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1.0 Executive Summary 
 

A bioretention facility is an engineered stormwater facility that treats stormwater by passing it through 
a specified soil media profile, and either retains or detains the treated stormwater for flow attenuation 
(Ecology 2014).  While the use of bioretention facilities in new development and redevelopment in the 
Puget Sound region is increasing rapidly, little formal assessment of the hydrologic performance of 
locally constructed facilities can be found in the scientific literature.  As population grows and 
developable area in the Puget Sound is increasingly scarce, and natural stream channels remain 
vulnerable to stormwater runoff, evidence is needed that stormwater control measures efficiently use 
the available space while achieving protection of local waters. 

This Bioretention Hydrologic Performance (BHP) Study Phase II follows the previous BHP Study Phase I 
(Taylor et al., 2018).  In that earlier study, ten bioretention facilities were also studied, but those facility 
designs used an earlier version of the Western Washington Hydrology Model (WWHM) than the current 
WWHM 2012 or used other models.  Those previous models did not include the bioretention design 
element presently available in WWHM 2012 (Clear Creek Solutions, 2016).  The BHP Study Phase I 
provided results from somewhat older facilities designed without the benefit of the new design 
approach, but also from facilities that had been in operation for a wider range of years than the recently 
constructed facilities studied under Phase II. 

The Phase II study also included a number of retrofit facilities that provided a wider range of design 
conditions.  Retrofit facilities are allowed a greater degree of professional judgement in design under 
the Stormwater Management Manual for Western Washington (SWMMWW) (Ecology 2014) and that 
was reflected in these facilities. 

With this in mind, the three main goals of the BHP Study II were to: 

1. Provide an overall assessment regarding how constructed bioretention facilities designed under 
the WWHM 2012 model are performing on a range of sites throughout Puget Sound, including 
retrofit designs. 

2. From this assessment, identify major elements of the site designs and performance constraints 
that can help inform the design, modeling, and permit review process for more efficient and 
predictable facility performance. 

3. Provide recommendations for engineers and jurisdiction reviewers to better model, design, and 
review future bioretention facility designs. 

To conduct this assessment, ten constructed bioretention cells (designed using WWHM 2012) were 
selected from throughout the Puget Sound Basin.  The design and construction assessment included: 

• Review of original design documents and hydrologic model. 
• Eight months of hydrologic monitoring of inflow, outflow, pooling, and groundwater elevations. 
• Geotechnical and hydrogeologic sampling. 
• Review of vegetation planting plans, installation, and assessment of plant survival. 
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• Modeling of the site hydrology using WWHM 2012 to evaluate the performance of the model 
and identify input variables and design features that affect hydrological performance. 

Overall, the ten bioretention facilities assessed function adequately without unexpected shortcomings 
resulting in under capacity or local flooding.  In contrast to Phase I sites, a number of the Phase II sites 
did have some overflow.  These sites reflected conditions related to either small (<5 percent) 
bioretention-to-drainage area ratios, low overflow elevations, low native soil infiltration rates, or some 
combination of these, and all actually included underdrains. 

It is recognized that measurement of constructed elements, hydrogeologic conditions, vegetation, 
dynamic inflows, and modeling of all these conditions can pose confounding interpretations.  For greater 
detail on each of these elements, the reader is directed to the data compiled in the appendices.  
Photographs of each site are provided in the geotechnical reports in Appendices 3 through 12. 

Notwithstanding this complexity, and the flexibility allowed in design of retrofit systems, the five 
simplest but highly influential recommendations affecting the performance of these facilities are: 

1. Maintain a bioretention top area (surface area at the overflow elevation) which is at least 
5 percent of the area draining to it for facilities that are underdrained or have less than 
100-percent infiltration. 

2. Maintain a minimum 6-inch overflow riser height above the designed bioretention surface. 

3. Maintain a minimum 18-inch bioretention soil mix (BSM) depth and meet Ecology (2014) media 
particle size criteria. 

4. Specify a planting plan of plantings that reflects the relatively dry and well-drained conditions of 
bioretention facilities. 

5. A checklist should be developed for Puget Sound region-wide use by both engineers and permit 
reviewers that enables cross checking that these and related values are consistent between the 
model, the TIR, and the plan sheets. 

 

1.1 Summary of Findings 
 

Representativeness of Sites Assessed 

The project site selection process began in 2018 after WWHM 2012 had been in use for a number of 
years. Twenty-five sites were identified that used the 2012 model version (Appendix 1).  In contrast to 
the sites selected in the BHP I study, the ten selected sites were all recently constructed, one just a few 
months before monitoring began. 

Over seventy bioretention cells across the 25 sites were evaluated through site visits in the field.  After 
affirming a site was designed using WWHM 2012, the decisive selection criterion was the feasibility of 
monitoring flow at the cell inflow and outflow locations.  As a result of the wide range of geographic 
locations and site conditions, the selected projects represent a wide cross section of meteorological, 
geomorphic, and hydrogeologic conditions, as well as drainage area ratios and included retrofit designs. 
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A summary of the site selection process is presented in Appendix 1.  Figure 1 provides a map of the 
selected site locations. Table 1 provides a summary of site acronyms and locations corresponding to the 
geographic locations in Figure 1. 

 

Figure 1.  Distribution of Bioretention Monitoring Site Locations. 
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Table 1. Bioretention Hydrologic Performance Phase II Site Names and Acronyms Used in the Study 

Site Number Acronym Jurisdiction and Site Name 
1 BCK Bellingham - Cornwall Avenue and Kentucky Street 
2 BUW Bellingham - Utter and Washington Streets 
3 FWI Fircrest - Wainwright Intermediate School 
4 M1C Marysville - 1st and Cedar 
5 M3Q Marysville - 3rd and Quinn 
6 MPP Monroe - Park Place Middle School 
7 RSH Renton - Sunset Community at Harrington Avenue 
8 SSW Snohomish County - Salem Woods Elementary School 
9 TBM Tumwater - Bush Middle School 

10 TWH Tacoma - Wilson High School 

 

One notable difference between the BHP Phase II sites selected and those in BHP Phase I is the inclusion 
of five retrofit facilities of the ten selected, whereas in the BHP Phase I study there were no retrofit 
facilities.  The significance of the retrofit facilities is they are not required to meet the same design 
criteria as for new and redevelopment (Ecology, 2019, cf. 2014); for retrofits the recommended BMPs 
“can be modified using best professional judgment to provide reasonable improvements in stormwater 
management.” 

Quality Assurance Project Plan 

A Quality Assurance Project Plan (QAPP) was prepared for the BHP Phase II project as was done for Phase I.  
New project information and any new QAPP procedures were updated in the QAPP (Appendix 2). 

Design Conditions 

Design dimensions and other information for each of the ten sites was collected from the original design 
drawings and, when available, from hydraulic and geotechnical reports supporting the design.  The 
modeling approaches were evaluated to assess the original modeling approach (model version, 
approach to modeling, etc.) to help ascertain whether design features and performance were consistent 
with the modeling approach taken. 

Constructed Dimensions and Infiltration Rates 

Constructed cell dimensions were measured in the field and found to be generally as per project design 
dimensions except for one significant element:  three of the facilities (BCK, BUW, and TWH) had 
substantially less bioretention “top area” (surface area at the overflow elevation) than the design model 
and one had much more (MPP).  The remaining six were generally similar.  Table 2 presents the TIRs’ 
reported design bioretention area and the field measured bioretention area determined during the 
flooding infiltration tests.  Table 3 presents the reported design infiltration rate and the field-based 
infiltration rates measured during controlled flooding infiltration tests. Other minor differences were 
noted in the geotechnical assessment technical memoranda presented in Appendices 3 through 12.  
Inflow volumes were assessed through the WWHM 2012 model developed for each site.  Field 
documentation of contributing areas was not conducted. 
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Table 2.  TIR Reported and Field Measured Bioretention Top Area for Each of the Studied Sites 

Site 
TIR Reported 

Bioretention Top Area* (ft2) 
Field Measured 

Bioretention Top Area (ft2) 
BCK (r, u) 169 71 

BUW (r, u) 211 38.5 

FWI (u) 159 250 

M1C (r) 130 132 

M3Q (r) 200 200 

MPP 684 1,320 

RSH (r, u) 64 68 

SSW 1,170 1,022 

TBM 294 366 

TWH (u) 2,070 1,269 
TIR = Technical Information Reports 
*Top area is defined as bioretention surface area at riser height 
ft2= square feet; (r) = retrofit; (u) = underdrained 

 

Table 3. Comparison of Design and Measured Infiltration Rates 

Site 

Design Model BSM 
and Native  

Infiltration Rates 
(in/hr) 

(unmodified rates) 

BSM and Native 
Field Infiltration 

Rate (in/hr) 

Sizing Comparison: 
Subgrade Field 

Infiltration Rate 
Divided by Design 
Infiltration Rate 

Subgrade Geologic 
Unit 

BCK 15 (BSM) 
12.3 (subgrade) 

6.6 
~0.01 to 0.001 0.0008 Fill over 

Glaciomarine Drift 

BUW 12 (BSM) 
6 (subgrade) 

300+ 
~0.01 to 0.001 0.002 Glaciomarine Drift 

FWI 6 (BSM) 
1.5 (subgrade) 

66 
~0.01 to 0.001 0.007 Glacial Till 

M1C 6 (BSM) 
2 (subgrade) 

>subgrade 
17 8.5 Outwash Sand 

M3Q 6 (BSM) 
2 (subgrade) 

>subgrade 
15 7.5 Outwash Sand 

MPP 2 (BSM) 
4 (subgrade) 

>subgrade 
3 1.5 Alluvium 

RSH 5 (BSM) 
1.2 (subgrade) 

2 
~0.01 to 0.001 1.7 Outwash Sand 

SSW 12 (BSM) 
11.5(subgrade) 

>subgrade 
16 1.4 Outwash Sand 

TBM 6 (BSM) 
0.9 (subgrade) 

>subgrade 
8 8.9 Outwash Sand 

TWH N/A (BSM) 
1.5 (subgrade) 

11 
~0.01 to 0.001 0.007 Glacial Till 

BSM = bioretention soil mix; in/hr = inches per hour; ~ = approximately; N/A = Not Applicable 
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Following is a summary of findings for the various disciplines evaluated at each of the sites. 

