information in the “Manage Input Data: Weather” tab is correct 

and that the proper temperature (.tem) and rainfall (.rai) files are selected in the “Manage Input 

Files: Weather” tab.  If these are new or different, follow the instructions in Step 3. 

Step 12: Enter Design Parameters. 

In the “Manage input data: Drainage Design: System Design” tab, as shown in Fig. C.15, the top 

box contains information based on how the drain pipes are installed: depth from soil surface to 

drain, drain spacing, effective drain radius, and depth to impermeable layer.  The depth to 

impermeable layer is the depth to the bottom of the gravel layer.  For drain spacing, if the drains 
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are evenly spaced, this would be the distance between them; otherwise, an effective drain 

spacing can be calculated by dividing the bioretention surface area by the overall drain pipe 

length.  The effective drain radius was selected as the actual drain radius because the drains were 

surrounded by a gravel envelope.  If a gravel envelope is not installed, the effective drain radius 

would be smaller than the actual drain radius.  For corrugated drain pipes with total openings 

being 1.5 to 2 percent of the wall area, effective radii would be 0.5 and 1.5 cm for corrugated 

drain pipes with diameters of 10 and 15 cm, respectively (Skaggs, 1980).  The next box is for the 

drainage coefficient, which is used by the model to limit the maximum drainage from the system 

if the drainage rates are limited by pipe size, valves, or other structural features.  If the drainage 

rates are limited by these and enough monitoring data from the site are available, the drainage 

coefficient can be measured as the maximum drainage rate when the entire profile is saturated 

and the surface storage zone is fully ponded.  It is probable that the drainage rate will be limited 

by the drain spacing, drain depth, or conductivity of the soil.  In this case, the maximum drainage 

rate allowed by DRAINMOD will be what it calculates using the Kirkham equation under the 

fully saturated and ponded condition.  The final box is for surface storage design parameters.  

The maximum surface storage in the model input is actually the average ponding depth in a 

bioretention cell.  This parameter will control when overflow occurs.  Kirkham’s depth is a 

function of the roughness of the surface.  With most of the flow entering in the region nearest to 

the drain, the Kirkham’s depth is the depth in which water no longer freely moves on the surface 

(Kirkham 1957).  If the surface of a bioretention cell is relatively smooth with few shallow 

depressions, this could be set to 0.5 to 1 cm.  Diagrams of agricultural fields with drainage pipes 

and a bioretention cell with an IWS drainage configuration are displayed in Figs. C.16 and C.17, 

respectively.  Model inputs are highlighted in these diagrams. 

 
Figure C.15: System design interface in DRAINMOD. 
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Figure C.16: Drainage design diagram for agricultural field with drainage pipes. 

 
Figure C.17: Drainage design diagram for bioretention cell with an IWS drainage configuration. 

The next set of model inputs are for the saturated hydraulic conductivities of the various layers.  

These are entered into the “Manage input data: Soil: Lateral Sat. Conductivity” tab, as shown in 

Fig. C.18.  Then, the effective root depths are entered in the “Manage input data: Crop: Root 

Depths” tab, as shown in Fig. C.19.  The root depths were allowed to vary throughout the year to 

account for planting and harvesting in agricultural fields; however, it is most likely that the 

bioretention cells will be only planted once, so these values can be constant throughout the year.  

The root depth will depend on the type of vegetation that is planted. 
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Figure C.18: Interface for lateral saturated hydraulic conductivity for multiple layers. 

  
Figure C.19: Interface for crop root depths. 
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One of the final and most important factors for modeling the hydrologic performance of 

bioretention cells is accounting for seepage or exfiltration.  An example of the seepage 

parameters and a diagram for vertical seepage are displayed in Fig. C.20.  As part of this project, 

water table recession was measured with water level loggers, manufactured by Infinities USA, at 

the midpoint between drain pipes or from the upturned pipe for the IWS outlet (Rocky Mount 

site only).  They were only measured for cells with an IWS zone because it was easier to 

distinguish when recession was due to drainage and seepage or seepage only.  Once drainage 

stopped, seepage was the primary way that water table dropped.  Examples of measured seepage 

rates and underlying soil types for several bioretention cells monitored in North Carolina are 

displayed in Table C.4.   

 

 
Figure C.20: Interface and diagram for vertical seepage parameters. 
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Table C.4: Measured seepage rates from various bioretention cells in North Carolina. 

Bioretention Cell 

Location 

Measured Seepage 

Rate 

Underlying Soil 

Type 

Field Study 

Reference 

Greensboro 1 

(Greensboro, NC) 

0.3-0.5 mm/hr 

(0.01-0.02 in/hr) 

Clay Loam
a 

Hunt et al. 2006; 

Sharkey 2006 

Graham-North 

(Graham, NC) 

0.2 mm/hr 

(0.01 in/hr) 

Clay Passeport et al. 

2009 

Graham-South 

(Graham, NC) 

3.7 mm/hr 

(0.15 in/hr) 

Sandy Loam Passeport et al. 

2009 

RM Sand  

(Rocky Mount, NC 

60-90 mm/hr  

(2.4-3.6 in/hr) 

Sand Brown and Hunt 

2011b 

RM SCL  

(Rocky Mount, NC) 

2.1-3.3 mm/hr  

(0.08-0.13 in/hr) 

Sandy Clay Loam Brown and Hunt 

2011b 

K-Small 

(Knightdale, NC) 

0.5-0.8 mm/hr 

(0.02 to 0.03 in/hr) 

Sandy Clay Loam / 

Clay
a 

Luell et al. 2011 

K-Large 

(Knightdale, NC) 

0.3-0.4 mm/hr 

(0.01 to 0.02 in/hr) 

Sandy Clay Loam / 

Clay
a 

Luell et al. 2011 

a
 Soil type determined from soil series characteristics described in the local soil survey. 

 

If the bioretention cell is designed with an IWS zone, this can be modeled by using “Controlled 

Drainage” under the “Subsurface Water Mgmt.” tab, as shown in Fig C.10.  Once this is 

selected, the raised outlet depth can be adjusted in the “Manage input data: Drainage Design: 

Weir Settings” tab.  Since the raised outlet should not be restricted with backwater from the 

stormwater pipe or ditch that it is draining into, the ditch characteristics should be set to the 

smallest values possible to prevent water from backing up into the ditch and forcing itself back 

into the media.  The “Bottom width of the ditch” and “Ditch side slope,” can both be entered as 

0.01, as shown in Fig. C.21, and the “Weir Settings: Depth” should be the depth from the bottom 

of the surface storage zone to the top out the outlet pipe, as shown in Fig. C.17. 
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Figure C.21: Interface for controlled drainage weir settings (IWS zone configuration). 

