
Low Impact development Controls 

 

1. Governing equation 

LIDs are modeled as several interconnected, fully mixed layers representing the surface, pavement, 
soil, storage, and underdrain portions of a LID unit. Infiltration, drainage, and overflow control 
the storage in each of the layers dynamically. In VO, soakaway pit, underground chamber, 
pavement, rain garden, green roof, bioretention cell and enhanced swale could be explicitly 
modeled.  The infiltration rate in the soil layers is provided by the user in VO single event and 
modeled with the Green-Ampt equation in VO continuous simulations. Outflow from the storage 
zone into the native soil is provided by the rating curve described by the discharge (i.e. outflow) 
and storage relationship. Underdrain flow is represented by an orifice-type equation. The presence 
and absence of each layer type depends on the type of LID. For example, a soakaway pit only has 
the storage layer, whereas bioretention systems have surface, soil, storage, and underdrain layers.  

1.1 infiltration equation  

       𝐼𝐼(𝑡𝑡) = 𝐾𝐾𝑒𝑒(1 + 𝜑𝜑 ∆∅
𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)

)                                                                                                          (1.1) 

 
where I is the infiltration rate (mm/hour), t is the current simulation time step, Ke is an effective 
hydraulic conductivity in which land cover impact (curve number) is considered (mm/hour; 
Nearing et al., 1996), ψ is the wetting front matric potential (mm), and ∆Φ is a change in soil water 
content (mm/mm). Ѳs is the saturated water content (or porosity) (mm/mm). Ѳw is the residual 
water content and approximated to the wilting point (mm/mm).  

  
To consider unsaturated soil conditions in the calculation of infiltration rate, using effective 
hydraulic conductivity Ke instead of saturated hydraulic conductivity Ksat. When soil is saturated, 
Ke becomes equal to the saturated hydraulic conductivity Ksat.    

 
 
Cumulative volume of water infiltrated after ponding (Iacc in mm) is calculated using the following 
equation: 
 

𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡) = 𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡 − 1) + 𝐾𝐾𝑒𝑒∆𝑡𝑡 + ψ.∆∅. 𝑙𝑙𝑙𝑙 � (𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)+ψ.∆∅)
𝑙𝑙𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡−1)+ψ.∆∅

�    (1.2)                                                                                                  

 

When the soil is not saturated, a hydraulic conductivity is estimated using the van Genuchten 
equation (van Genuchten, 1980) based on soil water content, field capacity, and wilting point: 



𝐾𝐾 = 𝐾𝐾𝑠𝑠𝑎𝑎𝑡𝑡 . 𝑆𝑆𝑒𝑒[1 − �1 − 𝑆𝑆𝑒𝑒
𝑙𝑙
𝑚𝑚�

𝑚𝑚

]2 (1.3)                                                           

 
where Ksat is the saturated hydraulic conductivity (mm/hour), Se is the effective (or relative) 
saturation (mm/mm), m are coefficients. The effective saturation is calculated based on the 
hydraulic features of soil:   

 

                         𝑆𝑆𝑒𝑒 = 𝜃𝜃−𝜃𝜃𝑤𝑤
𝜃𝜃𝑠𝑠−𝜃𝜃𝑤𝑤

 (1.4) 

 
where 𝜃𝜃is the current water content (mm/mm), 𝜃𝜃𝑤𝑤 is the residual water content and approximated 
to the wilting point (mm/mm) for the simplicity, and 𝜃𝜃𝑠𝑠  is the saturated water content (or porosity) 
(mm/mm). 

 

1.2 Seepage 

 

Assuming shallow ponding depth and high hydraulic conductivity of a drainage media laid 
underneath the amended soil layer, the seepage rate (or percolation rate, PC) becomes the same as 
the vertical hydraulic conductivity of the amended soil: 

 
 
𝑄𝑄=𝑆𝑆𝑆𝑆=𝑆𝑆𝑃𝑃=𝑃𝑃𝑘𝑘×𝐾𝐾 (1.5) 
 
where SP is the seepage rate (or percolation rate, PC) of the soil water, CK is the coefficient 
introduced to consider anisotropy of the soil and other uncounted factors controlling hydraulic 
conductivity, and K is the hydraulic conductivity of the amended soil layer (mm/hour). The value 
of CK may be determined by a model calibration. When the soil is not saturated, a hydraulic 
conductivity is estimated using the van Genuchten equation (van Genuchten, 1980) based on soil 
water content, field capacity, and wilting point, see equation (1.3) and (1.4).  

