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Abstract: A two-dimensional variable saturated flow model was developed to simulate subsurface flow in bioretention facilities employing
the Richards’ equation. Variable hydrologic performances of bioretention are evaluated using the underdrain outflow hydrographs, outflow
volumes for 10 storms with various duration and depth, and flow duration curves for 25 different storms. The effects of some important design
parameters and elements are tested, including media type, surrounding soils, initial water content, ratio of drainage area to bioretention
surface area, and ratio of cell length to width. Model results indicate that the outflow volume via underdrain is less than the inflow;
the flow peak is significantly reduced and delayed. Underdrain outflow volume from loamy sand media (with larger Ks) is larger than that
from sandy clay loam media. The saturated hydraulic conductivity, storage capacity, and exfiltration into surrounding soils contribute to the
hydrologic performance of a bioretention cell. Initial media storage capacity is affected by the hydraulic properties of media soils, initial water
content, and bioretention surface area. The exfiltration volume is determined by the surrounding soil type and exfiltration area, dominated by
flow through the bottom of the media. DOI: 10.1061/(ASCE)IR.1943-4774.0000166. © 2011 American Society of Civil Engineers.
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Introduction

Bioretention is a low-impact development (LID) best management
practice (BMP), providing a mulch/soil/plant-based trapping
medium to collect, store, infiltrate, and treat urban storm-water
runoff. The primary bioretention medium consists of a sand/soil/
organic matter mixture with high hydraulic conductivity, which
is surrounded by the native (usually less permeable) soils. A mulch
layer is typically maintained on the medium surface. A vegetative
layer provides evapotranspiration, pollutant uptake, and enhanced
porosity of the medium. A ponding area serves as a storage reser-
voir, and thereafter extends the time for water to infiltrate into the
medium.

Bioretention was developed to recover postdevelopment hydrol-
ogy and also can improve the quality of storm-water runoff before
discharge to receiving waters. Field studies have demonstrated the
ability of bioretention to increase the lag time and reduce the peak
flow rates as well as the total volume of surface discharge (Dietz
and Clausen 2005; Hunt et al. 2006; Davis 2008; Yang et al. 2009).
These net hydrologic modifications to the drainage area, attribut-
able to evapotranspiration, ponding and media storage, and exfil-
tration into surrounding soil provide erosion control, flood control,
and groundwater recharge. Bioretention exhibits better hydrologic
performance in small storm events than in larger storms (Li et al.
2009; Brown et al. 2009). The ratio of cell media volume to drain-

age area is reported as an important factor in controlling hydrologic
performance; a larger ratio and greater medium depth is expected to
promote better performance (Li et al. 2009).

Current standards of bioretention design differ among various
jurisdictions. For example, the state of Maryland recommends a
ponding depth up to 30 cm and a soil/media mix of 50% sand,
30% topsoil, and 20% well-aged organic matter (MDE 2000),
whereas the state of Delaware recommends a ponding depth up
to 45 cm and a soil/media mix of 1=3 sand, 1=3 peat moss, and
1=3 mulch (DNREC 2005). Primary design elements hypothesized
to affect flow control include drainage area, bioretention surface
area, ponding depth, media depth and composition, underdrain con-
figuration, surrounding soil properties, rainfall characteristics
(depth, duration, and intensity), vegetation, and temperature (Davis
et al. 2009). Design criteria will continue to mature with implemen-
tation of and research on bioretention. However, current bioreten-
tion performance data mainly focus on discharge from bioretention
facilities. Flow processes within facilities are not clear. Limited
work has been done to demonstrate the effects of primary design
elements on bioretention performance.

To continue the maturation of bioretention research, comprehen-
sive modeling ventures must be undertaken to complement ongoing
experimental and monitoring programs. Only a few hydrologic
models are available to simulate storm-water runoff management
through bioretention. A RECARGA model was developed using
the Green-Ampt equation to represent infiltration (Dussaillant et al.
2003; Atchison and Severson 2004) and was recommended to size
bioretention facilities in Wisconsin (WDNR 2006). RECHARGE, a
more comprehensive model for bioretention hydrology, was devel-
oped, coupling Richards’ equation with a surface water balance as
the top boundary condition (Dussaillant et al. 2004). Heasom et al.
(2006) developed a one-dimensional (1D) hydrological model
using HEC-HMS, the Green-Ampt equation, and kinematic wave
methods to represent the site and bioretention system, and demon-
strated the hydrologic mitigation resulting from implementing
bioretention within a small watershed. However, these models
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are one-dimensional, without describing the horizontal exfiltration
into surrounding soils. Meanwhile, limited modeling work is avail-
able to show the impacts of common design and site elements on
the hydrologic performance of a bioretention cell, which is neces-
sary to assist in creating performance-based bioretention design
guidelines.