Step 13: Run simulation.   

The bioretention design is now complete, so select “Simulate: Run Current” and “OK.”  Now, 

the user can view the daily, monthly, and yearly output files for runoff by selecting “Output: 

View” and then selecting either the .day, .mon, or .yr files, respectively.  The hydrology output 

abbreviations are described in Table C.2.  If modeling a monitored bioretention cell, the fate of 

runoff for individual events can be used to compare modeled and measured data.  If a monitoring 

well was installed at the midpoint between drains, it could be used to compare the modeled 

output of depth to water table (“DTWT”).   
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APPENDIX D.  LONG-TERM SIMULATION RESULTS FOR 

TYPICAL NC DESIGNS (COMPLETE DATASET) 

The detailed results for all 432 long-term simulations are presented in the following tables and 

figures.  The model inputs for these simulations and the related discussion about the results are 

presented in “Section 1.4 – Long-term Simulations Based on Typical NC Designs.”  Table D.1 

describes the different surface storage volumes relative to design capacity and the corresponding 

drainage area to bioretention surface area ratios for the two different surface storage depths 

analyzed (23 and 30 cm).  Tables D.2 – D.19 provide information about the different bioretention 

design specifications and their corresponding hydrologic performance on an annual basis (water 

balance).  Figs. D.1 – D.18 provide a graphic representation of the data in the tables for 

conventional and IWS zone drainage configurations when the outlet is not restricted.  In Figs. 

D.19 – D.36, the outlet was restricted by reducing the drainage coefficient from 60 cm/day to 40 

cm/day and 20 cm/day for the simulations that had an IWS zone because previously mentioned 

field measured data at the site studied in Luell (2011) showed that the outlet from the IWS zone 

was restricting the maximum allowable drainage rate.  Consequently, this reduced the infiltration 

rate, which led to a more common occurrence of overflow than anticipated. 

 

 

Table D.1: Drainage area to bioretention surface area ratios for varying surface storage volumes 

relative to design capacity for a design event of 25 mm (1 in). 

Surface Storage 

Volume Relative to 

Design Capacity 

Drainage Area : Bioretention Surface Area Ratio 

Surface Storage Depth (30 cm) Surface Storage Depth (23 cm) 

0.5 28 20.4 

0.75 18.7 13.6 

1.0 14 10.2 

1.25 11.2 8.2 

1.5 9.3 6.8 

2.0 7 5.1 
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Table D.2: Average annual output for 60-year simulations for a bioretention cell with HSG A underlying 

soils, media depth of 0.6 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 100 1055 651 927 4% 39% 24% 34% 

30 60 0.5 2734 100 0 651 1984 4% 0% 24% 73% 

30 40 0.5 2734 100 0 651 1984 4% 0% 24% 73% 

30 20 0.5 2734 100 0 651 1984 4% 0% 24% 73% 

none 60 0.75 1861 100 781 233 747 5% 42% 13% 40% 

30 60 0.75 1861 100 0 233 1529 5% 0% 13% 82% 

30 40 0.75 1861 100 0 233 1529 5% 0% 13% 82% 

30 20 0.75 1861 100 0 233 1529 5% 0% 13% 82% 

none 60 1 1420 100 597 99 624 7% 42% 7% 44% 

30 60 1 1420 100 0 99 1222 7% 0% 7% 86% 

30 40 1 1420 100 0 99 1222 7% 0% 7% 86% 

30 20 1 1420 100 0 99 1222 7% 0% 7% 86% 

none 60 1.25 1158 100 471 49 538 9% 41% 4% 46% 

30 60 1.25 1158 100 0 49 1009 9% 0% 4% 87% 

30 40 1.25 1158 100 0 49 1009 9% 0% 4% 87% 

30 20 1.25 1158 100 0 49 1009 9% 0% 4% 87% 

none 60 1.5 979 99 381 26 473 10% 39% 3% 48% 

30 60 1.5 979 99 0 26 854 10% 0% 3% 87% 

30 40 1.5 979 99 0 26 854 10% 0% 3% 87% 

30 20 1.5 979 99 0 26 854 10% 0% 3% 87% 

none 60 2 764 99 269 10 386 13% 35% 1% 51% 

30 60 2 764 99 0 10 655 13% 0% 1% 86% 

30 40 2 764 99 0 10 655 13% 0% 1% 86% 

30 20 2 764 99 0 10 655 13% 0% 1% 86% 
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Table D.3: Average annual output for 60-year simulations for a bioretention cell with HSG A underlying 

soils, media depth of 0.6 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 100 788 378 754 5% 39% 19% 37% 

30 60 0.5 2021 100 0 378 1544 5% 0% 19% 76% 

30 40 0.5 2021 100 0 378 1544 5% 0% 19% 76% 

30 20 0.5 2021 100 0 378 1544 5% 0% 19% 76% 

none 60 0.75 1383 100 558 126 599 7% 40% 9% 43% 

30 60 0.75 1383 100 0 126 1157 7% 0% 9% 84% 

30 40 0.75 1383 100 0 126 1157 7% 0% 9% 84% 

30 20 0.75 1383 100 0 126 1157 7% 0% 9% 84% 

none 60 1 1064 100 414 53 497 9% 39% 5% 47% 

30 60 1 1064 100 0 53 911 9% 0% 5% 86% 

30 40 1 1064 100 0 53 911 9% 0% 5% 86% 

30 20 1 1064 100 0 53 911 9% 0% 5% 86% 

none 60 1.25 876 99 322 26 429 11% 37% 3% 49% 

30 60 1.25 876 99 0 26 751 11% 0% 3% 86% 

30 40 1.25 876 99 0 26 751 11% 0% 3% 86% 

30 20 1.25 876 99 0 26 751 11% 0% 3% 86% 

none 60 1.5 745 99 256 14 376 13% 34% 2% 50% 

30 60 1.5 745 99 0 14 632 13% 0% 2% 85% 

30 40 1.5 745 99 0 14 632 13% 0% 2% 85% 

30 20 1.5 745 99 0 14 632 13% 0% 2% 85% 

none 60 2 585 99 176 5 305 17% 30% 1% 52% 

30 60 2 585 99 0 5 481 17% 0% 1% 82% 

30 40 2 585 99 0 5 481 17% 0% 1% 82% 

30 20 2 585 99 0 5 481 17% 0% 1% 82% 
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Table D.4: Average annual output for 60-year simulations for a bioretention cell with HSG A underlying 

soils, media depth of 0.9 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 100 1095 636 902 4% 40% 23% 33% 