 

1.3.  Overflow  

To consider the amount of surface runoff captured by LID practices, a modified surface runoff 
equation (Equation (1.6)) was added in the existing codes. 

𝑄𝑄𝐿𝐿𝐼𝐼𝐿𝐿 = 𝑄𝑄𝑡𝑡𝑡𝑡𝑡𝑡 − 𝐿𝐿𝐼𝐼𝐿𝐿𝑣𝑣𝑎𝑎𝑙𝑙                                                                                                                  (1.6) 

where QLID is the surface runoff volume (m3) in which the impact of LID practices is considered, 
Qtot is volume of water stored in LID practice. LIDval is the designed LID volume. If Qtot is larger 
than the LIDval, the surface runoff would be generated.  



 

1.4 Outflow 

The rating curve is described by the discharge (i.e. outflow) and storage relationship. Note that the 
Stage or water depth variable is taken out of the input, since both Discharge and Storage are a 
function of Stage. The Stage-Storage and Stage-Discharge rating curves are essentially combined 
into one Discharge-Storage curve.  An example of a Discharge-Storage Curve is as follows: 

Discharge (m3/s) Storage (ha-m) 
 
0.00 

 
0.00 

0.06 0.34 
0.21 0.48 
0.37 0.60 
0.66 0.83 
0.94 1.00 

  
Designing a Discharge-Storage curve, at the watershed or sub-watershed planning level, involves 
determining each storage ordinate for every given discharge ordinate. Discharge ordinates are 
usually known or can readily be determined. They may represent allowable flows or release rates 
that when combined with other flows are the allowable flows at key locations. Storage ordinates 
are what the modeller is trying to calculate in order to meet the discharge targets. 

For single event analysis the Discharge-Storage curve is built from the smallest to largest values, 
which corresponds to the smallest to largest rainfall events. For example, the above Discharge-
Storage curve was based on the following design storm events. 

Discharge 
 

Storage (ha-m) Design Storm 
 

 

 

 

 

0.06 0.34 25 mm 
0.21 0.48 2 year 
0.37 0.60 5 year 
0.66 0.83 25 year 
0.94 1.00 100 year 

 

When building a curve, the storms must be run from smallest to largest and the storage iterated 
until the pond outflow matches that of the target value in the Discharge-Storage curve. Only then 
can the modeller move onto the next largest storm. The proper pond sizing methodology is 
therefore: 

The modeller enters the first 2 sets of points on the curve, (0,0) and the first target flows (e.g. 0.06). 
The modeller guesses a storage value and then runs the model with the storm that corresponds to 
the target flows. 

The modeller checks the outflow and compares it with the target. If the outflow is too high then 
the modeller must increase the storage. If the outflow is too low then the modeller must decrease 



the storage. Note that if the storage curve has been exceeded then the outflow may be erroneous. 
It is better to iterate from a large storage value to the correct storage than from a small storage 
value. 

The modeller iterates step 2 until the calculates outflow matches (or is slightly less) than the target 
outflow. At this point the calculated storage should also match the storage in the input table. 

The modeller then enters the next discharge ordinate for the next largest storm, guesses a new 
storage and runs the model. 

Steps 2 and 3 are repeated until the outflow and storage are matched. 

Step 4 is repeated with the next largest storm until the final storm is reached. 

Once the last storm is iterated then the Discharge-Storage curve is complete. (e.g. when the 
(0.94,1.00) point is determined in the above example curve). 