This work utilizes a two-dimensional (2D) mechanistic model to
simulate subsurface flow in a variably saturated bioretention cell,
evaluate the hydrologic performance through the underdrain out-
flow, estimate bottom and side exfiltration into surrounding soils,
and examine the effects of some important design parameters or
elements, including media, surrounding soils, ratio of drainage area
to bioretention surface area, ratio of cell length to width, and initial
water content.

Methodology

A 2D variable saturated flow model is developed based on the
Richards’ equation, which is solved numerically using COMSOL
Multiphysics (formally FEMLAB), a finite-element analysis and
solver software (COMSOL AB 2005). The subsurface flow fates
in bioretention facilities are simulated under unsteady-state condi-
tions. Evapotranspiration is not considered in this model because it
is not significant during storm events and can be ignored if a dry or
long period is not simulated. All simulations are run at 20°C.

Bioretention Geometry

Fig. 1 shows the 2D geometry of a bioretention cell with width of
3.6 m and height (medium depth) of 0.9 m. The length is assumed
as 30 m. The resulting surface area of this cell is 108 m2, and the
medium volume is 97:2 m3. Water is ponded above the surface
layer when the medium is saturated. The height of the ponding
space is limited to 0.3 m. The total diameter of the underdrain pipe
and its surrounding gravel layer (i.e., the circle within the medium
soil subdomain) is 0.3 m, representing a 0.15 to 0.2 m perforated
underdrain pipe surrounded by 0.05 to 0.08 m of gravel. The sur-
rounding gravel layer does not go through the entire medium layer,
making this underdrain configuration different from an underdrain
system with a complete stone layer where largely 1D flow through
the medium is expected. Because the boundary conditions between
the bioretention medium and surrounding soils (internal bounda-
ries) are unclear, a large modeling geometry is generated by extend-

ing the surrounding soil subdomain for 4.2 m wide on each side and
1.2 m deep under the media. The mulch and vegetated layers are not
included in this simple representation.

Governing Equations

The water flow in variably saturated soil is simulated using the
Richards’ equation, which allows for time-dependent changes in
both saturated and unsaturated conditions (Bear 1972, 1979)

ðC þ SeSÞ
ρf g

∂p
∂t þ ∇ ·

�
� KS

ρf g
kr∇ðpþ ρf gDÞ

�
¼ Qs ð1Þ

where C represents specific water capacity (m�1); Se = effective
saturation of the soil; S = specific storage with respect to pressure
(m�1); ρf = fluid density (kg=m3); p = fluid pressure (Pa); t = time
(s); Ks = saturated hydraulic conductivity (m=s); kr = relative
hydraulic conductivity; D = vertical coordinate (m); and Qs repre-
sents fluid sources and sinks (s�1).

The soil hydraulic properties θ, C, Se, and kr change under
unsaturated conditions [Hp ¼ p=ρf g < 0; here Hp is pressure head
(m)] and reach a constant value in saturated conditions (HP ≥ 0).
The liquid volumetric fraction θ ranges from a small value corre-
sponding to the residual liquid volume fraction θr to the saturated
liquid volume fraction (i.e., porosity) θs.

The analytic formulas of van Genuchten are employed to define
θ, C, Se, and kr (van Genuchten 1980). In these expressions, θr and
θs as well as constants α, n, l, and m specify the soil type, where
m ¼ 1� 1=n

θ ¼
�
θr þ Seðθs � θrÞ HP < 0
θs HP ≥ 0

ð2Þ

C ¼ ∂θ
∂HP

¼
�
½ð�αmÞ=ð1� mÞ�ðθs � θrÞSeð1=mÞ½1� Seð1=mÞ�m HP < 0
0 HP ≥ 0

ð3Þ

Se ¼ θ� θr
θs � θr

¼
�
1=½ð1þ jαHPjnÞm� HP < 0
1 HP ≥ 0

ð4Þ

Fig. 1. Geometry of bioretention cell used in the modeling simulations (unit: meters). Note scales are not constant. Streamlines are shown when
t ¼ 0:5 day for the default storm event
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kr ¼
�
Self1� ½1� Seð1=mÞ�mg2 HP < 0
1 HP ≥ 0

