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H I G H L I G H T S

• Hydrology of bioretention cells con-
structed in low permeability soils was
evaluated.

• Lateral exfiltration was the dominant
pathway providing volume reduction.

• Bioretention cells were able to complete-
ly abstract runoff during small storms.

• Peak flow was mitigated during 1-year
design rainfall intensities.

• Results support the resilience of
bioretention systems to poor under-
lying soils.
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Green infrastructure aims to restorewatershed hydrologic function bymore closelymimicking pre-development
groundwater recharge and evapotranspiration (ET). Bioretention has become a popular stormwater control due
to its ability to reduce runoff volume through these pathways. Three bioretention cells constructed in low perme-
ability soils in northeast Ohio were monitored for non-winter quantification of inflow, drainage, ET, and
exfiltration. The inclusion of an internal water storage (IWS) zone allowed the three cells to reduce runoff by
59%, 42%, and 36% over the monitoring period, in spite of the tight underlying soils. The exfiltration rate and
the IWS zone thickness were the primary determinants of volume reduction performance. Post-construction
measured drawdown rates were higher than pre-construction soil vertical hydraulic conductivity tests in all
cases, due to lateral exfiltration from the IWS zones and ET, which are not typically accounted for in pre-
construction soil testing. The minimum rainfall depths required to produce outflow for the three cells were
5.5, 7.4, and 13.8 mm. During events with 1-year design rainfall intensities, peak flow reduction varied from
24 to 96%, with the best mitigation during events where peak rainfall rate occurred before the centroid of the
rainfall volume, when adequate bowl storage was available to limit overflow.
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1. Introduction

Urban development generates impervious surfaces and soil compac-
tion, modifying the hydrological cycle by reducing infiltration and
evapotranspiration (ET) while increasing surface runoff (Bledsoe and
Watson, 2001; Booth et al., 2002; Walsh et al., 2012; Chen et al.,
2014). Watershed imperviousness of 10% or more has been shown to
negatively impact stream ecology, habitat, and water quality (Wang
et al., 2001; Schueler et al., 2009). Incision and bank erosion caused
cross-sectional area of urban streams to be 3.8 times larger than rural
streams in Piedmont Pennsylvania (Hammer, 1972; Booth, 1990).

Low Impact Development (LID) technologies, such as bioretention
(also termed biofilters), are purported to more closely mimic pre-
development hydrology, including duration, rate, and volume of flow
(PGC, 2001; USEPA, 2007; Cizek and Hunt, 2013; Page et al., 2015a).
DeBusk et al. (2011) found drainage from bioretention cells was re-
leased at rates similar to shallow interflow from rural reference water-
sheds, suggesting watershed scale implementation of bioretention
could benefit stream health through disconnection of imperviousness
(Walsh et al., 2009; Burns et al., 2012). Runoff volume reduction
provided by bioretention cells improves water quality by substantially
reducing pollutant loading to surface water bodies, lessening stream
erosion rates, recharging groundwater and providing baseflow to
urban streams, and helping to reduce thewater quality impacts of com-
bined sewer overflows (Tillinghast et al., 2012; Hamel et al., 2015;
Autixier et al., 2014; Lucas and Sample, 2015). Conversely, recent stud-
ies have shown detention basins may amplify the duration of critical
erosion-causing discharges, furthering stream degradation (Palhegyi,
2009; Tillinghast et al., 2011).

Bioretention cells are biologically-based media filters designed to
temporarily store and treat a prescribed water quality volume
(e.g., runoff from a 19-mmwet-weather event in Ohio) from highly im-
pervious catchments (ODNR, 2006). Typically, bioretention cells pond
22–30 cm of stormwater in their surface storage (i.e., bowl), have 60–
120 cm of bioretention media and, when underlying soils are poorly
drained, have an underdrain surrounded by a gravel layer to allow for
inter-event drainage (Davis, 2008; Li et al., 2009; Davis et al., 2009;
Fig. 1). Once the bowl fills, a bypass or overflow structure conveys
flow to the storm or combined sewer network.

Bioretentionmedia is a mixture of sand (usually the vast majority of
the media), fines (silt and clay), and organic matter, with 5–10 cm/h

typically targeted as a design infiltration rate (Dietz and Clausen,
2005; Emerson and Traver, 2008; Hunt et al., 2012). Themedia supports
the growth of plants, typically trees, shrubs, forbs, and/or grasses chosen
for their ability towithstand primarily droughty but also temporarily in-
undated conditions (Bratieres et al., 2008; Page et al., 2015b). Vegeta-
tion promotes ET and maintains the soil infiltration rate over time,
with root macropores appearing to offset the negative effects of media
compaction and sediment deposition (Jenkins et al., 2010).

Four pathways exist for outflow from bioretention cells: exfiltration
to the underlying soil, ET, drainage through the underdrain, and over-
flow/bypass. Bioretention cells often capture in their entirety (and do
not release runoff from) storms smaller than the water quality design
storm (Davis, 2008; Hunt et al., 2008; Li et al., 2009; Jones and Hunt,
2009), which translates into substantial abstraction of long-term runoff
volume (Davis et al., 2012b). For instance, 18% of events monitored at
two bioretention facilities in Maryland (lined with impermeable mem-
branes to prevent exfiltration) had no outflow (Davis, 2008). Thirty-
three percent of the inflow volume was retained in lined biofilters in
Australia, with retention proportional to rainfall depth (Hatt et al.,
2009). Luell (2011) studied two bioretention cells built in compacted
sandy clay loam soils, one sized to treat the 25-mm event and one to
treat the 12.5-mm event. The cells reduced runoff volume by 30% and
20%, respectively. Deeper media depths promoted additional
exfiltration (Brown and Hunt, 2011a). Exfiltration and ET resulted in
50–90% volume reduction from bioretention facilities (Heasom et al.,
2006; Hunt et al., 2006), and was dependent on the underlying soil
type. Li et al. (2009) showed ETwas 15–20% of inflow for a bioretention
cell in Louisburg, NC.

Peak flow mitigation provided by bioretention cells was associated
with their surface area, surface storage volume, the infiltration rate of
the media, and the exfiltration rate (Davis et al., 2009, 2012b). Peak
flow mitigation was 65% in Connecticut (Dietz and Clausen, 2005),
80–90% in Australia (Hatt et al., 2009; Lucke and Nichols, 2015), and
seasonally variable but lower inwinter (Muthanna et al., 2008). Tomax-
imize peak flow mitigation, proportionally large bioretention surface
area, deeper surface storage depths, and deeper media depth are de-
sired (Li et al., 2009; Davis et al., 2012b).

The underdrain configuration in a bioretention cell substantially im-
pacts volume reduction (Brown and Hunt, 2011b); it may lack an
underdrain when underlying soils are highly transmissive, employ an
underdrain at the bottom of the cross-section, have an underdrain

Fig. 1. Schematic of a bioretention cell with an internal water storage (IWS) zone (modified from original by Shawn Kennedy, NCSU).
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