30 60 0.5 2734 100 0 633 2004 4% 0% 23% 73% 

30 40 0.5 2734 100 0 633 2004 4% 0% 23% 73% 

30 20 0.5 2734 100 0 633 2004 4% 0% 23% 73% 

none 60 0.75 1861 100 813 226 722 5% 44% 12% 39% 

30 60 0.75 1861 100 0 224 1539 5% 0% 12% 83% 

30 40 0.75 1861 100 0 224 1539 5% 0% 12% 83% 

30 20 0.75 1861 100 0 224 1539 5% 0% 12% 83% 

none 60 1 1420 100 623 96 601 7% 44% 7% 42% 

30 60 1 1420 100 0 95 1227 7% 0% 7% 86% 

30 40 1 1420 100 0 95 1227 7% 0% 7% 86% 

30 20 1 1420 100 0 95 1227 7% 0% 7% 86% 

none 60 1.25 1158 100 495 47 516 9% 43% 4% 45% 

30 60 1.25 1158 100 0 46 1012 9% 0% 4% 87% 

30 40 1.25 1158 100 0 46 1012 9% 0% 4% 87% 

30 20 1.25 1158 100 0 46 1012 9% 0% 4% 87% 

none 60 1.5 979 100 402 25 453 10% 41% 3% 46% 

30 60 1.5 979 99 0 24 856 10% 0% 2% 87% 

30 40 1.5 979 99 0 24 856 10% 0% 2% 87% 

30 20 1.5 979 99 0 24 856 10% 0% 2% 87% 

none 60 2 764 100 286 9 369 13% 37% 1% 48% 

30 60 2 764 99 0 9 655 13% 0% 1% 86% 

30 40 2 764 99 0 9 655 13% 0% 1% 86% 

30 20 2 764 99 0 9 655 13% 0% 1% 86% 
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Table D.5: Average annual output for 60-year simulations for a bioretention cell with HSG A underlying 

soils, media depth of 0.9 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 100 823 367 730 5% 41% 18% 36% 

30 60 0.5 2021 100 0 365 1559 5% 0% 18% 77% 

30 40 0.5 2021 100 0 365 1559 5% 0% 18% 77% 

30 20 0.5 2021 100 0 365 1559 5% 0% 18% 77% 

none 60 0.75 1383 100 585 121 577 7% 42% 9% 42% 

30 60 0.75 1383 100 0 120 1164 7% 0% 9% 84% 

30 40 0.75 1383 100 0 120 1164 7% 0% 9% 84% 

30 20 0.75 1383 100 0 120 1164 7% 0% 9% 84% 

none 60 1 1064 100 436 51 477 9% 41% 5% 45% 

30 60 1 1064 100 0 50 915 9% 0% 5% 86% 

30 40 1 1064 100 0 50 915 9% 0% 5% 86% 

30 20 1 1064 100 0 50 915 9% 0% 5% 86% 

none 60 1.25 876 100 342 25 410 11% 39% 3% 47% 

30 60 1.25 876 99 0 24 753 11% 0% 3% 86% 

30 40 1.25 876 99 0 24 753 11% 0% 3% 86% 

30 20 1.25 876 99 0 24 753 11% 0% 3% 86% 

none 60 1.5 745 100 273 13 359 13% 37% 2% 48% 

30 60 1.5 745 99 0 13 633 13% 0% 2% 85% 

30 40 1.5 745 99 0 13 633 13% 0% 2% 85% 

30 20 1.5 745 99 0 13 633 13% 0% 2% 85% 

none 60 2 585 99 190 5 291 17% 32% 1% 50% 

30 60 2 585 99 0 5 482 17% 0% 1% 82% 

30 40 2 585 99 0 5 482 17% 0% 1% 82% 

30 20 2 585 99 0 5 482 17% 0% 1% 82% 
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Table D.6: Average annual output for 60-year simulations for a bioretention cell with HSG B underlying 

soils, media depth of 0.9 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 100 1788 637 208 4% 65% 23% 8% 

30 60 0.5 2734 100 875 634 1124 4% 32% 23% 41% 

30 40 0.5 2734 100 746 695 1192 4% 27% 25% 44% 

30 20 0.5 2734 100 565 751 1317 4% 21% 27% 48% 

none 60 0.75 1861 100 1358 226 177 5% 73% 12% 10% 

30 60 0.75 1861 100 578 222 961 5% 31% 12% 52% 

30 40 0.75 1861 100 505 251 1006 5% 27% 13% 54% 

30 20 0.75 1861 100 387 278 1097 5% 21% 15% 59% 

none 60 1 1420 100 1070 96 155 7% 75% 7% 11% 

30 60 1 1420 100 391 93 836 7% 28% 7% 59% 

30 40 1 1420 100 346 106 869 7% 24% 7% 61% 

30 20 1 1420 100 268 139 933 7% 19% 10% 66% 

none 60 1.25 1158 100 872 47 139 9% 75% 4% 12% 

30 60 1.25 1158 100 271 46 741 9% 23% 4% 64% 

30 40 1.25 1158 100 242 52 765 9% 21% 4% 66% 

30 20 1.25 1158 100 187 60 811 9% 16% 5% 70% 

none 60 1.5 979 99 728 25 127 10% 74% 3% 13% 

30 60 1.5 979 99 191 24 665 10% 20% 2% 68% 

30 40 1.5 979 99 171 27 681 10% 17% 3% 70% 

30 20 1.5 979 100 133 32 715 10% 14% 3% 73% 

none 60 2 764 99 545 9 110 13% 71% 1% 14% 

30 60 2 764 99 104 9 551 13% 14% 1% 72% 

30 40 2 764 99 93 11 560 13% 12% 1% 73% 

30 20 2 764 99 73 12 579 13% 10% 2% 76% 
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Table D.7: Average annual output for 60-year simulations for a bioretention cell with HSG B underlying 

soils, media depth of 0.9 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 100 1374 368 179 5% 68% 18% 9% 