ð5Þ

Boundary Conditions

The surface boundary of the bioretention medium is crucial, as it is
not easy to handle the varying rainfall boundary. Nonsteady-state
flow conditions typical of urban storm-water runoff are entered.
Specifically, the inflow rate is modeled using a Gaussian function.
In the Gaussian function, coefficient �a is the peak of the inflow, �b is
the time point when the peak inflow velocity appears, and �c
determines the inflow duration, which is assumed to be equal to
the rainfall duration. The resulting runoff inflow is given by

QðtÞ ¼ �a exp

�
�ðt � �bÞ2

2ð�cÞ2
�

ð6Þ

The rational method is used to calculate the peak runoff inflow
velocity vin-peak

vin-peak ¼ ciRarea ð7Þ

where c = volumetric runoff coefficient, selected as c ¼ 0:9 for
parking lots (Davis and McCuen 2005); Rarea = ratio of drainage
area to cell surface area, here using Rarea ¼ 20; and i = peak of
rainfall intensity.

The storm event for the standard (default) simulation is charac-
terized by a rainfall depth of 1.1 cm and duration of 8.2 h, which is
within the range of the second-highest frequency of rainfall events
expected in Maryland (0.64–1.27 cm, 7–13 h; Kreeb 2003). This
default storm produces outflow, without bypass flow. The highest-
frequency rainfalls in Maryland (28%) are short and small storms,
which result in no bioretention outflow. The default storm of 1.1 cm
is smaller than the Maryland design storm for this cell. To evaluate
design parameters, 10 storms (for outflow/inflow volume relation-
ships) or 25 storms (for flow duration curves) are selected accord-
ing to the expected frequency of rainfall events in Maryland (Kreeb
2003). The storm characteristics selected for simulations are listed
in Table 1. The 25 storms simulated for flow duration analysis
included all categories with annual frequency larger than 2.21%.

At the underdrain, the water percolating through the media
enters the gravel layer, which has high Ks, and then conveys very
quickly into the underdrain system through holes in the drainage
pipe. The underdrain configuration without a complete stone layer
results in differential flow rates through the media, because the flow
paths are anisotropic compared with 1D flows that are expected
with a typical stone layer. The underdrain pipe must have a
hydraulic capacity greater than the maximum media soil-infiltration
rate to ensure that the media drains freely (PGC 2007). The boun-
dary condition at the top half circle within the media is set to be
atmospheric pressure. However, the bottom half circle, which is
placed in the surrounding soil to avoid the formation of a saturation
zone in media, is set as no flux.

Infiltration through the sides of the ponding bowl into the sur-
rounding soil is negligible compared with the surface infiltration
into the media, because of the smaller bowl side boundaries com-
pared with the media surface boundary and the much lower
hydraulic conductivity of the surrounding soils. The system exter-
nal side boundaries are 4.2 m from the media boundary, 2.3 times
the media width. Therefore, the external side boundaries are set to
no water flow flux and this lack of system-water loss should not
affect flow performance locally in the media. The bottom boundary
of the surrounding soils, depth ¼ �2:0 m, is assumed as the
groundwater table, with the boundary condition as Hp ¼ 0.

Parameters

Hydrologic performances are evaluated by comparing hydro-
graphs, total inflow/outflow volumes, and flow duration curves
derived under different bioretention design or site conditions. Flow
duration curves are obtained by ranking values of inflow and under-
drain flow rate (L=min) for all 25 events, from the highest value to
lowest in time increments of 3.6 min.

The default soil textures of the treatment medium and surround-
ing soil in the standard simulation are a sandy loam and a silt loam,
respectively. Model simulations are carried out to test the hydro-
logic responses to different media surrounded by the same silt loam
soil and to the same sandy loam medium surrounded by different
soils. Loamy sand and sandy clay loam soils are selected as the
alternative media soils. Important hydraulic parameters of the three

Table 1. Ten and 25 Storms Selected Based on Kreeb’s Frequency Table of Storm Events for 15 Stations in Maryland

Event-duration (h) Rainfall-depth (cm) Frequency % in MD 10 simulated storms 25 simulated storms

Events Duration (h) Depth (cm)