Site Design Modeling Review 

• All facilities were designed using WWHM 2012 (except one); however, one design using WWHM 
2012 failed to use the bioretention element to represent bioretention facilities in the model.  
Others used the bioretention element but did not input the correct values that represent the 
actual design conditions. 

• Where any site facility surface area to drainage area ratio was smaller than recommended 
(5 percent) the site did not meet performance standards. 

• Using long-term county precipitation records and the SWMMWW-prescribed lower infiltration 
rates for the entire bioretention performance lifespan (rather than what was actually measured 
at the site), six of the facilities did not meet Minimum Requirement (MR) #5 (On-site 
Stormwater Management) and four of the facilities did not meet MR #6 (Runoff Treatment). 
(Note that the retrofit facilities were not required to meet MR5 or MR6.)  It is recognized, 
however, that the SWMMWW-prescribed infiltration design rates are intended to represent 
infiltration near the end of the cell’s life cycle (i.e. expecting that the infiltration rate will 
diminish over the life of the cell).  As such, much of the performance of a facility’s life span will 
still reflect the higher infiltration rates, thus potentially meeting these MRs for some period of 
time. 

Hydrologic Monitoring 

• Eight months of continuous wet season monitoring was completed from November 2018 to 
June 2019; however, these data were highly compromised by frequent freezing, snow 
accumulation, and owner maintenance practices during the winter.  Full records were collected 
and delivered. 

• Only three months of data—April 2019 through June 2019—was usable for comparison to 
modeling results. 

• Volumetric runoff at each site is variable even for apparently near 100 percent impervious 
contributing areas.  Measured continuous runoff records were overall considered less 
dependable than the simulated, so simulated inflow rates based on the measured rainfall record 
were used in the model evaluation.  However, a regression of measured runoff volumes for a 
range of storm events still often had good R2 values. 

• Ponding and well point responses for infiltrating sites (not underdrained) showed good 
reflection of the BSM infiltration rates and subgrade conditions.  Underdrained sites showed 
rapid runoff of infiltrated waters, resulting in well point elevations reflecting underdrain 
elevations. 

• Evidence of water movement not captured in the modeling occurred through possible 
subsurface leakage into subsurface utility trenches. 

• At one site near a tidal shoreline, well point data had a clear tidal signal, but groundwater did 
not affect measured infiltration rates. 
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• Counterintuitively, four of the five underdrained facilities generated surface overflows, while 
none of the non-underdrained facilities overflowed.  These overflow conditions were ascribed to 
small facilities or low set overflows. 

Geotechnical and Hydrogeologic Findings 

• The sites covered a wide range of geomorphic and hydrogeologic conditions. 

• Bioretention soil texture was generally coarser than current guidelines, resulting in greater 
infiltration rates than would be expected under the current media guidelines. 

• A wide range of infiltration rates were measured, with infiltration rates for the bioretention 
media greater than site design values used in all but two cases. 

• Compaction of the bioretention soil was documented in three facilities and is interpreted to 
have reduced the bioretention soil filtration rate in two underdrained facilities. 

• Bark mulch floated and was redistributed during controlled infiltration testing and can be a 
source of clogging if conveyed to a small-diameter orifice-controlled outlet. 

• Bioretention without underdrains on outwash sites provides recharge to shallow aquifer 
settings. Shallow aquifer levels remained below the facility base, and groundwater mounding 
did not affect infiltration rates. 

• Bioretention on low-permeability sites resulted in mounding on hydraulically restrictive layers. 
The mounded water was collected by the underdrain, but overflows in four of the five 
underdrained facilities still occurred. 

Vegetation Findings 

• Phase II facilities studied were only very recently planted (within two years) so still showed 
original plantings. 

• Plantings generally followed the specified planting plans. 

• Bioretention soils and native soils drain rapidly in most cases and hydrophytic plants appeared 
not to survive well at one example site, even within two years of installation. 

• Shrubs have higher survival rates than herbaceous vegetation and appear to reduce the need for 
the maintenance of cells. 

• Laterally variable infiltration of inflows provided greater moisture to plants near the inflow 
points, and less in more distant areas resulting in differential survival in some of the facilities. 

Modeling Findings 

• Viewing long-term graphical trends, the WWHM 2012 models reproduced the monitored 
bioretention hydrologic performance data with accurate results. 
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• An additional bioretention “limiting” surface leaf layer was utilized to best represent four of the 
facilities.  This suggested some surface infiltration was limiting in these facilities, while not 
necessarily visually obvious. 

• Simulated inflow records as opposed to field monitored were deemed adequate to represent 
modeling of as-built conditions. 

 

1.2 Recommendations for Improved Bioretention Designs and 
Performance 
 

The BHP Study Phase I report provided similar findings to this Phase II study.  The recommendations 
from Phase I still apply, and the reader is referred to that study for relevant related information (Taylor 
et al., 2018). The following recommendations are more specifically tied to the current Phase II study. 

Given the above findings, major recommendations intended for engineers, geologists, and landscape 
architects, as well as stormwater site plan reviewers at local jurisdictions include: 

Design Features 

• Maintain large (>5 percent) bioretention top area to drainage basin ratios including field 
confirmation of contributing areas. 

• Maintain a minimum 6-inch riser height above the cell bottom elevation. 

• Maintain a minimum 18-inch BSM depth and meet Ecology (2014) media particle-size criteria. 

• Conduct as-built surveys of inlets, overflows, contributing areas, and bioretention surface area. 

• Conduct a field inflow test to confirm positive drainage into the cell inlets. 

• Include a capped underdrain as a back-up discharge management option in jurisdictions that 
encourage infiltration in soils that have low infiltration rates. 

• Evaluate and incorporate in the design approach the effects of uneven infiltration (see same 
issue regarding planting plans below). 

• Provide careful review of the TIR, design plans, and models before permitting for construction. 
This review should include contributing area calculations and reviewing the design model to 
determine the appropriate minimum facility size as a percentage of drainage area and accurate 
BSM filtration and native infiltration rates. 

• Review retrofit facilities for limiting site conditions and the expected performance absent 
meeting new development facility criteria. 

Geotechnical and Hydrogeologic Recommendations 

• Collect data specific to the facility location to understand shallow soil, geologic and groundwater 
conditions affecting subsurface infiltration rates. 
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• Use pilot infiltration testing at the facility location for estimating long-term design infiltration 
rates. 

• Consider potential for lateral subsurface flow, and the ultimate path of the infiltrated water, for 
sites with low or spatially variable infiltration rates. 

• Consider potential for utility corridor capture of infiltrated waters, particular in retrofit 
applications. 

• Provide testing of the bioretention soil media for consistency with the specifications provided in 
the Ecology Manual, especially the #40, #100, and #200 grain-size fractions. 

• Conduct geotechnical plan review of permit plans and during construction so that plans 
adequately incorporate geotechnical recommendations (e.g. are bioretention cells located near 
infiltration test locations or at different elevations; does the grading plan (improperly) remove 
the permeable horizon?). 

• Conduct observations during construction to observe whether the subsurface geologic and 
groundwater conditions are consistent with the basis of design (e.g. if site design is based on 
outwash soils being present, and subsurface conditions are consolidated glacial till, a design 
change is required). 

• Look for evidence of soil compaction. We speculate based on limited observations that soil 
compaction impacts are more common for narrow facilities. Evidence for surface compaction 
was exhibited in five of the ten facilities. 

• Remediate compacted soil prior to acceptance. Soil compaction can occur during bioretention 
soil placement, irrigation installation, placement of inlet protection, or energy dispersion 
elevation, or from planting. 

• Conduct a study of “aging” of facility infiltration rates over time, whether those rates are 
decreasing, increasing, or staying the same. 