30 60 0.5 2021 100 571 367 983 5% 28% 18% 49% 

30 40 0.5 2021 100 496 401 1024 5% 25% 20% 51% 

30 20 0.5 2021 100 372 439 1111 5% 18% 22% 55% 

none 60 0.75 1383 100 1011 122 151 7% 73% 9% 11% 

30 60 0.75 1383 100 346 119 818 7% 25% 9% 59% 

30 40 0.75 1383 100 305 132 845 7% 22% 10% 61% 

30 20 0.75 1383 100 233 150 900 7% 17% 11% 65% 

none 60 1 1064 100 781 51 132 9% 73% 5% 12% 

30 60 1 1064 100 215 50 700 9% 20% 5% 66% 

30 40 1 1064 100 191 56 717 9% 18% 5% 67% 

30 20 1 1064 100 147 63 754 9% 14% 6% 71% 

none 60 1.25 876 99 634 25 119 11% 72% 3% 14% 

30 60 1.25 876 99 141 24 612 11% 16% 3% 70% 

30 40 1.25 876 99 127 27 623 11% 14% 3% 71% 

30 20 1.25 876 99 97 31 649 11% 11% 4% 74% 

none 60 1.5 745 99 524 13 108 13% 70% 2% 14% 

30 60 1.5 745 99 93 13 539 13% 12% 2% 72% 

30 40 1.5 745 99 83 15 548 13% 11% 2% 74% 

30 20 1.5 745 99 65 17 564 13% 9% 2% 76% 

none 60 2 585 99 389 5 93 17% 66% 1% 16% 

30 60 2 585 99 47 5 435 17% 8% 1% 74% 

30 40 2 585 99 42 6 439 17% 7% 1% 75% 

30 20 2 585 99 32 6 448 17% 5% 1% 77% 
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Table D.8: Average annual output for 60-year simulations for a bioretention cell with HSG B underlying 

soils, media depth of 1.2 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 101 1778 619 237 4% 65% 23% 9% 

30 60 0.5 2734 101 652 624 1357 4% 24% 23% 50% 

30 40 0.5 2734 101 547 666 1420 4% 20% 24% 52% 

30 20 0.5 2734 101 412 697 1525 4% 15% 25% 56% 

none 60 0.75 1861 101 1341 217 202 5% 72% 12% 11% 

30 60 0.75 1861 101 413 215 1133 5% 22% 12% 61% 

30 40 0.75 1861 101 353 235 1173 5% 19% 13% 63% 

30 20 0.75 1861 101 266 251 1244 5% 14% 13% 67% 

none 60 1 1420 101 1050 91 179 7% 74% 6% 13% 

30 60 1 1420 101 263 90 967 7% 19% 6% 68% 

30 40 1 1420 101 225 99 995 7% 16% 7% 70% 

30 20 1 1420 101 171 106 1043 7% 12% 7% 73% 

none 60 1.25 1158 101 851 44 162 9% 73% 4% 14% 

30 60 1.25 1158 100 169 44 845 9% 15% 4% 73% 

30 40 1.25 1158 100 148 48 862 9% 13% 4% 74% 

30 20 1.25 1158 100 111 52 894 9% 10% 4% 77% 

none 60 1.5 979 101 706 23 149 10% 72% 2% 15% 

30 60 1.5 979 100 113 24 743 10% 12% 2% 76% 

30 40 1.5 979 100 99 25 755 10% 10% 3% 77% 

30 20 1.5 979 100 75 27 777 10% 8% 3% 79% 

none 60 2 764 101 523 9 131 13% 68% 1% 17% 

30 60 2 764 100 55 9 599 13% 7% 1% 78% 

30 40 2 764 100 48 10 606 13% 6% 1% 79% 

30 20 2 764 100 36 10 617 13% 5% 1% 81% 
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Table D.9: Average annual output for 60-year simulations for a bioretention cell with HSG B underlying 

soils, media depth of 1.2 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 101 1361 354 205 5% 67% 18% 10% 

30 60 0.5 2021 101 401 353 1166 5% 20% 17% 58% 

30 40 0.5 2021 101 338 379 1203 5% 17% 19% 60% 

30 20 0.5 2021 101 252 400 1268 5% 12% 20% 63% 

none 60 0.75 1383 101 992 116 175 7% 72% 8% 13% 

30 60 0.75 1383 101 222 115 945 7% 16% 8% 68% 

30 40 0.75 1383 101 191 124 967 7% 14% 9% 70% 

30 20 0.75 1383 101 142 133 1007 7% 10% 10% 73% 

none 60 1 1064 101 761 48 155 9% 72% 5% 15% 

30 60 1 1064 100 126 48 790 9% 12% 5% 74% 

30 40 1 1064 100 110 51 803 9% 10% 5% 75% 

30 20 1 1064 100 83 55 826 9% 8% 5% 78% 

none 60 1.25 876 101 612 23 141 12% 70% 3% 16% 

30 60 1.25 876 100 76 24 676 11% 9% 3% 77% 

30 40 1.25 876 100 67 24 684 11% 8% 3% 78% 

30 20 1.25 876 100 51 26 699 11% 6% 3% 80% 

none 60 1.5 745 101 503 13 129 14% 68% 2% 17% 

30 60 1.5 745 100 48 13 584 13% 6% 2% 78% 

30 40 1.5 745 100 41 14 590 13% 6% 2% 79% 

30 20 1.5 745 100 31 14 599 13% 4% 2% 80% 

none 60 2 585 100 369 4 111 17% 63% 1% 19% 

30 60 2 585 100 21 4 460 17% 4% 1% 79% 

30 40 2 585 100 19 5 462 17% 3% 1% 79% 

30 20 2 585 100 14 5 466 17% 2% 1% 80% 
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Table D.10: Average annual output for 60-year simulations for a bioretention cell with HSG C underlying 

soils, media depth of 0.9 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 100 1952 638 44 4% 71% 23% 2% 