 

1.5 Enhanced Swale outflow 

Outflow from the surface layer of the enhanced swale LID unit can either be surface runoff when 
the unit is unconfined (as in a rain garden) or be flow through an overflow structure for a confined 
unit (such as a street planter). For surface runoff, the Manning equation can be used in the same 
fashion that VO currently employs it for overland surface flow:  

 

𝑄𝑄 = 1
𝑛𝑛
𝐴𝐴𝑅𝑅

2
3𝑆𝑆

1
2                                                                                                                                (1.6) 

where:  

                n = surface roughness coefficient,  

                S = surface slope (m/m),  

                A = flow area (flow width times flow depth) (m2), and 

                R = hydraulic radius of the flow area (m) 

 

1.6. Evapotranspiration 

A PET reduction factor, 𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝑃𝑃𝑃𝑃, is employed to account for lower evaporation during days with rain. 
The default value is 0.1.  

𝑃𝑃𝑝𝑝_𝑟𝑟𝑎𝑎𝑟𝑟𝑛𝑛 = 𝑃𝑃𝑝𝑝  ∙ 𝑆𝑆𝑃𝑃𝑃𝑃𝑃𝑃𝐴𝐴𝑃𝑃𝑃𝑃         𝑓𝑓𝑓𝑓𝑓𝑓   𝑅𝑅𝐴𝐴𝐼𝐼𝑅𝑅 > 0                                                                                    (1.7) 

The potential evapotranspiration will first be fulfilled by the evaporation from depression storage and then 
the active soil zone. The available potential evapotranspiration for active soil zone, 𝑃𝑃𝑝𝑝_𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙 is calculated as  



𝑃𝑃𝑝𝑝_𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙 =  𝑃𝑃𝑝𝑝_𝑟𝑟𝑎𝑎𝑟𝑟𝑛𝑛 −  𝑃𝑃𝑃𝑃𝐼𝐼𝐴𝐴                                                                                                                 (1.8) 

The ET rate from the active soil zone is calculated using the approach employed in Stanford Watershed 
Model for ET from lower soil zone (Warren Viessman, 1977), which is  

𝑃𝑃𝑃𝑃𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙 =  𝑃𝑃𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙 −  
𝐸𝐸𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙

2

2𝑟𝑟
              𝑓𝑓𝑓𝑓𝑓𝑓 𝑃𝑃𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙  ≤ 𝑓𝑓                                                                                (1.9) 

𝑃𝑃𝑃𝑃𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙 =  𝑓𝑓/2                                    𝑓𝑓𝑓𝑓𝑓𝑓 𝑃𝑃𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑙𝑙  > 𝑓𝑓                                                                             (1.10) 

where 𝑓𝑓 is the evapotranspiration opportunity representing the maximal amount of water available for 
evapotranspiration at a particular location. It’s calculated as  

𝑓𝑓 = 𝐾𝐾3 ∙ 𝐿𝐿𝐿𝐿𝐿𝐿
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

                                                                                                                                     (1.11)  

where: 
𝐿𝐿𝐿𝐿𝑆𝑆  = the current soil moisture storage (mm), 
𝐿𝐿𝐿𝐿𝑆𝑆𝑅𝑅  = a nominal storage level (mm) 
𝐾𝐾3  = an input parameter that is a function of watershed cover as shown in Table 1.  

In continuous OTTHYMO, 𝐿𝐿𝐿𝐿𝑆𝑆 is set equal to 𝑆𝑆𝑆𝑆𝑃𝑃𝑆𝑆𝑅𝑅 and 𝐿𝐿𝐿𝐿𝑆𝑆𝑅𝑅 is set to 𝑆𝑆𝑚𝑚𝑎𝑎𝑚𝑚/2. 

 

 

TABLE 1 TYPICAL LOWER ZONE EVAPOTRANSPIRATION PARAMETERS  

(WARREN VIESSMAN, 1977) 

Watershed Cover 𝑲𝑲𝑲𝑲 

Open land 5.08 

Grassland 5.84 

Light forest 7.11 

Heavy forest 7.62 

 

 

 

 

 

 

 

 



2. . LID practices 

Soakaways, chambers, pavement, rain garden, bioretention and enhanced swale are all LID 
technologies, similar in that they consist of sub-surface reservoirs that store and infiltrate 
stormwater runoff at the lot level. These technologies provide an opportunity for infiltrating runoff 
from roofs, walkways, parking lots, and low to medium traffic roads without consuming a 
substantial amount of land area. 