0–2 0.0254–0.254 28.57 2 1.0, 2.0 0.13, 0.25 7

0–2 0.255–0.635 2.14 1

2–3 0.255–0.635 2.57 1 2.5 0.47 1

2–3 0.636–1.27 2.21 1

3–4 0.255–0.635 2.23 1 3.1 0.56 1

4–7 0.255–0.635 3.51 1 4.0 0.63 1

4–7 0.636–1.27 4.75 2 5.3, 5.6 0.78, 0.95 1

4–7 1.28–2.54 2.21 1

7–13 0.255–0.635 3.37 1

7–13 0.636–1.27 6.29 1 7.2 1.26 2

7–13 1.28–2.54 5.28 1 10 1.91 2

7–13 > 2:54 2.66 1

13–24 0.636–1.27 3.97 1

13–24 1.28–2.54 6.11 1 24 2.54 2

13–24 > 2:54 5.15 1

> 24 > 2:54 4.35 1
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simulated media and three surrounding soils are listed in Table 2,
which are required for the van Genuchten analytical expressions.

The model uses pressure head (Hp) distribution as an initial con-
dition, which is assumed as a linear function of soil depth, since
more water is expected to accumulate near the bottom layer than
the surface layer of the media because of the much less permeable
surrounding soils beneath the media. Initial water content values
are integrated over the subdomain of the media by COMSOL post-
processing, and the average initial water content (θi�avg) is calcu-
lated for the media soil subdomain. With the default medium and
surrounding soil, the impact of initial water content is examined for
θi�avg ¼ 0:270, 0.201, and 0.165, corresponding to different initial
pressure head distributions.

While keeping the drainage area constant, simulations are run
for bioretention cells with different footprint surface areas, but
otherwise identical. The area ratios (Rarea), defined as the ratio
of drainage area to bioretention surface area, are 30, 20 (default),
and 10.

Bioretention shape is examined while keeping the surface area
constant, varying the length-to-width ratio (L=W). The default set-
tings of width and length are 3.6 m and 30 m, respectively
(L=W ¼ 8:33). For the width equal to 7.2 m, the length is 15 m
and L=W ¼ 2:08. A single underdrain (n ¼ 1) and two underdrains

(n ¼ 2) are employed in the two wider cells (W ¼ 7:2 m), and run
along the length of the wider cells (L ¼ 15 m).

Mesh

The maximum element size for boundary mesh is 0.02 m at the
surface boundary, the top half circle of the underdrain, and at
all exfiltration boundaries (internal boundaries). The triangular
mesh element sizes in the cell media subdomain are smaller than
those in the surrounding soil subdomain because of the computer
RAM memory limit, resulting in finer mesh elements with a maxi-
mum element size of 0.05 m in the media soil subdomain.

Results and Discussion

Hydrologic Performance

The default bioretention medium is a sandy loam with a saturated
hydraulic conductivity, Ks, of 1:06 m=d, surrounded by silt loam
soil with smaller Ks of 0:108 m=d. Fig. 2 shows that under the
Gaussian distribution influent flow, the peak of the outflow from
the underdrain in the default bioretention cell (sandy loam-silt
loam) is substantially reduced, from 157 to 13:3 L=min. The time
to peak influent from the beginning of influent flow is 0.160 days,
while that for the peak effluent is 0.255 days. The total volume of
runoff underdrain outflow is 3:89 m3, much less than the inflow
volume of 22:7 m3.

Davis (2008) employed three metrics to quantify the hydrologic
benefits of two lined-field bioretention facilities in Maryland,
including the peak-flow rate ratio of effluent to influent
Rpeak ¼ qpeak-out=qpeak-in, the effluent/influent volume ratio
f V24 ¼ Vout-24=V in, and the peak discharge time ratio of effluent
to influent Rdelay ¼ tq-peak-out=tq-peak-in. The target f V24 value pro-
posed was f V24 < 0:33 with the same rationale for Rpeak. In this
simulated event, f V24 and Rpeak are 0.171 and 0.085, respectively.
The Rdelay is 1.59. All three of these metrics indicate good hydro-
logic performance by this bioretention cell.