45 60 0.5 2734 100 1594 680 359 4% 58% 25% 13% 

45 40 0.5 2734 100 1480 776 378 4% 54% 28% 14% 

45 20 0.5 2734 100 1269 948 416 4% 46% 35% 15% 

none 60 0.75 1861 100 1497 227 38 5% 80% 12% 2% 

45 60 0.75 1861 100 1177 244 341 5% 63% 13% 18% 

45 40 0.75 1861 100 1115 290 355 5% 60% 16% 19% 

45 20 0.75 1861 100 990 384 387 5% 53% 21% 21% 

none 60 1 1420 100 1191 96 34 7% 84% 7% 2% 

45 60 1 1420 100 890 104 326 7% 63% 7% 23% 

45 40 1 1420 100 856 127 337 7% 60% 9% 24% 

45 20 1 1420 100 778 178 363 7% 55% 13% 26% 

none 60 1.25 1158 100 980 47 31 9% 85% 4% 3% 

45 60 1.25 1158 100 695 51 312 9% 60% 4% 27% 

45 40 1.25 1158 100 673 63 322 9% 58% 5% 28% 

45 20 1.25 1158 100 623 91 343 9% 54% 8% 30% 

none 60 1.5 979 100 827 25 28 10% 84% 3% 3% 

45 60 1.5 979 100 552 27 300 10% 56% 3% 31% 

45 40 1.5 979 100 538 34 308 10% 55% 3% 31% 

45 20 1.5 979 100 503 51 325 10% 51% 5% 33% 

none 60 2 764 99 630 9 25 13% 82% 1% 3% 

45 60 2 764 100 374 10 280 13% 49% 1% 37% 

45 40 2 764 100 365 14 285 13% 48% 2% 37% 

45 20 2 764 100 347 19 298 13% 45% 2% 39% 
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Table D.11: Average annual output for 60-year simulations for a bioretention cell with HSG C underlying 

soils, media depth of 0.9 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 100 1514 369 38 5% 75% 18% 2% 

45 60 0.5 2021 100 1181 396 344 5% 58% 20% 17% 

45 40 0.5 2021 100 1098 465 357 5% 54% 23% 18% 

45 20 0.5 2021 100 951 583 386 5% 47% 29% 19% 

none 60 0.75 1383 100 1128 122 33 7% 82% 9% 2% 

45 60 0.75 1383 100 828 132 323 7% 60% 10% 23% 

45 40 0.75 1383 100 788 161 334 7% 57% 12% 24% 

45 20 0.75 1383 100 706 220 356 7% 51% 16% 26% 

none 60 1 1064 100 884 51 29 9% 83% 5% 3% 

45 60 1 1064 100 603 55 306 9% 57% 5% 29% 

45 40 1 1064 100 581 69 314 9% 55% 6% 30% 

45 20 1 1064 100 535 97 332 9% 50% 9% 31% 

none 60 1.25 876 99 726 25 27 11% 83% 3% 3% 

45 60 1.25 876 100 458 27 291 11% 52% 3% 33% 

45 40 1.25 876 100 444 34 298 11% 51% 4% 34% 

45 20 1.25 876 100 415 49 312 11% 47% 6% 36% 

none 60 1.5 745 99 608 13 24 13% 82% 2% 3% 

45 60 1.5 745 99 353 14 277 13% 47% 2% 37% 

45 40 1.5 745 100 344 19 283 13% 46% 3% 38% 

45 20 1.5 745 100 324 27 294 13% 43% 4% 39% 

none 60 2 585 99 461 5 21 17% 79% 1% 4% 

45 60 2 585 99 227 5 254 17% 39% 1% 43% 

45 40 2 585 99 221 7 258 17% 38% 1% 44% 

45 20 2 585 99 210 11 265 17% 36% 2% 45% 
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Table D.12: Average annual output for 60-year simulations for a bioretention cell with HSG C underlying 

soils, media depth of 1.2 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 101 1958 620 55 4% 72% 23% 2% 

45 60 0.5 2734 101 1477 663 493 4% 54% 24% 18% 

45 40 0.5 2734 101 1345 773 515 4% 49% 28% 19% 

45 20 0.5 2734 101 1167 911 555 4% 43% 33% 20% 

none 60 0.75 1861 101 1494 218 49 5% 80% 12% 3% 

45 60 0.75 1861 101 1059 236 466 5% 57% 13% 25% 

45 40 0.75 1861 101 990 287 483 5% 53% 15% 26% 

45 20 0.75 1861 101 883 362 515 5% 47% 19% 28% 

none 60 1 1420 101 1184 91 45 7% 83% 6% 3% 

45 60 1 1420 101 779 99 442 7% 55% 7% 31% 

45 40 1 1420 101 739 125 455 7% 52% 9% 32% 

45 20 1 1420 101 674 164 481 7% 47% 12% 34% 

none 60 1.25 1158 101 971 44 42 9% 84% 4% 4% 

45 60 1.25 1158 101 588 48 420 9% 51% 4% 36% 

45 40 1.25 1158 101 563 62 431 9% 49% 5% 37% 

45 20 1.25 1158 101 521 83 452 9% 45% 7% 39% 

none 60 1.5 979 101 816 24 39 10% 83% 2% 4% 

45 60 1.5 979 101 452 26 401 10% 46% 3% 41% 

45 40 1.5 979 101 436 33 409 10% 45% 3% 42% 

45 20 1.5 979 101 407 45 426 10% 42% 5% 44% 

none 60 2 764 101 619 9 36 13% 81% 1% 5% 

45 60 2 764 101 286 10 367 13% 37% 1% 48% 

45 40 2 764 101 277 13 372 13% 36% 2% 49% 

45 20 2 764 101 262 17 384 13% 34% 2% 50% 
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Table D.13: Average annual output for 60-year simulations for a bioretention cell with HSG C underlying 

soils, media depth of 1.2 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 101 1516 355 49 5% 75% 18% 2% 