 

2.1 Soakaway pit 

Soakaways typically consist of rectangular or circular stone-filled, geotextile-lined excavations 
that receive roof and walkway runoff via a perforated pipe inlet. The soakaway stores the water 
and allows it to infiltrate into the native soil. 

In the soakaway model, we applied continuity equations to simulate two layers, including storage 
and native soil layers. Figure 2.1 is a soakaway model schematic. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Soakaway model schematic. 

 

In storage layer, continuity equations can be written as follows: 

𝑆𝑆𝑃𝑃𝑆𝑆𝑠𝑠 = 𝑑𝑑𝑟𝑟 ×  𝐴𝐴𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠                  If t=0                                                                                                       (2.1) 

𝑆𝑆𝑃𝑃𝑆𝑆𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑠𝑠(𝑡𝑡 − 1) + (𝐼𝐼𝑠𝑠(𝑡𝑡)) × ∆𝑡𝑡                                                                                               (2.2) 

𝑄𝑄𝐿𝐿(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑠𝑠(𝑡𝑡) − 𝐿𝐿𝐼𝐼𝐿𝐿𝑣𝑣𝑎𝑎𝑙𝑙                                                                                                                        (2.3)      

 𝐿𝐿𝐼𝐼𝐿𝐿𝑣𝑣𝑎𝑎𝑙𝑙 = 𝐴𝐴𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠 × 𝑑𝑑𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠 × 𝑝𝑝𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠                                                                                                           (2.4) 



𝑆𝑆𝑃𝑃𝑆𝑆𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑠𝑠(𝑡𝑡 − 1) − 𝑆𝑆𝑓𝑓𝑂𝑂𝑓𝑓𝑠𝑠 × ∆𝑡𝑡 − 𝐼𝐼𝑅𝑅𝑃𝑃𝑠𝑠(𝑡𝑡) × 𝐴𝐴𝑠𝑠𝑡𝑡𝑎𝑎𝑠𝑠  (2.5)  
 
 
Where STOs and  STOs (t) are the initial water stored volume and volume stored during the time 
step t in a soakaway (L3); di is initial water level of soakaway (L) and Asoak is soakaway bottom 
area(L2);  Is is the inflow rate from the contributing catchment (L3/T); INFs is the infiltration rate 
(L/T), which is constant in a single even t and evaluated using Green-Ampt Mein-Larson (GAML) 
equation (Equations (2.1) and (2.2)) in a continuous model; Orifs is the underdrain flow rate (L3/T) 
and calculated by depth discharge curve or orifice equations.  If volume of water stored (STOs) 
exceeds the LID design volume (LIDval), the exceed volumes (Qs) tend to make surface runoff. 
dsoak is depth of the soakaway; Psoak is the effective porosity.  

 
In the soil layer, initial soil water content is provided by users and a continuity equation is used to 
account water content of the soil base:  

𝑆𝑆𝑆𝑆𝑠𝑠 = 𝑆𝑆𝑆𝑆 ∗ 𝑑𝑑𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙             𝑂𝑂𝑓𝑓 𝑡𝑡 = 0                                                                                                                       (2.6)   

𝑆𝑆𝑆𝑆𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑠𝑠(𝑡𝑡 − 1) + (𝐼𝐼𝑅𝑅𝑃𝑃𝑠𝑠(𝑡𝑡) − 𝑆𝑆𝑃𝑃(𝑡𝑡)) × ∆𝑡𝑡  (2.7)  
 
Where SWs is initial soil water content (L3/L3); dsoil is the depth of native soil layer (L).  SWs is 
soil water content of the soil layer (L) and PC is the percolation rate in the soil base to ground 
water(L/T).   