Simulation results presented in Fig. 3 show the relationship
between cumulative underdrain discharge volumes and runoff
inflow volumes for 10 storms of various depth and duration

Fig. 2. Inflow and discharge hydrographs for different bioretention media soils responding to the default storm with rainfall depth ¼ 1:1 cm and
duration ¼ 8:2 h

Table 2. Hydraulic Parameters of Bioretention Media and Surrounding
Soils (Li et al. 1999)

Soil type Ks [m=day] θs θr α [m�1] nc l

Media

Sandy loama 1.063 0.41 0.065 7.5 1.89 0.5

Loamy sand 3.450 0.41 0.057 12.4 2.28 0.5

Sandy clay loam 0.314 0.39 0.10 5.9 1.48 0.5

Surrounding soils

Silt loamb 0.108 0.45 0.067 2 1.41 0.5

Clay loam 0.0624 0.41 0.095 1.9 1.31 0.5

Sandy clay loam 0.314 0.39 0.10 5.9 1.48 0.5
aStandard soil type of bioretention media.
bStandard soil type of surrounding soils.
cm ¼ 1� 1=n.
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(Table 1). Outflow volume is reduced for all 10 events. The default
bioretention cell does not produce outflow from the underdrain for
storms with runoff inflow volumes ≤ 10 m3. The storage point is
defined as the volume at which the outflow begins. For events that
produce inflow volume greater than the storage point, outflow is
generated, but the outflow volumes are less than the inflow
volumes. Collected bioretention field data also display this trend
(Brown et al. 2009). Simulations of 25 storms (Table 1) also show
no underdrain flow for small events (rainfall depth less than
0.5 cm). Field study from a 102 m2 bioretention site in Maryland
showed a similar trend, reporting a storage (rainfall) depth of
0.31 cm, using the intercept of a trend line drawn for “zero
discharge” events to approximately serve as the boundary between
the flow and no-flow events (Li et al. 2009).

Based on the dimensions of the ponding volume, the default
bioretention cell can treat at least 40:5 m3 of inflow runoff without
generating bypass flow. For those storms with total inflow runoff
volume larger than 40:5 m3, it is possible that the bioretention cell
will generate bypass flow after the ponding height reaches 0.3 m,
especially for conditions of limited media and surrounding soil
hydraulic conductivities. Media with high Ks decrease the possibil-
ity of bypass flow. Low-intensity rainfall also has a smaller chance
to produce bypass flow than high-intensity rainfall even though the
total rainfall depths are the same. The bypass flow of extreme
storms has not been included in the simulated results.

Parameters

Media Soil Types
Fig. 2 shows the underdrain flow from sandy clay loam, sandy loam
(default), and loamy sand media (progressively increasing Ks), sur-
rounded by the same silt loam soil. For the same hydraulic loading,
the underdrain outflow characteristics vary for different media
types. The sandy clay loam media with lower Ks generates lower
discharge flow peak, smaller total discharge volume, and longer lag
time to produce peak flow. However, although the Ks of loamy sand
is three times higher than that of sandy loam, the lag time for out-
flow does not differ much for both. This appears to be attributable
to the relatively high Ks of these media in comparison with that of
the surrounding soil.

Fig. 3 shows the relationship between underdrain discharge vol-
umes and runoff inflow volumes for these three different types of
media. For large storms in which all three media produce under-
drain outflow, the sandy clay loam medium soil with lower Ks pro-
duces smaller total outflow volumes, in agreement with the results
in Fig. 2. This is partially because in large storms the medium with

lower Ks more readily produces ponding at the medium surface and
allows more time for exfiltration into surrounding soils; however,
this ponding also increases the possibility of bypass flow.

The sandy clay loam medium results in a smaller storage point,
at an inflow volume of about 7 m3, less than the similar storage
point of about 10 m3 for the other two media. Therefore, in some
moderate-sized storms, underdrain outflow appears from the sandy
clay loam medium, but not from the other two media. The initial
effective saturation of sandy clay loam, sandy loam, and loamy
sand is 0.75, 0.58, and 0.33, respectively, although the initial pres-
sure head distribution is the same. According to Table 2, the effec-
tive porosities (θs � θr) are, respectively, 0.280, 0.345, and 0.353.
The larger initial effective saturation and smaller effective porosity
of the sandy clay loam result in a smaller initial storage capacity as
demonstrated in Fig. 3.

Fig. 4 demonstrates a relatively sharp and high inflow duration
curve, cumulatively representing the 25 various rainfall events.
Also shown are three moderate and low outflow duration curves
for three different media types. The sandy clay loam medium
has the greatest benefits on reducing the flow. The maximum inflow
is 448 L=min. The maximum outflow is 83.7, 41.7, and
17:7 L=min for loamy sand, sandy loam, and sandy clay loam me-
dia, respectively. The outflow of the sandy clay loam medium is
under 21 L=min for all event time, while that from sandy loam
and loamy sand media exceeds 21 L=min for about 1.9 days
and 2.5 days, respectively. All three bioretention media reduce
the total discharge volume. With the same annual inflow of
586 m3=year, the annual outflow is 213, 162, and 97:2 m3=year
for loamy sand, sandy loam, and sandy clay loam media,
respectively.