Vegetation Recommendations 

• Use shrubs as they tend to compete better with noxious weeds and therefore should be used 
more frequently in units to reduce maintenance. Cells that were planted with only herbaceous 
species, or where the woody plants had been heavily browsed by deer, tend to grow a greater 
density of noxious weeds. 

• Plant with a variety of shrubs and herbs.  Herbaceous species tend to have poor survival rates in 
bioretention cells compared to shrubs.  Where large shrubs may be inappropriate due to limited 
sight lines, consider using smaller shrubs such as Kelsey Dogwood (Cornus sericea ‘Kelseyi’) and 
shinyleaf spirea (Spiraea betufolia var. lucida). 

• Specify water-tolerant plants in bottom areas near the inflow, and fan out to more facultative, 
facultative upland plants farther away from the inflow. 

• Do not use plants that commonly occur in wetlands.  Wetland soils are anaerobic, waterlogged, 
and poorly draining; bioretention soil is very well draining.  Wetland species that require 
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constant water-logged soil will not grow well in bioretention cells and should be avoided (except 
for Carex obnupta). 

• Develop maintenance plans and contingency plans with the planting designs to allow adaptive 
changes.  Designers should follow up on the effectiveness of the design a year or two after 
installation. 

Modeling Recommendations 

• Use a limiting “leaf litter layer” surface modeling layer in the model where non-wood mulch will 
be applied. 

• To help assess design for retrofit and new facilities, Ecology should conduct a sensitivity analysis 
of the magnitude of effect of the variability of safety factor infiltration rates, contributing 
drainage area, and use of regional rainfall records on facility performance on long-range ability 
to meet MR #5 and MR #6. 

• Double check the accuracy of the BSM and native soil infiltration rates input in the WWHM 2012 
model and in the TIR for the site.  Then reviewers should analyze results for compliance with 
MR #5 and MR #6 before approving new development site design. 

 

1.3 Acknowledgement to Project Sponsor, SAM Participants, and 
Participating Jurisdiction Staff 
 

This project has been a cooperative effort involving contributions from the Stormwater Action 
Monitoring (SAM) staff, and the participating SAM jurisdictions who reviewed the original proposal 
during the selection process.  As the jurisdictional sponsor, the City of Olympia provided careful review 
of all deliverables and budget monitoring, resulting in greatly improved products, and remaining within 
the conditions of the Ecology contract.  The SAM Coordinator and other Ecology technical staff likewise 
provided responsive reviews of draft submittals. 

Local jurisdictions provided substantial collaboration through nominating candidate bioretention study 
sites and provided the background designs and reports needed to assess the multiple sites evaluated.  
Over 70 individual bioretention cells were visited as part of the selection process, nominated by over 
25 jurisdictions, with dozens of jurisdictions contacted. 

Finally, discussions with participating design engineers provided insight to design details and supporting 
documents for a greater understanding of the designs and constructed conditions. 
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2.0 Introduction 
 

While the storage and infiltration capability of bioretention facilities is generally acknowledged, little 
data exists in the Puget Sound region to verify the hydrologic performance of these facilities, except now 
with the results from the BHP Phase I (Taylor et al., 2018).  Use of bioretention is widespread in the 
Puget Sound region and is expected to increase in the region as a result of requirements of the National 
Pollutant Discharge Elimination System (NPDES) municipal permits and the 2014 SWMMWW (Ecology, 
2014).  State and local governments want confidence that new bioretention facilities constructed under 
the 2014 SWMMWW can be built to attain desired performance. 

Meeting expected infiltration and overflow conditions from bioretention facilities ensures downstream 
receiving waters are protected to the extent planned and the desired inflow volumes are filtered for 
water quality treatment.  The cumulative hydrologic benefit of bioretention facilities on receiving waters 
will depend on the hydrologic performance of each of the individual facilities within a basin. 

The hydrologic performance of bioretention facilities may also affect the survival, composition, and 
health and maintenance of the facility vegetation, which may, in turn, have further impacts on 
infiltration and longevity of the facility.  Conducting a performance assessment of bioretention facilities 
represents an adaptive management process to help ensure effective implementation of low impact 
development (LID) facilities in the Puget Sound region. 

The intent of this study was to: 

1. Conduct an overall assessment regarding how ten constructed bioretention facilities designed 
using WWHM 2012 are performing in sites throughout Puget Sound. 

2. Use the detailed monitoring of each facility to identify major elements of the site designs and 
performance constraints to assist in the design and modeling to produce efficient and 
predictably performing facilities in the future. 

3. Provide recommendations for design engineers and jurisdiction reviewers to better model, 
design, and review future bioretention facilities. 

The overall BHP Phase II project involved an initial consideration of dozens of sites, site assessment of 
25 candidate sites, discussions with local jurisdiction owners, design engineers, and maintenance staff; 
and site-specific documentation of ten cells for dimensions and elevations, soil structure, infiltration 
rate, vegetation conditions, modeling software, and measured hydrologic response of the facility.  As 
part of our study, each site was modeled by our project team using WWHM 2012.  Post-construction site 
conditions and eight-months’ worth of monitoring data were used to assess model parameter values 
and new model elements (e.g., presence of a leaf litter layer) to provide insights to the model 
performance itself and facility performance. 

As a result of the comprehensive nature of the assessment, it should be noted that, in addition to 
the physical measurements, hydrologic performance data, and modeling, insights and conclusions 
were also drawn by using anecdotal observations gained from owners, engineers, and operators of 
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the facilities, as well as the investigators’ own site-specific observations. While this study provided many 
recommendations for improved design and performance of bioretention facilities, new research 
questions emerged.  These possible new questions were not evaluated here as the analyses would 
require unavailable or uncollected data or are beyond the scope of this project. 

The following discussions of each of the site monitoring and modeling disciplines are summaries of 
the approaches and conclusions presented in the discipline technical memoranda provided in the 
appendices. 
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3.0 Site Selection and Study Design 
 

The overall value in the use of bioretention (and other LID stormwater facilities) will depend on the 
accuracy with which constructed facilities meet their hydrologic performance expectations.  If facilities 
do not infiltrate, retain, and release flows sufficiently, receiving waters will not be protected from 
hydrologic impacts, or contact with BSM may not be adequate to provide water quality treatment. 

Evaluation of bioretention performance from the BHP Phase II projects provides new feedback to the 
2014 SWMMWW modeling design process, and to engineers’ design approaches, to help optimize 
designs for greater expected accuracy and resulting benefits. 

 

3.1 Project Goals 
 

The project goal was to compare actual hydrologic performance of constructed bioretention facilities 
around the Puget Sound under a variety of storm conditions with the modeled performance from the 
same facility using WWHM 2012. Results demonstrated the relative importance of site characteristics, 
design, installation, maintenance, and modeling variables. 

Communication goals for the project were to provide presentations and technical memoranda to the 
Stormwater Work Group (SWG) and Ecology to elicit feedback on the project.  These tasks were 
completed during the course of the project.  The final report was created to provide summary 
information to professional stormwater managers and their staff throughout the region. 

In addition to providing presentations to the SWG, a communication goal was to present results to local 
jurisdiction designers, permit reviewers, and engineers, thereby more directly transfer the findings to 
these staff and private sector engineers designing and reviewing bioretention facilities.  These 
presentations were organized through the regional permittees forums, including the North, Central, and 
Southwest permittees forums, the Washington Stormwater Center, and the Washington Chapter of the 
American Society of Civil Engineers. 

 

3.2 Project Objectives 
 

Specific objectives of the project included installing inflow and outflow monitoring instruments that 
accurately and precisely measure stage at primary hydraulic devices which can then be translated by a 
rating curve to flow.  Stage (water depth) gages were installed for both surface ponding and subsurface 
soil saturation. Rain gages were installed, or nearby gages used, to measure actual rainfall at the site of 
the subject bioretention facility being monitored.  Rainfall, stage, and flow were measured continuously 
during the wet season to enable evaluation of the design model using the actual rainfall, runoff, ponding 
depth, and facility flow-through conditions observed. 
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The change in the model parameter values required to accurately reproduce the monitored data 
revealed the accuracy of the model parameter values used in the original engineering design.  The 
comparison of the hydrologic results to the minimum requirements also revealed the degree to which 
the results continued to meet or did not meet the hydrologic criteria of the 2014 SWMMWW. 

Coincident with collecting stage and flow data and comparing the design model with a model based on 
actual performance, the secondary objectives were to collect data characterizing the BSM, shallow 
subgrade soils, infiltration rate, and vegetation community composition and density and maintenance 
activity.  These additional data were used in conjunction with the observed hydrologic performance to 
support hypotheses regarding the possible mechanisms influencing the hydrologic results. 

 

3.3 Site Selection Criteria and Selection Process 
 

To initiate the facility selection process, a selection criteria matrix was developed to identify and prioritize 
the project site elements as they affected the site’s potential selection.  Candidate sites were identified 
through discussions with interested local jurisdictions and some privately owned facilities.  Each of the 
candidate sites identified were assessed in the field for the selection criteria, and final selection based 
largely on the ability of the inflows to be accurately measured. A complete description of the process is 
provided in Appendix 1. 