45 60 0.5 2021 101 1064 385 470 5% 53% 19% 23% 

45 40 0.5 2021 101 979 454 487 5% 48% 22% 24% 

45 20 0.5 2021 101 851 552 516 5% 42% 27% 26% 

none 60 0.75 1383 101 1123 116 44 7% 81% 8% 3% 

45 60 0.75 1383 101 717 126 438 7% 52% 9% 32% 

45 40 0.75 1383 101 676 156 450 7% 49% 11% 33% 

45 20 0.75 1383 101 606 202 473 7% 44% 15% 34% 

none 60 1 1064 101 875 48 40 9% 82% 5% 4% 

45 60 1 1064 101 500 53 410 9% 47% 5% 39% 

45 40 1 1064 101 478 66 419 9% 45% 6% 39% 

45 20 1 1064 101 439 87 437 9% 41% 8% 41% 

none 60 1.25 876 101 715 23 37 12% 82% 3% 4% 

45 60 1.25 876 101 364 25 386 12% 42% 3% 44% 

45 40 1.25 876 101 350 33 393 12% 40% 4% 45% 

45 20 1.25 876 101 326 43 406 12% 37% 5% 46% 

none 60 1.5 745 101 597 13 35 14% 80% 2% 5% 

45 60 1.5 745 101 267 14 363 14% 36% 2% 49% 

45 40 1.5 745 101 258 17 368 14% 35% 2% 49% 

45 20 1.5 745 101 242 23 378 14% 32% 3% 51% 

none 60 2 585 101 449 4 32 17% 77% 1% 5% 

45 60 2 585 101 155 5 324 17% 26% 1% 55% 

45 40 2 585 101 150 7 328 17% 26% 1% 56% 

45 20 2 585 101 141 9 334 17% 24% 2% 57% 
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Table D.14: Average annual output for 60-year simulations for a bioretention cell with HSG D underlying 

soils, media depth of 0.9 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 100 1991 639 5 4% 73% 23% 0% 

45 60 0.5 2734 101 1865 716 51 4% 68% 26% 2% 

45 40 0.5 2734 101 1754 826 53 4% 64% 30% 2% 

45 20 0.5 2734 101 1546 1031 56 4% 57% 38% 2% 

none 60 0.75 1861 100 1531 227 4 5% 82% 12% 0% 

45 60 0.75 1861 101 1450 260 50 5% 78% 14% 3% 

45 40 0.75 1861 101 1388 321 52 5% 75% 17% 3% 

45 20 0.75 1861 101 1270 436 54 5% 68% 23% 3% 

none 60 1 1420 100 1221 96 4 7% 86% 7% 0% 

45 60 1 1420 101 1157 113 50 7% 81% 8% 4% 

45 40 1 1420 101 1126 143 51 7% 79% 10% 4% 

45 20 1 1420 101 1058 208 53 7% 75% 15% 4% 

none 60 1.25 1158 100 1008 47 3 9% 87% 4% 0% 

45 60 1.25 1158 101 952 56 49 9% 82% 5% 4% 

45 40 1.25 1158 101 934 72 50 9% 81% 6% 4% 

45 20 1.25 1158 101 893 111 52 9% 77% 10% 4% 

none 60 1.5 979 99 852 25 3 10% 87% 3% 0% 

45 60 1.5 979 101 800 30 48 10% 82% 3% 5% 

45 40 1.5 979 101 789 40 49 10% 81% 4% 5% 

45 20 1.5 979 101 764 63 51 10% 78% 6% 5% 

none 60 2 764 99 653 9 2 13% 85% 1% 0% 

45 60 2 764 101 603 12 48 13% 79% 2% 6% 

45 40 2 764 101 599 16 48 13% 78% 2% 6% 

45 20 2 764 101 587 25 50 13% 77% 3% 7% 

 

 

 

 

 

 

 



93 

 

Table D.15: Average annual output for 60-year simulations for a bioretention cell with HSG D underlying 

soils, media depth of 0.9 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 100 1548 369 4 5% 77% 18% 0% 

45 60 0.5 2021 101 1451 418 50 5% 72% 21% 2% 

45 40 0.5 2021 101 1362 506 52 5% 67% 25% 3% 

45 20 0.5 2021 101 1214 651 54 5% 60% 32% 3% 

none 60 0.75 1383 100 1158 122 3 7% 84% 9% 0% 

45 60 0.75 1383 101 1090 142 49 7% 79% 10% 4% 

45 40 0.75 1383 101 1048 183 50 7% 76% 13% 4% 

45 20 0.75 1383 101 970 259 53 7% 70% 19% 4% 

none 60 1 1064 100 910 51 3 9% 86% 5% 0% 

45 60 1 1064 101 854 60 49 9% 80% 6% 5% 

45 40 1 1064 101 833 80 50 9% 78% 8% 5% 

45 20 1 1064 101 791 120 51 9% 74% 11% 5% 

none 60 1.25 876 99 750 25 3 11% 86% 3% 0% 

45 60 1.25 876 101 697 30 48 12% 80% 3% 5% 

45 40 1.25 876 101 685 41 49 12% 78% 5% 6% 

45 20 1.25 876 101 661 64 50 12% 75% 7% 6% 

none 60 1.5 745 99 630 13 2 13% 85% 2% 0% 

45 60 1.5 745 101 580 16 48 14% 78% 2% 6% 

45 40 1.5 745 101 574 22 48 14% 77% 3% 6% 

45 20 1.5 745 101 558 36 50 14% 75% 5% 7% 

none 60 2 585 99 480 5 2 17% 82% 1% 0% 

45 60 2 585 101 432 6 47 17% 74% 1% 8% 

45 40 2 585 101 428 9 47 17% 73% 2% 8% 

45 20 2 585 101 422 14 48 17% 72% 2% 8% 
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Table D.16: Average annual output for 60-year simulations for a bioretention cell with HSG D underlying 

soils, media depth of 1.2 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 101 2007 620 6 4% 73% 23% 0% 