2.2. Underground chamber 

In the chamber model, infiltration, outflow overflow and underdrain flow are the main process 
involved with underground chamber (see Figure 2.2). Infiltration rate is calculated using the Green-
Ampt Mein-Larson (GAML) equation ((Equations (1.1) and (1.2)) in a continuous model and is 
constant in single event model. Overflow would be generated if volume of water stored is larger 
than the volume of chamber (Equations (2.9)). Orifice is the underdrain flow rate (L3/T) and 
calculated by depth discharge curve or orifice equation. Outflow flow rate is calculated by using 
discharge (i.e. outflow) and Storage rating curve. A discharge-stage (storage) relationship defines 
the relationship between discharge(L3/T) and the depth of water (storage volume) in the storage 
facility. The discharge can be calculated by using simple geometric formulas expressed as a 
function of depth of water (volume of storage). After the required discharge has been estimated, 
the configuration of the depth (storage) must be determined so that the stage(storage)-discharge 
curve can be developed. 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Underground chamber model schematic. 

 

In chamber storage layer, continuity equations can be written as follows:    

𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎(𝑡𝑡 − 1) + (𝐼𝐼𝑎𝑎(𝑡𝑡)) × ∆𝑡𝑡                                                                                               (2.8) 

𝑄𝑄𝑎𝑎(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎(𝑡𝑡) − 𝐿𝐿𝐼𝐼𝐿𝐿𝑣𝑣𝑎𝑎𝑙𝑙                                                                                                                        (2.9)                                                                                      

𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎(𝑡𝑡 − 1) − (𝑆𝑆𝑓𝑓𝑂𝑂𝑓𝑓𝑎𝑎(𝑡𝑡) + 𝑆𝑆𝑂𝑂𝑡𝑡𝑓𝑓(𝑡𝑡)𝑎𝑎) × ∆𝑡𝑡 − 𝐼𝐼𝑅𝑅𝑃𝑃𝑎𝑎(𝑡𝑡) × 𝐴𝐴𝑎𝑎ℎ𝑎𝑎𝑚𝑚𝑎𝑎𝑒𝑒𝑟𝑟  (2.10)  
 
 
Where STOc is volume of water stored in a chamber (L3) during the time step t;  Ic is the inflow 
rate from the contributing catchment (L3/T); INFc is the infiltration rate (L/T), which is constant 
(L/T) in a single even t and  using Green-Ampt Mein-Larson (GAML) equation to calculate 
infiltration in a continuous model; Achamber is water surface area(L2); Orifc(t) and Outfc(t) are 
underdrainflow rate and outflow rate during the time step t. LIDval is the max water stored volume 
of the chamber and calculated by using a depth-cumulative storage table.  

 
In the native soil layer, a continuity equation is used to account water content of the soil base: 

𝑆𝑆𝑆𝑆𝑎𝑎 = 𝑆𝑆𝑆𝑆 ∗ 𝑑𝑑𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙               𝑂𝑂𝑓𝑓 𝑡𝑡 = 0                                                                                                                      (2.11)   
𝑆𝑆𝑆𝑆𝑎𝑎(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑎𝑎(𝑡𝑡 − 1) + (𝐼𝐼𝑅𝑅𝑃𝑃𝑎𝑎(𝑡𝑡) − 𝑆𝑆𝑃𝑃(𝑡𝑡)) × ∆𝑡𝑡   (2.12)  
 
where SWc is soil water content of the soil layer (L) and PC is the percolation rate in the soil base 
to ground water(L/T). 

 



2.3. Pavement  

Porous pavement system is a multi-layer system that promotes stormwater infiltration while 
securing structural stability. The pavement model is shown in Figure 2.3. A typical application of 
porous pavement includes parking lots and roadway pavements. In porous pavement, inflow 
infiltrates through the pavement surface into the storage layer and then drains through lateral 
underdrain pipes or percolates into native soils. Infiltration rate is a function of the hydraulic 
characteristics of pavement system that vary widely (Drake et al., 2013). In VO single and 
continuous event simulations, Permeability (L/T) from pavement surface (INFper) to the storage 
layer is determined by users.   The pavement layer is assumed not to limit infiltration, but detention 
capacity is determined by infiltration settings. If inflow rate (m3/s) is larger than the infiltration 
rate (m3/s), the ponding storage capacity is calculated based on the depth- area curve and calculated 
by equation 3.13.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Pavement model schematic. 