The names and project site acronyms for the ten sites are listed in Table 1.  Sites will be referenced by site 
acronym throughout the report.  A map of the ten selected site locations is presented in Figure 1. 
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4.0 Results and Discussion 
 

The intent of the BHP Study was to compare original design plans for the expected dimensions, 
geotechnical and hydrogeologic conditions, hydrology, and vegetation plans with the actual measured 
conditions for all these disciplines. 

The intent of this comparison was to identify major elements of the site designs and performance 
constraints to help inform the design and modeling process for more efficient and predictable facility 
performance. 

With these design elements, we provide recommendations for engineers and jurisdiction reviewers to 
better model, design, and review future bioretention facility designs. 

The methods and materials used for each of the disciplines studied are presented in the appendices for 
each of the disciplines addressed at all the sites in this study: 

• Hydrologic Monitoring 
• Geotechnical and Hydrogeology Assessment 
• Vegetation Community 
• Modeling Analysis of Observed Performance 

A summary of the dimensional, geotechnical, hydrogeologic and modeled site conditions of the ten 
cells selected for monitoring is presented in Table 4 and Table 5 below.  See also Table 3 for direct 
comparison of model and measured BSM filtration and native infiltration rates, and Table 2 for a 
comparison of model versus constructed bioretention top areas. 

 

4.1 Hydrologic Monitoring 
 

Continuous hydrologic monitoring of the hydrologic cycle through each of the ten cells was conducted 
for the period of October 2018 through mid-July 2019. The monitoring was conducted at 5-minute 
intervals including the following hydrologic elements: 

• Rainfall 
• Inflow to the bioretention cell 
• Ponding stage 
• Subsurface or groundwater stage 
• Overflow surface outlet 
• Underdrain outlet (where available) 

Water levels for the flow monitoring locations were measured relative to the invert of the compound 
weirs installed in the inlet or outlet pipes and were also tied into a common local elevation.  Water 
levels in the surface ponding and subsurface wells were tied into the same common local elevation. 
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Each of the rain gages and stage recording devices were downloaded on a monthly basis, and the 
instruments recalibrated to their respective zero-point elevations.  Appendix 13 provides a detailed 
description of the methods, materials, and quality assurance/quality control (QA/QC) process for the 
hydrologic data collection and review process.  

The intent of this detailed hydrologic monitoring in the study was to provide multiple points of 
information in the hydrologic response of the overall facility.  This enabled cross comparison of the data 
from each of the points with one another and later with the hydrologic model to confirm an 
understanding of the overall hydrologic response of the system.  With the careful QA/QC procedures 
used during data collection and review of the data, these data provide the substantiated basis for 
modeling and understanding of the overall performance of the facilities. 

One of the findings (again as occurred in BHP Phase I) appears to be that the contributing areas of the 
facilities in some cases may be different (either larger or smaller) than the originally designed 
contributing area.  The importance of this point is that the bioretention facility can perform only as 
designed if the size of the contributing inflow area is correct.  It is important to double check the inflow 
area to ensure that model calculations and site design are accurate for the project site. 

It also appears that site constraints may have affected the overall performance of some sites. Retrofits 
along streets are often constrained in size, slope, and elevation by rights-of-way or the need to tie into 
existing storm drain infrastructure. This led to one site with an inlet pipe that likely also discharged from 
the facility at times and some overflow structures that were barely above the bottom elevation of the 
facility. This made the sites difficult to monitor accurately but also likely indicate that the site constraints 
limit the effectiveness of the facility. In this study, the four sites that experienced overflows were all in 
fact underdrained; three of the four were retrofits installed in the road right-of-way or had till or low 
elevation overflows. 
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Table 4. Dimensional Constructed Conditions at Ten Monitored Bioretention Facilities 

TIR = Technical Information Reports 
WWHM = Western Washington Hydrology Model 
BSM = bioretention soil mix 
in/hr = inches per hour 
ac = acres 
*Top area is defined as bioretention surface area at riser height 
ft2 = square feet 
~ = approximately 
Note: BCK, BUW, and TWH had TIR/design report listed bioretention surface areas that were considerably larger than the field 

measured bioretention top area for each facility (see Table 2). 

 
Type of 
Facility 

From Drainage Report, Stormwater TIR,  
and Civil Plans 

Clear Creek Solutions Modeled in WWHM 
2012 

Site 
New or 
Retrofit 

Grading Plan Review 
(cut or fill) 

Design Model  
BSM and Native 

Design Infiltration 
Rate (in/hr) 

Drainage 
Area 

(pervious 
and 

impervious 
[ac]) 

Top Area* 
(ft2) 

Top to 
Drainage 

Percentage 
BCK 

(installed 
2017) 

Retrofit Cut, ~3 feet 15 (BSM) 
12.3 (subgrade) 0.27 71 0.6% 

BUW 
(installed 

2016) 
Retrofit Cut, ~3 feet 12 (BSM) 

6 (subgrade) 0.93 38.5 0.1% 

FWI 
(installed 

2016) 
New Cut, ~3 feet 6 (BSM) 

1.5 (subgrade) 0.33 250 1.7% 

M1C 
(installed 

2017) 
Retrofit Cut, ~3 feet 6 (BSM) 

2 (subgrade) 0.03 132 10.1% 

M3Q 
(installed 

2017) 
Retrofit Cut, less than 5 feet 6 (BSM) 

2 (subgrade) 0.02 200 23.0% 

MPP 
(installed 

2017) 
New Cut, 4 to 5 feet 2 (BSM) 

4 (subgrade) 0.48 1,320 6.3% 

RSH 
(installed 

2017) 
Retrofit Cut, ~4 feet 5 (BSM) 

1.2 (subgrade) 0.17 68 0.9% 

SSW 
(installed 

2018) 
New Cut, ~5 to 6 feet 12 (BSM) 

11.5(subgrade) 0.40 1,022 5.9% 

TBM 
(installed 

2016) 
New Cut, less than 3 feet 6 (BSM) 

0.9 (subgrade) 0.31 366 2.7% 

TWH 
(installed 

2016) 
New Cut, ~3 feet 1005 (BSM) 

1.5 (subgrade) 1.62 1,269 1.8% 
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Table 5. Hydrogeologic Conditions at Ten Monitored Bioretention Facilities 

BHP = Bioretention Hydrologic Performance; BSM = bioretention soil mix; in/hr = inches per hour;  
WWHM = Western Washington Hydrology Model; % = percent; ~ = approximately 

Associated Earth Sciences, Inc. (AESI) 

Site 
Geologic 

Unit Aquifer 

BHP Study 
BSM Field-

Based 
Infiltration 
Rate (in/hr) 

BHP Study 
Subgrade 

Native Soil 
Field-Based 
Infiltration 
Rate (in/hr)  

Surface 
Discharge 
Expected 
(Yes/No) Comments 

BCK 
(installed 

2017) 

Glacio-
marine Drift 

Perched 
(interflow) 6.6 

Uncertain; 
interpreted to 

be low and 
complicated 
by utility fill 

Yes (under-
drained) 

Disconnect between design 
geotech and WWHM 

infiltration rate. 
Extra pipe not shown on 

plans. 
Mounded portion of cell 
base affecting ponding. 

BUW 
(installed 

2016) 

Glacio-
marine Drift 

Perched 
(interflow) 300+ Low 

~0.01 to 0.001 
Yes (under-

drained) 
Cell base area is sloped, 

limiting ponding. 

FWI 
(installed 

2016) 
Till Perched 

(interflow) 66 Low 
~0.01 to 0.001 

Yes (under-
drained) No mulch present. 

M1C 
(installed 

2017) 

Recessional 
Outwash 

Shallow 
Regional 

Higher than 
native soil 17 No (100% 

infiltration) 

Tidal influence on 
groundwater did not affect 

cell performance. 

M3Q 
(installed 

2017) 

Recessional 
Outwash 

Shallow to 
deep 

groundwater 

Higher than 
native soil 15 No (100% 

infiltration)  

MPP 
(installed 

2017) 
Alluvium Shallow 

Regional 
Higher than 
native soil 3 No (100% 

infiltration) 

Field tested rate (3 in/hr) 
much lower than design 
infiltration rate testing 

(12 and 75 in/hr). 

RSH 
(installed 

2017) 
Recessional Perched 

(interflow) 2 

Uncertain; 
interpreted to 
be limited by 

perching layer 

Yes (under-
drained) 

Includes underdrain orifice; 
Overflow grate set low, 

near inlet, bypass of BSM 
possible. 

SSW 
(installed 

2018) 

Recessional 
Outwash 

Shallow 
Regional 

Higher than 
native soil 16 No (100% 

infiltration) 
Silty inflow observed from 

nearby construction. 