45 60 0.5 2734 101 1856 705 72 4% 68% 26% 3% 

45 40 0.5 2734 101 1732 827 74 4% 63% 30% 3% 

45 20 0.5 2734 101 1531 1025 77 4% 56% 37% 3% 

none 60 0.75 1861 101 1537 218 6 5% 83% 12% 0% 

45 60 0.75 1861 101 1433 256 71 5% 77% 14% 4% 

45 40 0.75 1861 101 1367 321 72 5% 73% 17% 4% 

45 20 0.75 1861 101 1253 432 75 5% 67% 23% 4% 

none 60 1 1420 101 1223 91 5 7% 86% 6% 0% 

45 60 1 1420 101 1140 109 70 7% 80% 8% 5% 

45 40 1 1420 101 1106 142 71 7% 78% 10% 5% 

45 20 1 1420 101 1039 206 74 7% 73% 15% 5% 

none 60 1.25 1158 101 1008 44 5 9% 87% 4% 0% 

45 60 1.25 1158 101 934 52 69 9% 81% 4% 6% 

45 40 1.25 1158 101 914 72 70 9% 79% 6% 6% 

45 20 1.25 1158 101 875 109 73 9% 76% 9% 6% 

none 60 1.5 979 101 851 24 5 10% 87% 2% 1% 

45 60 1.5 979 101 780 29 69 10% 80% 3% 7% 

45 40 1.5 979 101 769 40 70 10% 79% 4% 7% 

45 20 1.5 979 101 745 62 72 10% 76% 6% 7% 

none 60 2 764 101 650 9 4 13% 85% 1% 1% 

45 60 2 764 101 584 11 68 13% 76% 1% 9% 

45 40 2 764 101 579 15 68 13% 76% 2% 9% 

45 20 2 764 101 568 25 70 13% 74% 3% 9% 
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Table D.17: Average annual output for 60-year simulations for a bioretention cell with HSG D underlying 

soils, media depth of 1.2 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 101 1559 355 6 5% 77% 18% 0% 

45 60 0.5 2021 101 1435 414 71 5% 71% 20% 4% 

45 40 0.5 2021 101 1342 505 72 5% 66% 25% 4% 

45 20 0.5 2021 101 1197 647 75 5% 59% 32% 4% 

none 60 0.75 1383 101 1161 116 5 7% 84% 8% 0% 

45 60 0.75 1383 101 1073 139 70 7% 78% 10% 5% 

45 40 0.75 1383 101 1028 183 71 7% 74% 13% 5% 

45 20 0.75 1383 101 952 257 73 7% 69% 19% 5% 

none 60 1 1064 101 910 48 5 9% 86% 5% 0% 

45 60 1 1064 101 835 59 69 9% 78% 6% 6% 

45 40 1 1064 101 814 79 70 9% 77% 7% 7% 

45 20 1 1064 101 772 119 72 9% 73% 11% 7% 

none 60 1.25 876 101 748 23 4 12% 85% 3% 0% 

45 60 1.25 876 101 677 29 68 12% 77% 3% 8% 

45 40 1.25 876 101 665 40 69 12% 76% 5% 8% 

45 20 1.25 876 101 641 63 71 12% 73% 7% 8% 

none 60 1.5 745 101 628 13 4 14% 84% 2% 1% 

45 60 1.5 745 101 560 16 68 14% 75% 2% 9% 

45 40 1.5 745 101 554 21 68 14% 74% 3% 9% 

45 20 1.5 745 101 539 35 70 14% 72% 5% 9% 

none 60 2 585 101 477 4 4 17% 82% 1% 1% 

45 60 2 585 101 411 7 66 17% 70% 1% 11% 

45 40 2 585 101 409 9 67 17% 70% 2% 11% 

45 20 2 585 101 403 13 68 17% 69% 2% 12% 

 

 

 

 

 

 

 



96 

 

Table D.18: Average annual output for 60-year simulations for a bioretention cell with HSG D underlying 

soils, media depth of 1.5 m, and average surface storage depth of 30 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2734 100 2014 615 5 4% 74% 22% 0% 

45 60 0.5 2734 101 1839 701 93 4% 67% 26% 3% 

45 40 0.5 2734 101 1720 819 94 4% 63% 30% 3% 

45 20 0.5 2734 101 1514 1021 98 4% 55% 37% 4% 

none 60 0.75 1861 100 1542 215 4 5% 83% 12% 0% 

45 60 0.75 1861 101 1414 255 92 5% 76% 14% 5% 

45 40 0.75 1861 101 1351 316 93 5% 73% 17% 5% 

45 20 0.75 1861 101 1236 428 96 5% 66% 23% 5% 

none 60 1 1420 100 1227 90 4 7% 86% 6% 0% 

45 60 1 1420 101 1120 108 91 7% 79% 8% 6% 

45 40 1 1420 101 1088 140 92 7% 77% 10% 6% 

45 20 1 1420 101 1021 204 94 7% 72% 14% 7% 

none 60 1.25 1158 100 1011 44 3 9% 87% 4% 0% 

45 60 1.25 1158 101 914 53 90 9% 79% 5% 8% 

45 40 1.25 1158 101 895 71 91 9% 77% 6% 8% 

45 20 1.25 1158 101 856 108 93 9% 74% 9% 8% 

none 60 1.5 979 99 854 23 3 10% 87% 2% 0% 

45 60 1.5 979 101 760 29 89 10% 78% 3% 9% 

45 40 1.5 979 101 750 39 90 10% 77% 4% 9% 

45 20 1.5 979 101 725 61 92 10% 74% 6% 9% 

none 60 2 764 99 654 9 3 13% 86% 1% 0% 

45 60 2 764 101 564 11 88 13% 74% 1% 12% 

45 40 2 764 101 559 15 89 13% 73% 2% 12% 

45 20 2 764 101 548 24 90 13% 72% 3% 12% 
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Table D.19: Average annual output for 60-year simulations for a bioretention cell with HSG D underlying 

soils, media depth of 1.5 m, and average surface storage depth of 23 cm. 
Depth 

from 

Surface 

to Top 

of IWS 

DC 

Surface 

Storage  

Vol. Rel. 

to Design 

Capacity 

Runoff ET Drainage Overflow Exfil. ET Drainage Overflow Exfil. 