Surrounding Soil Types
Fig. 5 shows that, with the same input hydrograph and sandy loam
medium, the outflow hydrograph differs for different hydraulic and
physical properties of the surrounding soils. Surrounding soils with
higher Ks, such as sandy clay loam, generate lower underdrain
discharge peaks and smaller total discharge volumes. The peak
is also delayed more, although the difference is small. Based on
the SWMS 2D model, Li et al. (1999) reported similar results that,
for fixed initial effective saturation and decreasing surrounding soil
Ks, exfiltration flow from a partial exfiltration trench (PET) tended
to decrease and the underdrain outflow increased. Two-dimensional
modeling of the PET (VS2DT) by Sansalone and Teng (2005) also
supports the results in Fig. 5.

Loamy sand-Silt loam
Sandy loam-Silt loam
Sandy clay loam-Silt loam
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Fig. 3. Relationship between outflow and inflow volumes for different media soils. Ten storm events simulated, as presented in Table 1
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Fig. 6 shows the relationship between the discharge and inflow
volumes for the default bioretention cell with three different sur-
rounding soils. The storage point for producing outflow appears
at a lower volume for clay loam, around 6 m3. The storage points
for the silt loam and sandy clay loam surrounding soils are 10 and
12 m3, respectively. After the storage point, the cell surrounded by
a sandy clay loam generates less outflow volume, indicating a
significant hydraulic impact for a system with a more permeable
surrounding soil. With the same medium type and the same initial
pressure head distribution, the initial media storage capacity should
be the same. However, the exfiltration into surrounding soils makes
an important contribution to the hydrologic mitigation, resulting in
the different storage points.

Fig. 7 illustrates the role of different surrounding soil types on
the exfiltration into the surrounding soils under influence of the
same single storm event. The peak exfiltration flow rate of
the sandy clay loam surrounding soil with Ks of 0:314 m=day
is two times larger than that of clay loam with Ks of
0:0624 m=day. With the more permeable surrounding soils (larger

Ks), more water enters into surrounding soil layers, resulting in less
underdrain effluent discharge from the bioretention cell. The ratio
of underdrain flow to inflow is 6.8, 17, and 23% for the system
surrounded by sandy clay loam, silt loam, and clay loam, respec-
tively. The corresponding total exfiltration ratio is 87, 64, and 47%,
respectively. The difference is temporary storage in the media.
Comparing the results in Figs. 5 and 7, for each surrounding soil,
the total exfiltration volume is larger than that of underdrain
outflow, indicating that the exfiltration into surrounding soils plays
an important role in the hydrologic performance.

Further evaluation of exfiltration flows shows that, for each of
the three surrounding soils, the exfiltration flow from the bottom of
the bioretention cell is the primary component of the total exfiltra-
tion flow, much larger than that from the sides. Bottom exfiltration
accounts for 88–95% of total exfiltration. The lowest curve in Fig. 7
shows the bottom exfiltration flow into the clay loam surrounding
soil, amounting to about 88% of the total exfiltration flow volume.
The bottom exfiltration flow will eventually enter the groundwater

Fig. 5. Inflow and discharge hydrographs for three different surrounding soils responding to the default storm with rainfall depth ¼ 1:1 cm and
duration ¼ 8:2 h
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Fig. 4. Flow duration curves for different bioretention media, collected for 25 storms typical in Maryland over one year
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system and has the potential to increase the base flow of streams
and promote healthy aquatic ecosystems.

Initial Water Content
Fig. 8 shows the hydrograph impact of the initial bioretention
media water content, represented by θi-avg. Under the default
settings (θi-avg ¼ 0:270), the total outflow volume is larger, with
higher peak flow and less lag time to peak than the other two
simulations. Under drier conditions, when the average initial water
content is reduced to 0.165, the total outflow is close to zero. For
comparison, Barber et al. (2003) modeled the hydrologic perfor-
mance of an ecology ditch, a similar infiltration BMP, and found
that small changes in the initial water content had significant effects
on the hydrologic performance in small events. Muthanna et al.
(2008) studied two small-scale rain gardens in a cold-climate
coastal area in Norway, and found that the hydrologic performance
was strongly related to temperature and antecedent water content
(time since last event). The lag time (defined as time for outflow to
occur) showed a strong positive correlation with the length of
antecedent dry period.