TBM 
(installed 

2016) 

Recessional 
Outwash 

Shallow 
Regional 

Higher than 
native soil 8 No (100% 

infiltration)  

TWH 
(installed 

2016) 
Till Perched 

(interflow) 11 Low 
~0.01 to 0.001 

Yes (under-
drained) 

Extra inflowing pipe not 
shown on plans. 
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4.2 Geotechnical and Hydrogeologic Assessment 
 

Data collected as part of the geotechnical and hydrogeologic assessments include key information on 
the imported bioretention soil and the native subgrade soil and shallow groundwater.  Controlled field 
infiltration rate testing was conducted at each facility.  Details are included in Appendices 3 through 12. 

Hydrogeologic Setting and Infiltration Performance 

The ten bioretention facilities cover a range of geologic settings: five facilities on glaciated upland 
terrain, four facilities on outwash plains and terraces, and one facility in an alluvial plain. 

The five facilities on glaciated uplands (BCK, BUW, FWI, RSH, and TWH) were each constructed with an 
underdrain. Four were set in fine-grained till or glaciomarine drift sediments, and the majority of water 
was interpreted as leaving the cells through the underdrain, except in BCK where uncontrolled fill 
sediment is interpreted to be present and may be conveying infiltrated water from the cell. One facility 
(RSH) was set in recessional outwash sands on a glaciated upland, with a shallow perching layer present 
underneath the cell, limiting infiltration into the native sediments; most of the flow was observed to 
leave the cell via the underdrain, consistent with the hydrologic monitoring and modeling results.  Four 
of these underdrained facilities overflowed during the course of hydrologic monitoring (all except FWI). 

Of the four facilities on outwash plains or terraces (M1C, M3Q, SSW, and TBM), all were set in Vashon 
recessional outwash sands, and three (M1C, SSW, and TBM) had shallow groundwater, while one (M3Q) 
had moderately deep groundwater. All four of these facilities had measured infiltration rates into the 
native subgrade which were higher than the design rate. None of these facilities were underdrained, and 
none showed evidence of discharging water to an overflow. 

One facility (MPP) was set in recent alluvium and had a field-based infiltration rate which was close to, 
and higher than, the design infiltration rate.  However, the infiltration rate was much lower than field 
rates reported in the design documents. 

We observe that infiltration facilities on fine-grained sediments such as glacial till and glaciomarine drift 
behave more as dispersion best management practices (BMPs) rather than infiltration BMPs due to 
lateral flow components. 

Three of the facilities (BCK, RSH, and SSW) showed evidence of compaction from either the measured 
BSM infiltration rate being lower than the BSM design specification rate or from observations and 
qualitative soil probe data.  This was unexpected for relatively recently constructed facilities. 

Bioretention Soil 

We tested mechanical grain-size distribution and percent organic matter by weight in accordance with 
ASTM International (ASTM) D422 and D2974, respectively, on samples of BSM and native sediment from 
each site.  We also conducted a geotechnical T-probe survey of the facility base to qualitatively assess 
soil thickness and compaction. 

Organic matter content and grain-size data from laboratory testing data are presented in Appendices 3 
through 12 for each bioretention facility and compared against the 2014 SWMMWW-recommended 
specification for BSM.  A summary of averaged organic matter and key grain-size testing results relative 
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to the recommended specification is included in Table 6, below.  Two samples were taken at each site.  
None of these sampled bioretention soils met the recommended specifications. The age of the facilities 
ranged from newly installed to two years at the time of sampling (Table 5). A graphical representation of 
these results is presented in Figure 2. 

The amount of silt/clay-sized particles and fine sand are important for permeability.  Too much fine 
material can slow drainage; too little results in very high infiltration rates.  High infiltration rates affect 
water quality treatment assumptions and also can stress vegetation.  Organic matter provides some 
water quality treatment, increases the water holding capacity of the soil to aid plant growth, and 
provides nutrients for plant growth. 

Table 6. Averaged Organic Matter and Grain-Size Results Relative to Recommended Values 

Site ID and 2014 
SWMMWW 
Recommend 

Range 

Bioretention Soil Characteristics* Coefficient 
of 

Uniformity* 

Coefficient 
of 

Curvature* Average Average Grain Size, % Passing by Weight 

% Organic 
Matter #200 sieve #100 sieve #40 sieve Cu Cc 

5-8 2-5 4–10 25-40 4+ 1-3 

BCK 5.5 5.9 6.7 26.0 4.6 0.9 

BUW 6.7 1.9 2.9 14.9 4.3 1.0 

FWI 5.7 5.3 8.5 28.6 7.0 1.0 

M1C 5.9 3.9 8.5 47.3 3.1 1.1 

M3Q 6.3 4.3 6.5 35.8 3.1 1.0 

MPP 10.0 3.3 5.8 20.1 5.8 1.0 

RSH 5.4 5.5 14 45.9 6.1 0.9 

SSW 15.5 5.4 10.2 29.6 9.6 1.0 

TBM 6.5 4.1 5.9 18.3 6.7 0.9 

TWH 7.4 3 5 34 2.6 1.0 

SWMMWW = Stormwater Management Manual for Western Washington 
*Averaged values (2 samples per site); values which do not meet the recommended specifications are indicated  

by gray shading. 
% = percent 

The bioretention soil was mostly within the recommended range for organic matter content. Two 
outliers were the Monroe School District sites MPP and SSW, both of which had higher than 
recommended organic content. 

The gradation or grain-size distribution was variable. For infiltration performance, the key gradations are 
the finer-grain sizes represented by the #200, #100, and the #40 sieve sizes. The #200 was within the 
recommend range for five sites, and within 0.5 percent of range for four of the remaining five sites, with 
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the exception of BCK, which had 0.9 percent more (5.9 percent) than the maximum recommended 
percentage (5 percent) passing. The #100 for most sites was also within range, though site RSH 
exceeded by 4 percent and BUW was low by 1.1 percent. The #40 sieve results were the most variable 
with exceedances on both ends of the range for half the sites. Two sites missed on all three gradations: 
Site RSH, which had a finer-grain size (higher percent passing) on the #200 #100 and #40, and BUW, 
which has a coarser-grain size (lower percent passing) on the #200, #100, and #40. 

The uniformity coefficient (Cu) is a numerical expression of the variety in particle sizes in mixed soils. A 
value of Cu greater than 4 to 6 classifies the soil as well graded. When Cu is less than 4, it is classified as 
poorly graded or uniformly graded soil. The curvature coefficient (Cc) is estimated using the gradation 
curve through sieve analysis. When the value Cc is between 1 and 3, the soil is said to be well graded. 
Most sites had well-graded sands based on Cu.  Both Marysville sites, M1C and M3Q, had low Cu, less 
well-graded, potentially a result of a same supplier source. All sites were at the low end of the Cc range, 
near 1, consistent with the mostly sand fraction of the bioretention soil. 

Figure 2 illustrates the bioretention soil gradation and Ecology’s recommend grain-size envelope. 

The BSM infiltration rate exceeded the facility design rate in all cases except in BCK and RSH.  In cell BCK, 
this may be due to the higher than recommended percentage of bioretention soil passing the #200 
sieve. In cell RSH, we noted some compaction of the bioretention soil during soil probing, which may 
have limited the infiltration rate. Based on our qualitative assessment of compaction, we also observed 
an area of compacted bioretention soil in cell SSW; however, the compacted area comprised only a 
portion of the cell base and, although it may have reduced the infiltration rate in that portion of the cell 
base, the overall infiltration rate remained higher than the design rate. We interpret that the 
bioretention soil was generally in a loose condition in all other cells, and that excessive compaction did 
not otherwise limit infiltration rates through the bioretention soil. 
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Figure 2.  Graphical Representation of the Grain-Size Composition of BSM Samples Collected at Each of 
the Ten Facilities Studied.  “BSM Specification” illustrates recommended gradation in the 2014 
SWMMWW. 
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4.3 Vegetation Monitoring 
 

Many of the cells studied had been planted only in the past year or two.  Drawing conclusions on the 
overall health and survival of the plants is difficult since the plants have had limited time to establish 
and adjust to the hydrologic conditions in the cells.  Also, many of the cells we looked at contained only 
herbaceous plant material, which makes it difficult to draw conclusions about woody material.  
However, results from both Phase I and Phase II were synthesized to help form some conclusions or 
recommendations for planting bioretention units. 

Plants were identified and measured in ten cells.  The plants were categorized as either woody or 
herbaceous and were further categorized by their need for water using the wetland indicator status 
(WIS), a common approach among plant biologists.  Bioretention facilities are, by definition, not 
wetlands.  This categorization allows us to characterize the apparent survival conditions experienced in 
each of the facilities.  Table 7 provides the distribution of the surviving shrubs and herbaceous plants 
found in the ten facilities.  Appendix 14 provides additional detail on the vegetation monitoring.  In 
addition, the plants found in the cells were compared to the approved planting plan. 

Many of the planting plans for the bioretention facilities specified various species and varieties of red-
twig dogwood, including the dwarf variety, Kelsey.  Red-twig dogwood is very versatile and tends to 
have high survival rates in the cells.  The exception is in areas where deer are present.  We observed 
red-twig dogwood that was heavily browsed by deer in one of the cells.  Two of the cells specified 
salmonberry in the planting schedule.  Within one of those cells, no salmonberry was observed and in 
the other cell twelve of the twenty (60 percent) salmonberry were tallied. 