cm cm/d  cm / bioretention surface area Percentage of Annual Runoff Volume 

none 60 0.5 2021 100 1565 352 4 5% 77% 17% 0% 

45 60 0.5 2021 101 1417 411 92 5% 70% 20% 5% 

45 40 0.5 2021 101 1326 501 93 5% 66% 25% 5% 

45 20 0.5 2021 101 1181 643 96 5% 58% 32% 5% 

none 60 0.75 1383 100 1165 115 4 7% 84% 8% 0% 

45 60 0.75 1383 101 1053 139 90 7% 76% 10% 7% 

45 40 0.75 1383 101 1010 180 92 7% 73% 13% 7% 

45 20 0.75 1383 101 934 254 94 7% 68% 18% 7% 

none 60 1 1064 100 914 47 3 9% 86% 4% 0% 

45 60 1 1064 101 814 59 89 9% 77% 6% 8% 

45 40 1 1064 101 795 78 90 9% 75% 7% 8% 

45 20 1 1064 101 753 117 92 9% 71% 11% 9% 

none 60 1.25 876 99 751 23 3 11% 86% 3% 0% 

45 60 1.25 876 101 658 29 89 12% 75% 3% 10% 

45 40 1.25 876 101 646 40 89 12% 74% 5% 10% 

45 20 1.25 876 101 623 61 91 12% 71% 7% 10% 

none 60 1.5 745 99 631 12 3 13% 85% 2% 0% 

45 60 1.5 745 101 540 16 88 14% 72% 2% 12% 

45 40 1.5 745 101 534 21 88 14% 72% 3% 12% 

45 20 1.5 745 101 519 35 90 14% 70% 5% 12% 

none 60 2 585 99 480 4 2 17% 82% 1% 0% 

45 60 2 585 101 392 7 86 17% 67% 1% 15% 

45 40 2 585 101 390 8 87 17% 67% 1% 15% 

45 20 2 585 101 384 13 88 17% 66% 2% 15% 

 



98 

 

 
Figure D.1: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 0.6-m media depth, hydrologic soil group A underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.2: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 0.6-m media depth, hydrologic soil group A underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.3: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 0.9-m media depth, hydrologic soil group A underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.4: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 0.9-m media depth, hydrologic soil group A underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.5: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 0.9-m media depth, hydrologic soil group B underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.6: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 0.9-m media depth, hydrologic soil group B underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.7: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 1.2-m media depth, hydrologic soil group B underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.8: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 1.2-m media depth, hydrologic soil group B underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.9: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 0.9-m media depth, hydrologic soil group C underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.10: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 0.9-m media depth, hydrologic soil group C underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.11: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 1.2-m media depth, hydrologic soil group C underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.12: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 1.2-m media depth, hydrologic soil group C underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.13: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 0.9-m media depth, hydrologic soil group D underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.14: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 0.9-m media depth, hydrologic soil group D underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.15: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 1.2-m media depth, hydrologic soil group D underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.16: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 1.2-m media depth, hydrologic soil group D underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.17: Average fate of runoff over a 60-year period for a conventionally drained 

bioretention cell with 1.5-m media depth, hydrologic soil group D underlying soils, and average 

surface storage depths of 23 and 30 cm. 

 

 
Figure D.18: Average fate of runoff over a 60-year period for a bioretention cell with an internal 

water storage (IWS) zone, 1.5-m media depth, hydrologic soil group D underlying soils, and 

average surface storage depths of 23 and 30 cm. 
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Figure D.19: Results from Fig. D.2 (bioretention cell with an internal water storage (IWS) zone, 

0.6-m media depth, 23-cm average surface storage depth, and hydrologic soil group A 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.20: Results from Fig. D.2 (bioretention cell with an internal water storage (IWS) zone, 

0.6-m media depth, 30-cm average surface storage depth, and hydrologic soil group A 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.21: Results from Fig. D.4 (bioretention cell with an internal water storage (IWS) zone, 

0.9-m media depth, 23-cm average surface storage depth, and hydrologic soil group A 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.22: Results from Fig. D.4 (bioretention cell with an internal water storage (IWS) zone, 

0.9-m media depth, 30-cm average surface storage depth, and hydrologic soil group A 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.23: Results from Fig. D.6 (bioretention cell with an internal water storage (IWS) zone, 

0.9-m media depth, 23-cm average surface storage depth, and hydrologic soil group B underlying 

soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.24: Results from Fig. D.6 (bioretention cell with an internal water storage (IWS) zone, 

0.9-m media depth, 30-cm average surface storage depth, and hydrologic soil group B underlying 

soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.25: Results from Fig. D.8 (bioretention cell with an internal water storage (IWS) zone, 

1.2-m media depth, 23-cm average surface storage depth, and hydrologic soil group B underlying 

soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.26: Results from Fig. D.8 (bioretention cell with an internal water storage (IWS) zone, 

1.2-m media depth, 30-cm average surface storage depth, and hydrologic soil group B underlying 

soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.27: Results from Fig. D.10 (bioretention cell with an internal water storage (IWS) 

zone, 0.9-m media depth, 23-cm average surface storage depth, and hydrologic soil group C 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.28: Results from Fig. D.10 (bioretention cell with an internal water storage (IWS) 

zone, 0.9-m media depth, 30-cm average surface storage depth, and hydrologic soil group C 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.29: Results from Fig. D.12 (bioretention cell with an internal water storage (IWS) 

zone, 1.2-m media depth, 23-cm average surface storage depth, and hydrologic soil group C 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.30: Results from Fig. D.12 (bioretention cell with an internal water storage (IWS) 

zone, 1.2-m media depth, 30-cm average surface storage depth, and hydrologic soil group C 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.31: Results from Fig. D.14 (bioretention cell with an internal water storage (IWS) 

zone, 0.9-m media depth, 23-cm average surface storage depth, and hydrologic soil group D 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.32: Results from Fig. D.14 (bioretention cell with an internal water storage (IWS) 

zone, 0.9-m media depth, 30-cm average surface storage depth, and hydrologic soil group D 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 



114 

 

 
Figure D.33: Results from Fig. D.16 (bioretention cell with an internal water storage (IWS) 

zone, 1.2-m media depth, 23-cm average surface storage depth, and hydrologic soil group D 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.34: Results from Fig. D.16 (bioretention cell with an internal water storage (IWS) 

zone, 1.2-m media depth, 30-cm average surface storage depth, and hydrologic soil group D 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 
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Figure D.35: Results from Fig. D.18 (bioretention cell with an internal water storage (IWS) 

zone, 1.5-m media depth, 23-cm average surface storage depth, and hydrologic soil group D 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 

 
Figure D.36: Results from Fig. D.18 (bioretention cell with an internal water storage (IWS) 

zone, 1.5-m media depth, 30-cm average surface storage depth, and hydrologic soil group D 

underlying soils) with varying drainage coefficients (60, 40, and 20 cm/day). 

 