The relationship between outflow and inflow volume in Fig. 9
demonstrates a significantly larger storage point for smaller average
initial water contents. The drier soil (θi-avg ¼ 0:165) attenuates the
entire volume for the seven smallest events, while the wetter
soil (θi-avg ¼ 0:270) completely attenuates only three entire events
out of 10.

Higher initial water content consumes greater initial storage,
providing less storage capacity to absorb runoff, and therefore
produces earlier outflow and larger total discharge volume.
A typical antecedent dry weather period of an area should be con-
sidered when designing and evaluating hydrologic performance of
a bioretention facility. In wet seasons and in winter with associated
lower evapotranspiration, an increase in saturation or in ground-
water level contributes to an increase in initial soil water content
and will affect the bioretention performance.

Bioretention Area Ratios
Fig. 10 shows the hydrographs when the drainage to bioretention
surface area ratio (Rarea) is 30, 20, and 10. All three improve hydro-
logic performance over the input. As expected, the peak flow and

Fig. 7. Inflow and total exfiltration flow into three different surrounding soils, responding to the default storm. The lowest curve is the bottom
exfiltration flow into the clay loam surrounding soil

Fig. 6. Relationship between outflow and inflow volumes for different surrounding soils. Ten storm events simulated, as presented in Table 1
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Fig. 9. Relationship between outflow and inflow volumes for different average initial water contents. Ten storm events simulated, as presented in
Table 1

Fig. 10. Inflow and discharge hydrographs for different ratios of drainage area to bioretention area, responding to the default storm

Fig. 8. Inflow and discharge hydrographs for different average initial water contents, responding to the default storm
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total outflow volume is larger when the area ratio Rarea is larger.
Reducing the area ratio to 10 produces an outflow for the default
event that is close to zero.

Fig. 11 clearly demonstrates that the larger-sized bioretention
cells (with smaller Rarea) have better hydrologic performance than
smaller-sized cells. A facility sized at 10% of the drainage area
(Rarea ¼ 10) can completely assimilate storms with rainfall depths
less than approximately 1.13 cm over the drainage area without
generating underdrain flow. The 3.33%-sized cell (Rarea ¼ 30)
can only absorb the entire storm runoff for rainfall depths less than
about 0.26 cm.

The larger-sized bioretention cell improves the performance
because of the increased pool and media (pore) storage volume.
Li et al. (2009) monitored the hydrologic performance of six bio-
retention cells with different surface areas and media depths in
Maryland and North Carolina, and reported that a larger media vol-
ume to drainage area ratio appears to improve the performance, in
agreement with the results in Figs. 10 and 11. The typical ratio of
drainage area to bioretention area is 20 (the standard setting in these
simulations) to 40. In addition to a higher peak and total outflow

volume, a high area ratio may also result in rapid water pooling and
greater bypass flow during moderate rainfall events. However, a
low area ratio increases the cost of land, installation, and mainte-
nance. Therefore, a balance among typical hydraulic loading,
hydrologic performance, and cost must be considered when design-
ing a bioretention facility.

Bioretention Cell Widths
Fig. 12 shows that a wider cell with two underdrain pipes
(W ¼ 7:2 m and n ¼ 2) and the standard cell (W ¼ 3:6 m and
n ¼ 1) have the same outflow curve for the default storm (the
curves overlap). Similarly, Fig. 13 shows that the volumetric
performances are identical when inflow volume is less than
20 m3. In Fig. 12, the outflow volume of the wider cell with
one underdrain (W ¼ 7:2 m and n ¼ 1) is less, with a lower peak.

The storage points of discharge are approximately the same for
all designs (Fig. 13). All three cells can absorb the entire storm
runoff for rainfall depth less than 0.56 cm. Therefore, these cells
have the same storage capability to treat smaller storms, because
of the nearly identical media volume (the underdrain and gravel
occupy only up to 1% of the total media volume). Fig. 13 shows

Fig. 11. Relationship between outflow and inflow volumes for different ratios of drainage area to bioretention area. Ten storm events simulated, as
presented in Table 1