Only one cell in this study was growing the ornamental willow, dwarf arctic willow.  In the first phase of 
this study, many of the cells were growing dwarf arctic willow.  The willow may not have been used as 
extensively in this study due to its large size, but it does tend to have a high survival rate within 
bioretention cells.  Most of the shrubs observed have a WIS of facultative wet (FACW) or facultative 
(FAC).  Two evergreen huckleberries were installed in M3Q, accounting for the facultative up (FACU) 
percentage.  M3Q was installed the previous year (2018), so the huckleberries had only been through 
one rainy season and may not survive long-term, depending on the future degree of inundation.  Red 
twig dogwood and shinyleaf spirea provided the greatest stem density within the cells. 

Results from the BHP Phase I study indicated that shrubs tend to have higher survival than herbaceous 
plants and are more adaptable to various hydrologic regimes.  Frequently, bioretention cells are located 
in areas that require unobstructed site lines, such as in school yards or along roads.  The large, native 
shrubs are often inappropriate for use in bioretention cells in these situations.  The use of small or dwarf 
shrubs provides adaptability of woody vegetation while maintaining required site lines. 

The herbaceous vegetation in this study was more diverse than the previous study.  A few of the cells 
were planted only with native vegetation, but many were planted with a variety of ornamental and 
native vegetation.  Most of these cells were recently planted so it is difficult to draw long-term 
conclusions from the cells and determine the success of the landscape plants.  Slough sedge was the 
dominant obligate (OBL) plant in 4 of the cells, and 4 cells contained no OBL plants.  This is in line with 
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the previous study.  Slough sedge is one of the few OBL plants that will survive in bioretention cells.  In 
cells that were not irrigated, the slough sedge persisted near the inlet. 

Cells M1C and BCK have the densest herbaceous vegetation communities.  M1C is primarily an 
herbaceous cell and BCK contained only herbaceous vegetation. M1C is planted with all ornamental 
plants, such as Evercolor® Everillo sedge, Japanese iris, and bee balm.  This cell has been installed for 
only a year, but the ornamental plants are providing a decent percentage of basal cover.  The vegetation 
of cell BCK comprised primarily slough sedge and blue elk spreading rush.  Both plants have provided 
good basal coverage within the cell. 

Three of the cells had less than 10 percent basal cover, which is low for cover.  The low percentage of 
cover in the cells is not caused by dense woody vegetation shading out the herbaceous vegetation.  Site 
SSW was planted in the fall of 2018 and the plants had not been through a full growing season since 
the measurements were taken in late spring 2019.  MPP has been planted for two years and was planted 
with OBL wet herbaceous plants and some shrubs around inlets.  The soil under this cell is considered 
well-draining.  Bioretention cells located on well-draining soils do not support OBL plants that typically 
live in hydric waterlogged soils; the plants are surviving but not thriving in the cell.  The FWI cell also had 
low herbaceous cover.  We did not observe any of the plants that were specified in the planting plan 
growing in this cell.  We did record slough sedge growing in the cell; however, the most prevalent plant 
was thistle.  Thistle, like other weedy plants, does not create a basal mass like slough sedge or rushes.  
Weedy plants do provide basal cover, but not at high percentages. 

Cells with underdrains drain rapidly, and in some large cells, the cell drains before water can spread 
across the entire floor of the cell (TWH).  If irrigation is not present in these cells, then a portion of the 
plants get watered only from precipitation.  Cells with underdrains, especially large cells with 
underdrains, need to be planted with extremely adaptable plants that err on the side of having a WIS of 
FACU or UPL. 

Most herbaceous volunteer plants within bioretention cells have a WIS of FACU; however, most installed 
herbaceous species have a WIS of FAC, FACW, or OBL.  Bioretention cells should be installed with a 
range of WIS plants.  Herbaceous plants that require more water, such as FACW plants, or slough sedge 
(the only OBL plant that has been successful in establishing in bioretention cells) should be located near 
the inlet for the water and plants farther from the inlet should have a WIS of FAC or FACU. 

Maintenance plans and contingency plans should be developed along with the planting designs to allow 
adaptive changes.  Designers should follow up on the effectiveness of the design a year or two after 
installation. 
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Table 7.  Wetland Indicator Status Percent Distribution for Shrubs and Herbaceous Vegetation in the Ten Bioretention Facilities Studied 

Percentage of Plants and Their Wetland Indicator Status (WIS) for the Surveyed Cells 

  Shrubs  Herbaceous 

  

Total Woody 
Plants/ Stem 

Density OBL FACW FAC FACU UPL 

Total 
Quadrats/ 

Basal Cover OBL FACW FAC FACU UPL No Plants Underdrain 

BCK  NA           17/27%  47%* 17.6%    35.2%  11.7%    Yes 

BUW 33/945   25.0% 75.0%     31/19%   80.6% 22.6%   16.1   Yes 

FWI 2/2   100%       44/5.5% 34%* 38% 70% 100%      Yes 

M1C 10/300   100.0%       33/24%   3.0% 100%  %      No 

M3Q 7/62   71.4% 9.0% 28.5%   47/21% 34%*  23% 10%    15%     No 

MPP 14/14     100%     80/9.2% 69% 13.8%   3.8 8.8%    No 

RSH NA           21/25.5%   100%     4.5% 19%   Yes 

SSW 8/240   100.0%       192/6.0% 97.3%       12.6%    No 

TBM 9/9   100%       64/34.2%   37.5% 25% 100% 33%    No 

TWH NA           222/25.8% 43%* 9.0% 55% 32% 6.0%    Yes 

OBL = Obligate 
FACW = Facultative Wet 
FAC = Facultative 
FACU = Facultative Upland 
UPL = Upland 
Quadrat = 25 centimeters (cm) x 25 cm portable frame used to estimate herbaceous cover 
*OBL Community entirely or predominately composed of slough sedge (Carex obnupta) 
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4.4 Hydrologic Modeling 
 

Each of the sites were initially assessed for drainage area-related information for use in the WWHM 
2012 model (Appendix 15).  The field monitoring then provided information that was used to create a 
WWHM 2012 model for each of the ten bioretention sites (Appendix 16).  Dimensions of the 
bioretention facility (surface area, maximum depth of ponding) and the outlet control structure(s) were 
field-measured and compared with design drawings, if available.  The elevation of the inlets, outlet riser, 
or weir, and the top of the facility were surveyed.  The underdrain elevation and outlet diameter were 
also measured for the five sites that had an active underdrain. 

The hydrologic monitoring data collection (previously discussed) provided observed/recorded time 
series data for rainfall, inflow, overflow, groundwater, and ponding at 5-minute intervals for use in the 
individual site models.  The recorded inflow, overflow, groundwater, and ponding data were compared 
with the WWHM 2012’s simulated inflow, overflow, groundwater, and ponding results.  Due to snow 
and/or freezing air temperature conditions, the model results comparisons were limited to the months 
of April 2019 through June 2019.  Graphical and statistical comparisons of the recorded and simulated 
data were made for this time period. 

The geotechnical data collection provided information about the BSM found at each of the ten 
bioretention sites and the native soil infiltration rate, as measured onsite.  Their general soil 
characteristics, as they related to water movement, provided guidance in the selection of appropriate 
engineered soil mixes for each of the ten bioretention sites.  The native soil infiltration rate was also 
used in the same way to determine the appropriate infiltration value to include in each model. 

The vegetation data collection was not used directly in the input to the individual site models.  However, 
its potential impact on the hydrologic performance of each site was considered in terms of leaf litter 
impact on ponding and water infiltrating into the top bioretention soil layer.  Also, vegetation influences 
evapotranspiration from the soil layer.  WWHM 2012 assumes a standard evapotranspiration rate from 
the soil that may actually be dependent on the type and amount of vegetation. 

All of the above field data were used in one way or another in either the WWHM 2012 model input for 
each of the ten bioretention sites or evaluating the model output.  Table 8 summarizes the model input 
data. 

The hydrologic performance of the ten bioretention facilities was well represented by WWHM 2012.  
The range in performance in terms of ponding depths and well point elevations met or exceeded the 
expected WWHM 2012 model results comparison with the monitored data more often than not. 