 

Vol(t) = Vol(t − 1) + �d(t) − d(t − 1)� ∗ A(t)−A(t−1)
2

                                                                      (2.13) 

Where Vol is cumulative ponding volume up to specified depth(L3); d is depth; A is Area at 
specified depth(L2); t is the last time step.  

Then, the amount of water stored in the ponding storage layer is calculated using a continuity 
equation: 

 

𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝(𝑡𝑡 − 1) + (𝐼𝐼𝑝𝑝(𝑡𝑡)) × ∆𝑡𝑡                                                                                               (2.14) 

𝑄𝑄𝑝𝑝(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝(𝑡𝑡) − 𝑉𝑉𝑓𝑓𝑙𝑙(𝑡𝑡)                                                                                                                    (2.15) 



𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝(𝑡𝑡 − 1) − 𝐼𝐼𝑅𝑅𝑃𝑃𝑝𝑝𝑒𝑒𝑟𝑟(𝑡𝑡) × 𝐴𝐴𝑝𝑝𝑎𝑎𝑣𝑣𝑒𝑒                                                                       (2.16) 

 
Where STOp is volume of water in a ponding layer (L3) during the time step t; Ip is the inflow to 
the pavement (L3/T). INFper is the permeability from a pavement layer to a storage layer and 
provided by users (L/T). Apave is the area of porous pavement (L2). Surface runoff would be 
calculated if volume of ponding water (STOp) exceeds the ponding storage capacity (Vol(t)).  

Continuity equations were used to account water content of the storage and native soil layers: 
 
𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑠𝑠(𝑡𝑡 − 1) + (𝐼𝐼𝑅𝑅𝑃𝑃𝑝𝑝𝑒𝑒𝑟𝑟(𝑡𝑡) − 𝐼𝐼𝑅𝑅𝑃𝑃𝑝𝑝𝑠𝑠(𝑡𝑡)) × 𝐴𝐴𝑝𝑝𝑎𝑎𝑣𝑣𝑒𝑒 − 𝑆𝑆𝑓𝑓𝑂𝑂𝑓𝑓𝑝𝑝(𝑡𝑡) × ∆𝑡𝑡                        (2.17)                                                                        

𝑆𝑆𝑆𝑆𝑝𝑝 = 𝑆𝑆𝑆𝑆 ∗ 𝑑𝑑𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙              𝑂𝑂𝑓𝑓 𝑡𝑡 = 0                                                                                                                      (2.18)  
𝑆𝑆𝑆𝑆𝑝𝑝(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑝𝑝(𝑡𝑡 − 1) + (𝐼𝐼𝑅𝑅𝑃𝑃𝑝𝑝𝑠𝑠(𝑡𝑡) − 𝑆𝑆𝑃𝑃(𝑡𝑡)) × ∆𝑡𝑡   (2.19)  
 
Where STOps and SWp are volume of water in a storage layer (L3) and soil moisture, respectively.    
INFps, which is constant (L/T) in a single even t and using Green-Ampt Mein-Larson (GAML) 
equation to calculate infiltration in a continuous model. Orifp is the underdrainflow rate(L3/T) and 
PC is the percolation rate in the soil base to native soils (L/T). 

 

2.4 Rain garden 

A rain garden receives flow from its drainage area and retains surface runoff. The ponding water 
is promoted to infiltrate into engineering soil layer based on hydraulic conductivity and 
permeability of various soil types. The rate of infiltration occurring at the bottom of the surface 
layer is calculated following the same steps as those developed for the soakaway, chamber and 
pavement (Equations (1.1) and (1.2)). Similarly, the overflow and percolation processes in a rain 
garden are calculated using those equations used for the LIDs. Evaporation (ETgarden)occurs from 
the surface of detention water, and percolation of the stored water to the engineering soils 
continues. Once the storage is empty, evapotranspiration may still happen on the engineering soil 
surface until soil water content of the engineering soil is empty. Finally, the volume of water 
content in the engineering soil layer (SWr) is updated using the continuity equation (Equation 
(2.20) (L3)), and the amount of the percolated water is added to soil water content of the native 
soil. Figure 3.4 illustrates a typical hydrology of a rain garden system. 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.4 Schematic diagram of a rain garden facility and its hydraulic pattern. 