Fig. 12. Inflow and discharge hydrographs for different widths in the same surface area of a bioretention cell and different number of underdrain
pipes, responding to the default storm
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larger volumetric discharge for a wider cell with two underdrains
(W ¼ 7:2 m and n ¼ 2), compared with an identical cell with one
underdrain (W ¼ 7:2 m and n ¼ 1), for the default storm. In the
case of two cells of the same shape, the side exfiltration areas
are the same. However, according to the streamlines in Fig. 1,
the underdrain (and the gravel layer) demonstrates a flow-pattern
impacting zone, within which the water will be collected by the
underdrain system. Water beyond this zone, too far from the under-
drain, will exfiltrate through the media bottom into the surrounding
soils. The wider cell with one underdrain only has one impacting
zone, resulting in larger bottom exfiltration than the wider cell with
two underdrains, which funnel water from nearly all of the media.
A cell having a complete stone layer may lessen the noted impacts
of underdrain configuration.

The wider cell with two underdrains (W ¼ 7:2 m and n ¼ 2)
produces slightly larger discharge volume than the standard cell
(W ¼ 3:6 m and n ¼ 1) under the same simulated larger storms.
The wider cell has two underdrain impacting zones, although its
width is double, so the bottom exfiltration flows are approximately
the same in these cells. However, the larger total side-wall surface
area in the standard cell increases the horizontal exfiltration from
the four sides, assuming that exfiltration rates through the four side
walls are the same. Therefore, a narrow cell (same surface area and
total underdrain length) appears to improve the hydrologic perfor-
mance for larger storms.

A length to width ratio of at least 2 is generally recommended
for bioretention design. According to the simulated results, this
ratio may not affect the treatment for small storms. However, a
higher length to width ratio may improve the hydrologic perfor-
mance for large storms. It appears also that underdrain number
and positioning are important to performance.

Conclusions

In this study, a 2D variable saturated flow model to describe storm-
water runoff in a bioretention cell is developed based on the
Richards’ equation application mode in COMSOL Multiphysics.
This model is tested under transient hydraulic loading. Model
results semiquantitatively match field results for a number of
hydrologic metrics. The outflow volume is always less than the
inflow. Discharge flow rates are reduced and delayed. The biore-
tention cell generates no underdrain flow for small storms.

Simulated results show that the saturated hydraulic conductivity,
storage capacity, and exfiltration into surrounding soils contribute
to the improved hydrologic performance of a bioretention cell:
1. Underdrain outflow volume from a finer medium with smaller

Ks (such as sandy clay loam) is less than that from a coarser
medium because in large storms the less-permeable medium
more readily produces ponding at the media surface and, cor-
respondingly, allows greater time for exfiltration. However,
this also increases the possibility of bypass flow. This study
does not include the results of bypass flow, which is expected
to occur for a small fraction of the storm events evaluated;

2. Initial media storage capacity is affected by the hydraulic
properties of the media, initial water content, and media
volume. A sandy clay loam medium with smaller effective por-
osity generates a smaller (or earlier) breakthrough storage
point for underdrain discharge. A medium with higher initial
water content produces an earlier outflow and larger total dis-
charge volume. When the ratio of drainage area to bioretention
area (R) decreases, the larger-sized bioretention cell improves
the hydrologic performance;

3. Exfiltration into surrounding soils can play an important role in
the attenuation of storm-water runoff. Surrounding soils with
larger Ks produce less outflow volume than those with smaller
Ks values. Exfiltration through the bottom is predominant over
that through the sides. With the same media surface area and
underdrain length, the outflow volume increases slightly with
an increase in width, attributable to a decrease in the total wall
area for horizontal exfiltration.
Different soil types with different hydraulic properties in both

the media and surrounding soils greatly affect the underdrain out-
flow from a bioretention cell. Careful consideration of the soil types
of both is important in selecting the design and function of a bio-
retention cell. Media with lower Ks values will reduce outflow rates
and total volume. However, this less-permeable soil will more
easily generate surface pooling, which should be maximized to
limit subsequent overflow and bypass. A smaller ratio of drainage
area to bioretention area (a larger-sized cell) will produce better
resulting hydrologic performance. When selecting the area ratio,
a balance among the typical hydraulic loading, hydrologic perfor-
mance, and cost should be considered. When the bioretention sur-
face area is fixed, a long and narrow bioretention cell will provide
improved performance in the treatment of large storms. The speci-
fication of specific hydrologic metrics and goals will allow

Fig. 13. Relationship between outflow and inflow volumes for different widths with the same cell surface area and different number of underdrain
pipes. Ten storm events simulated, as presented in Table 1
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quantitative prediction of bioretention performance and lead to
specific design specifications.
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