Appendix 16 provides a detailed discussion of the WWHM 2012 modeling results and comparison with 
the monitored data. 
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Table 8.  Model Input Data 

Site 
Drainage 
Area (ac) 

Top Area 
(ft2) 

Bottom 
Area 
(ft2) 

Top Area to 
Drainage 

Percentage 
Overflow 
Height (ft) 

Modeled 
Depth (ft) 

Native Soil 
Infiltration 

(in/hr) Underdrain 

BCK 0.27 71 60 0.6% 0.05 3.8 0.5 Yes 

BUW 0.93 38.5 38.5 0.1% 0.05 2.8 0.05 Yes 

FWI 0.33 250 159 1.7% 1.0 2.45 0.05 Yes 

M1C 0.03 132 132 10.1% 0.6 1.3 17 No 

M3Q 0.02 200 200 23.0% 0.95 6.25 15 No 

MPP 0.48 1320 684 6.3% 3.6 2.15(1) 3 No 

RSH 0.17 68 64 0.9% 0.3 3.6 0.5 Yes 

SSW 0.40 1022 735 5.9% 1.4 2.8(2) 16 No 

TBM 0.31 366 280 2.7% 1.1 3.85 8 No 

TWH 1.62 1269 1200 1.8% 0.12 4.1(2) 0.05 Yes 

ac = acres 
ft2 = square feet 
ft = feet 
in/hr = inches per hour 
(1) The modeled depth includes 0.2 feet of surface leaf litter/mulch. 
(2) The modeled depth includes 0.1 feet of surface leaf litter/mulch. 

In general, the WWHM 2012 models of the ten bioretention sites reproduced the monitored BHP data 
with accurate results.  Accurate results are defined as periods where the simulated results match closely 
with the recorded (monitored) data and other periods where the simulated results are sometimes high 
and sometimes low.  There is no obvious bias high or low. 

As in the Phase I study, it appears that there are two major model inputs that may be influencing the 
results.  The vegetative litter cover (and/or mulch) noted at MPP, SSW, and TWM may be reducing the 
infiltration rate of the ponded water into the BSM.  Except for these three sites, this vegetative litter 
cover/mulch was not explicitly modeled. 

The other major model input that may be influencing the results is the evapotranspiration (ET) from the 
BSM.  It is set in WWHM 2012 to equal 0.5*PET (Potential ET).  There is evidence from the well point 
data that the 0.5 multiplier factor should be higher.  That will help to remove water faster from the BSM 
layer. 
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5.0  Summary Discussion 
 

The BHP Phase II study results and recommendations described here and in the appendices for 
hydrology, geotechnical and infiltration, vegetation, and modeling characteristics of bioretention 
facilities all show that the SWMMWW guidance and design process can be complex for designers and 
reviewers alike (see Appendix 17).  However, a number of the simplest parts of the design can improve 
the likely performance of any one facility.  Some of these recommendations are interrelated. For 
example, potential overflows will be jointly related to the percentage of the bioretention top area to 
drainage basin area, the proper depth of riser for a given facility, and the actual infiltration rate of the 
BSM. 

The four most important aspects of the findings are: 

1. Maintain a bioretention top area (surface area at the overflow elevation) which is at least 
5 percent of the area draining to it for facilities that are underdrained or have less than 
100-percent infiltration. 

This general recommendation indirectly represents the areal hydraulic loading rate of the 
contributing basin to the bioretention cell.  As with any designed water or wastewater 
treatment facility, the result of this ratio will represent the resulting depth of water flowing into 
a facility and effects of that depth on the treatment processes in the facility.  In the case of 
bioretention, the resulting depth will reflect potential for overflows and areal loading of any 
solids that may be transported into the cell and possible long-term clogging. 

It is recognized that retrofit designs are often constrained in their available footprint.  The 
5-percent “rule of thumb” is a guideline; actual site settings may allow for lower or require 
higher ratios. However, this recommendation provides additional emphasis to retrofit designers 
to optimize bioretention footprints where possible. 

We observed that soil compaction appeared to occur in the smaller, narrow retrofit cells. Soil 
compaction can occur during bioretention soil placement, irrigation installation, placement of 
inlet protection or energy dispersion elevation or from planting. Compaction along maintenance 
paths or edges is more impactful on small facilities. A larger or rounded facility will mitigate for 
edge or path compaction effects.  Compaction in facilities with an already small infiltration area 
ratio to drainage area will exacerbate the condition by reducing the infiltration rate. 

2. Maintain a minimum 6-inch riser height above the designed bioretention surface. 

The elevation of the overflow riser will represent the top area of the pool in the bioretention 
facility at overflow.  The significance of this elevation is it is directly tied to the anticipated 
degree of infiltration volume (and therefore treatment volume as well) before overflow occurs.  
An improperly low overflow elevation will allow bypassing of flows prior to the opportunity for 
filtration through the BSM. 
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Other contributing factors to the effect of the overflow elevation are properly graded side 
slopes and longitudinal slope of the cell.  If these slopes are steeper than as designed with the 
same toe elevation as in the plan, a correctly placed riser elevation may still result in less top 
area than designed, leading to a reduced loading rate as in 1 above. 

3. Maintain a minimum 18-inch BSM depth and meet Ecology (2014) media particle size criteria. 

The BSM soil depth criteria include a recommended gradation that is very important to the 
resulting infiltration rate.  The gradation controls the pore space available for infiltration and 
relatively coarser mixes can result in greater than expected infiltration rates.  Not meeting the 
soil mix gradation was generally characteristic of both the BHP Phase I and Phase II samples, 
although less so in the more recently constructed Phase II facilities. 

Coarser BSM with higher infiltration rates contributes to horizontally uneven infiltration of 
inflowing waters, resulting in inconsistency with the infiltration expectations and uneven 
distribution of moisture available to the planted vegetation. This observation simply recognizes 
the reasonable expectation that inflows to the facility will tend to infiltrate first near the inflow 
point and will tend to do so until near-surface infiltration is saturated before surface flows 
progress across the facility. This adds a complex second dimension to the conceptual model and 
design plans regarding how bioretention facilities hydrologically perform. 

4. Specify a planting plan of plantings that reflects the relatively dry and well-drained conditions of 
bioretention facilities. 

Planting plan success may be one of the most underrated aspects of bioretention design not 
only for its contribution to hydrologic performance but also for the institutional acceptance of 
bioretention as a green stormwater site design component. 

Vegetation is recognized to affect the maintenance of soil porosity through root structure and 
may facilitate pollutant removal.  These benefits may add to the overall longevity of 
performance in bioretention.  Separately, the organizational acceptance of bioretention was 
anecdotally recognized during our discussions with owners and engineers alike as partially 
limited by the perceived vegetation cost and maintenance requirements for long-term operation 
of the facilities. 

Separately, selection of plant species was often skewed to more hydrophilic (even wetland) WIS 
classifications, while the facilities themselves are well drained, do not maintain saturated soils, 
and are often highly exposed to evaporative and extreme heat conditions—without shade and 
exposed to wind and long periods of direct insolation.  The horizontally uneven availability of 
moisture across the facility may also result in differential survival in a given cell. 

The resulting lack of survival from all these influences tends to result in shifts toward shrubs and 
away from herbaceous species, while being invaded by weedy species providing less ground 
cover and requiring more maintenance for aesthetic purposes.  All these conditions provide 
challenges to the long-term success of planting plans in bioretention facilities. 
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5. A checklist should be developed for Puget Sound region-wide use by both engineers and permit 
reviewers that enables cross checking that these and related values are consistent between the 
model, the TIR, and the plan sheets 

Review of the data input to the ten design models showed inconsistencies in some cases 
between the required BSM soils to be specified and the associated BSM filtration rates, or the 
native soil infiltration rates input to the model versus those measured onsite. 

The SWMMWW (2012) and the bioretention module guidelines call for use of SMMWW 12 BSM 
soil mix with a filtration rate of 12 inches per hour.  This rate is then modified by the Ksat safety 
factor (2 or 4) that acts as a correction factor to account for an anticipated reduction in filtration 
rates over the life of the facility.  In addition, the actual measured field native infiltration rate by 
the site design hydrogeologist provides a direct measure of the native infiltration and the value 
entered in the model should reflect that measured. 

Without these values entered correctly, the modeling of the facility using long-term rainfall 
records will obviously provide erroneous results in evaluating compliance with MR #5 and 
MR #6.  A simplified checklist that helps both engineers and reviewers to confirm accurate data 
entry prior to evaluating conformance with MR #5 and MR #6 will reduce model input errors 
and assist in review and repeat modeling design efforts. 
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APPENDIX 1 

Bioretention Hydrologic Performance (BHP) Study Phase II Site Selection Process 
and List of Selected Sites Technical Memo - Deliverables 2.2 and 2.3 Combined.  
Taylor Aquatic Science. 2/5/2019 





















 

 

 

 

 

APPENDIX 2 

Deliverable Task 3.2, Quality Assurance Project Plan (QAPP), Bioretention 
Hydrologic Performance Study II, Taylor Aquatic Science and Clear Creek 
Solutions, Inc.  4/2019 

 























































































































































 

 

 

 

 

APPENDIX 3 

Deliverable Task 4.5, Site BCK, Geotechnical/Soils Assessment Design Data and 
Current Conditions, Bellingham Cornwall Avenue and Kentucky Street, 
Bellingham, Washington. Associated Earth Sciences, Inc.  6/11/2019 

 





























































































 

 

 

 

 

APPENDIX 4 

Deliverable Task 4.5, Site BUW, Geotechnical/Soils Assessment Design Data and 
Current Conditions, Bellingham Utter Street and Washington Street, Bellingham, 
Washington. Associated Earth Sciences, Inc.  6/11/2019 