 
 
 
𝑆𝑆𝑆𝑆𝑟𝑟 = 𝑆𝑆𝑆𝑆 ∗ 𝑑𝑑𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙 × 𝐴𝐴𝑔𝑔𝑎𝑎𝑟𝑟𝑔𝑔𝑒𝑒𝑛𝑛              𝑂𝑂𝑓𝑓 𝑡𝑡 = 0                                                                                    (2.20)                                          

𝑆𝑆𝑆𝑆𝑟𝑟(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑟𝑟(𝑡𝑡 − 1) + ��𝐼𝐼𝑅𝑅𝑃𝑃𝑝𝑝𝑟𝑟(𝑡𝑡) − 𝑆𝑆𝑃𝑃(𝑡𝑡)� × ∆𝑡𝑡 − 𝑃𝑃𝑃𝑃𝑔𝑔𝑎𝑎𝑟𝑟𝑔𝑔𝑒𝑒𝑛𝑛� × 𝐴𝐴𝑔𝑔𝑎𝑎𝑟𝑟𝑔𝑔𝑒𝑒𝑛𝑛                            (2.21) 
 
In the rain garden, the calculation of ponding storage capacity is the same steps as pavement 
(Equation 2.13). When the surface ponding storage is filled with water, any runoff from upstream 
bypasses the rain garden. The summation of the bypassing runoff becomes the total surface runoff. 
The amount of water stored in the surface ponding storage of a rain garden is calculated using a 
continuity equation: 
 

𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑟𝑟(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑟𝑟(𝑡𝑡 − 1) + (𝐼𝐼𝑝𝑝𝑟𝑟(𝑡𝑡)) × ∆𝑡𝑡                                                                                               (2.22) 

𝑄𝑄𝑝𝑝𝑟𝑟(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑟𝑟(𝑡𝑡) − 𝑉𝑉𝑓𝑓𝑙𝑙(𝑡𝑡)                                                                                                               (2.23) 

𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑟𝑟(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑟𝑟(𝑡𝑡 − 1) − (𝐼𝐼𝑅𝑅𝑃𝑃𝑝𝑝𝑟𝑟(𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑔𝑔𝑎𝑎𝑟𝑟𝑔𝑔𝑒𝑒𝑛𝑛) × 𝐴𝐴𝑔𝑔𝑎𝑎𝑟𝑟𝑔𝑔𝑒𝑒𝑛𝑛                                                (2.24)          

 

Where STOpr is volume of water in a ponding layer (L3) during the time step t; Ic is the inflow to 
the rain garden (L3/T). INFpr, which is constant (L/T) in a single even t and using Green-Ampt 
Mein-Larson (GAML) equation to calculate infiltration in a continuous model. Agarden is the bottom 
area of rain garden (L2). Surface runoff would be calculated if volume of ponding water (STOpr) 
exceeds the ponding storage capacity (Vol(t)).  

 

2.5. Bioretention  



A bioretention facility is a small-scale stormwater management practice that promotes infiltration 
of storm water to reduce its volume, improve its quality, and increase groundwater recharge. 
Bioretention systems contain four completely-mixed layers, including a layer of high permeability 
soil filtration media, covered by an optional thin layer of mulch, storage layer and native soil layer, 
and evapotranspiration, overflow, outflow, exfiltration to native soils and underdrain discharge 
would be accounted (see figure 2.5). The water balance equation for each layer is given as follows.  
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 

 
 

 
 

Figure 2.5 Schematic diagram of a bioretention facility and its hydraulic pattern. 

 
 

2.5.1 Mulch layer 

In VO, Ponding and mulch layers are additional layers of storage for above the bioretention soils. 
The storage capacity of the ponding and mulch layer, Volpm is following by Eq. (2.25): 

  𝑉𝑉𝑓𝑓𝑙𝑙𝑝𝑝𝑚𝑚 = 𝑑𝑑𝑝𝑝𝑡𝑡 × 𝐴𝐴𝑎𝑎𝑟𝑟𝑡𝑡 + 𝑑𝑑𝑚𝑚𝑚𝑚𝑙𝑙 × 𝐴𝐴𝑎𝑎𝑟𝑟𝑡𝑡 × 𝑆𝑆𝑚𝑚𝑚𝑚𝑙𝑙                                                                                  (2.25) 

 
Where Pmul is the effective porosity of the mulch layer [L³/L³]; dpo and dmul are the ponding and 
mulch layer depth [L]. 
 