 





















































































































 

 

 

 

 

APPENDIX 5 

Deliverable Task 4.5, Site FWI Geotechnical/Soils Assessment Design Data and 
Current Conditions, Wainwright Intermediate School, Fircrest, Washington.  
Associated Earth Sciences, Inc.  6/11/2019 

 











































































































 

 

 

 

 

APPENDIX 6 

Deliverable Task 4.5, Site M1C, Geotechnical/Soils Assessment Design Data and 
Current Conditions, 1st Street Low Impact Development Project, Marysville, 
Washington. Associated Earth Sciences, Inc.  6/14/2019 
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APPENDIX 7 

Deliverable Task 4.5, Site M3Q, Geotechnical/Soils Assessment Design Data and 
Current Conditions, 3rd Street Low Impact Development, Marysville, 
Washington.  Associated Earth Sciences, Inc.  6/14/2019 
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APPENDIX 8 

Deliverable Task 4.5, Site MPP, Geotechnical/Soils Assessment Design Data and 
Current Conditions, Monroe Park Place Middle School, Monroe, Washington.  
Associated Earth Sciences, Inc.  6/14/2019 
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Map Unit Symbol Map Unit Name Acres in AOI Percent of AOI

73 Tokul gravelly medial loam, 8 
to 15 percent slopes

136.6 3.2%

74 Tokul gravelly medial loam, 15 
to 30 percent slopes

74.3 1.7%

75 Tokul-Ogarty-Rock outcrop 
complex, 0 to 25 percent 
slopes

12.0 0.3%

76 Tokul-Ogarty-Rock outcrop 
complex, 25 to 65 percent 
slopes

60.0 1.4%

77 Tokul-Winston gravelly loams, 
25 to 65 percent slopes

60.7 1.4%

78 Urban land 60.6 1.4%

80 Winston gravelly loam, 0 to 3 
percent slopes

12.8 0.3%

83 Water 190.0 4.5%

Totals for Area of Interest 4,267.6 100.0%

Soil Map—Snohomish County Area, Washington

Natural Resources
Conservation Service

Web Soil Survey
National Cooperative Soil Survey

3/22/2019
Page 4 of 4





































 

 

 

 

 

APPENDIX 9 

Deliverable Task 4.5, Site RSH, Geotechnical/Soils Assessment Design Data and 
Current Conditions, Renton Sunset Community at Harrington Avenue NE, 
Renton, Washington.  Associated Earth Sciences, Inc.  6/14/2019 

 































































 

Excerpt from: 

Mullineaux, D.R., Geologic Map of the Renton Quadrangle, King County, Washington, 1965, U.S. 
Geological Survey (USGS), Geologic Quadrangle Map GQ-405, scale 1:24,000. 
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Map Unit Legend

Map Unit Symbol Map Unit Name Acres in AOI Percent of AOI

AgC Alderwood gravelly sandy 
loam, 8 to 15 percent slopes

340.3 15.4%

AgD Alderwood gravelly sandy 
loam, 15 to 30 percent 
slopes

21.5 1.0%

AkF Alderwood and Kitsap soils, 
very steep

100.9 4.6%

AmC Arents, Alderwood material, 6 
to 15 percent slopes

416.2 18.8%

An Arents, Everett material 244.4 11.1%

EvC Everett very gravelly sandy 
loam, 8 to 15 percent slopes

29.7 1.3%

EvD Everett very gravelly sandy 
loam, 15 to 30 percent 
slopes

38.5 1.7%

InC Indianola loamy sand, 5 to 15 
percent slopes

257.9 11.7%

InD Indianola loamy sand, 15 to 30 
percent slopes

25.5 1.2%

Pc Pilchuck loamy fine sand 22.6 1.0%

PITS Pits 182.5 8.3%

RdC Ragnar-Indianola association, 
sloping

215.6 9.8%

RdE Ragnar-Indianola association, 
moderately steep

12.9 0.6%

Rh Riverwash 23.2 1.1%

Sm Shalcar muck 1.4 0.1%

Ur Urban land 271.6 12.3%

W Water 4.0 0.2%

Totals for Area of Interest 2,208.6 100.0%

Soil Map—King County Area, Washington

Natural Resources
Conservation Service

Web Soil Survey
National Cooperative Soil Survey

1/19/2019
Page 3 of 3
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APPENDIX D 
 

Soil Probe, Level Survey, and 
Field Infiltration Testing Data 

 



Project Name: Water Source: Hydrant

Project Number: Meter: AESI FM9

Date: Base Area (sq.ft.): NA

Weather: Ponded Area(sq.ft.): 80.0

Test No.: Test Depth (feet): NA

Performed By: Receptor Soils: Recessional Outwash

Time 

(24‐hr) Flow Rate (gpm) Stage (feet) Totalizer (gallons) Comments

8:18

8:23

8:25 5.01 0 0 Flow on

8:40 10.3 0 77.84

8:55 10.28 0.11 231 Ponding below inlet

9:02 3.91 0.18

9:15 3.89 0.19 352.23

9:19 3.02 369.89

9:25 0 0.2 Flow off.

9:28 0.19

9:30 0.18

9:34 0.17

9:39 0.16

9:45 0.14 Dripping aroud overflow rim, into overflow.

9:53 0.12

9:54 1.5 0 Flow on FM8

10:10 1.51 0.11 24.4

10:25 1.5 0.1 47.52

10:40 1.49 0.1 70.22

11:00 1.49 0.1 99.38 dribbling into overflow around edge of metal

11:16 1.5 0.09 123.8 rifice from underdrain, continues through rem

11:30 1.5 0.09 145.81

11:45 1.5 0.09 166.96

12:00 1.5 0.09 189.64

12:17 1.49 0.09 214.88

12:33 1.5 0.09 240

12:45 1.49 0.09 258

13:00 1.49 0.09 279

13:15 1.5 0.09 302

13:30 1.5 0.09 324 Light rain begins

14:00 1.49 0.09 369 ainfall becomes moderate. No inflow observe

14:15 1.49 0.08 392 Rain stops. No inflow observed.

14:31 1.49 0.08 416

14:42 1.5 0.08 433

14:50 1.49 0.08 446

15:00 1.49 0.08 459

15:11 1.49 0.08 475

15:20 0 0.08 489 Flow off

15:22 0.07

15:25 0.06

15:30 0.05

15:33 0.04

15:40 0.02 Underdrain still flowing.

15:50 dry

16:00

BHPS

150387H007

11/5/2018

Partly cloudy, 60's

RSH

ADY, SC

Appendix D Associated Earth Sciences Inc 150387H007



16:10

Average Infiltration Rate (in/hr) during last hour of inflow: 1.8

Average Infiltration Rate (in/hr) during falling head: 2.2

Appendix D Associated Earth Sciences Inc 150387H007
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Cell RSH, primary curb cut inlet. Above photo is prior to install of weir.  

Lower photo is after weir install and during infiltration testing. Well point visible. 
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Above photo: RSH secondary curbcut. Overflow beehive visible in vegetation. Orange cone next to drain 

basin structure. Lower Photo: view of secondary curbcut, overflow and drain basin. 

 
 



 

 

 

 

 

APPENDIX 10 

Deliverable Task 4.5, Site SSW, Geotechnical/Soils Assessment Design Data and 
Current Conditions, Salem Woods Elementary School, Snohomish County, 
Washington.  Associated Earth Sciences, Inc.  6/14/2019 
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Deliverable Task 4.5, Site TBM, Geotechnical/Soils Assessment Design Data and 
Current Conditions, George W. Bush Middle School, Tumwater, Washington.  
Associated Earth Sciences, Inc.  6/14/2019 
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Deliverable Task 4.5, Site TWH, Geotechnical/Soils Assessment Design Data and 
Current Conditions, Wilson High School, Tacoma, Washington.  Associated Earth 
Sciences, Inc.  6/11/2019 



 

 

 

 

 

APPENDIX 13 

Bioretention Hydrologic Performance Study Phase II - Hydrologic Monitoring 
Results.  Aspect Consulting.  11/5/2020 



 

 

 

 

 

APPENDIX 14 

Olympia Bioretention Study - Vegetation Results Summary. Raedeke Associates, 
Inc. 8/21/2019 



 

 

 

 

 

APPENDIX 15 

Bioretention Hydrologic Performance Study Phase II Deliverable 4.6 Hydrologic 
Design Report.  Clear Creek Solutions, Inc.  7/23/2019 

 



 

 

 

 

 

APPENDIX 16 

Bioretention Hydrologic Performance Study Phase II Deliverable 5.2 Hydrologic 
Model Development and Results.  Clear Creek Solutions, Inc. 6/19/2020 



 

 

 

 

 

APPENDIX 17 

Bioretention Hydrologic Performance (BHP) Study II Summary of Final 
Conclusions and Recommendations Deliverable 5.4.  Taylor Aquatic Science.  
10/27/2020 
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