The volume of water stored in the mulch layer [m³], STOmul, varies in time according to Eq. (2.28): 

 

𝑆𝑆𝑃𝑃𝑆𝑆𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡 − 1) + (𝐼𝐼𝑎𝑎(𝑡𝑡)) × ∆𝑡𝑡                                                                                               (2.26) 

𝑄𝑄𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡) − 𝑉𝑉𝑓𝑓𝑙𝑙 𝑝𝑝𝑚𝑚                                                                                                          (2.27) 



𝑆𝑆𝑃𝑃𝑆𝑆𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡 − 1) − (𝐼𝐼𝑅𝑅𝑃𝑃𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡) + 𝑃𝑃𝑃𝑃𝑎𝑎𝑟𝑟𝑡𝑡) × 𝐴𝐴𝑎𝑎𝑟𝑟𝑡𝑡                                               (2.28)   

Where STOmul is volume of water in a mulch layer (L3) during the time step t; Ib is the inflow to 
the bioretention (L3/T). INFmul, which is constant (L/T) in a single even t and using Green-Ampt 
Mein-Larson (GAML) equation to calculate infiltration in a continuous model. Abio is the bottom 
area of the bioretention (L2); Qmul is the overflow volume (L3).  

 

2.5.2 Engineering Soil Layer  

The water volume stored in the model’s engineering layer, SWb, is given by Eq. (2.30): 

𝑆𝑆𝑆𝑆𝑎𝑎 = 𝑆𝑆𝑆𝑆 ∗ 𝑑𝑑𝑠𝑠𝑡𝑡𝑟𝑟𝑙𝑙 × 𝐴𝐴𝑎𝑎𝑟𝑟𝑡𝑡              𝑂𝑂𝑓𝑓 𝑡𝑡 = 0                                                                                        (2.29)  
𝑆𝑆𝑆𝑆𝑎𝑎(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑎𝑎(𝑡𝑡 − 1) + ��𝐼𝐼𝑅𝑅𝑃𝑃𝑚𝑚𝑚𝑚𝑙𝑙(𝑡𝑡) − 𝑆𝑆𝑃𝑃(𝑡𝑡)� × ∆𝑡𝑡 − 𝑃𝑃𝑃𝑃𝑎𝑎𝑟𝑟𝑡𝑡�× 𝐴𝐴𝑎𝑎𝑟𝑟𝑡𝑡 − 𝑆𝑆𝑂𝑂𝑡𝑡𝑓𝑓(𝑡𝑡)𝑎𝑎) × ∆𝑡𝑡(2.30) 
 

Where PC is the percolation rate in the engineering soil base to storage layer (L/T); 𝑆𝑆𝑂𝑂𝑡𝑡𝑓𝑓(𝑡𝑡)𝑎𝑎is 
the rate of outflow to native soils from the engineering soil root zone [L³/T]. 

2.5.3 Storage layer  

The volume of water contained in the storage [L³] is given by eq (2.31), STObs: 

𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑎𝑎𝑠𝑠(𝑡𝑡 − 1) + �𝑆𝑆𝑃𝑃(𝑡𝑡) − 𝐼𝐼𝑅𝑅𝑃𝑃𝑎𝑎𝑠𝑠(𝑡𝑡)� × ∆𝑡𝑡 − 𝑃𝑃𝑃𝑃𝑎𝑎𝑟𝑟𝑡𝑡) × 𝐴𝐴𝑎𝑎𝑟𝑟𝑡𝑡 − 𝑆𝑆𝑓𝑓𝑂𝑂𝑓𝑓𝑎𝑎(𝑡𝑡) × ∆𝑡𝑡  (2.31)       

Where INFbs and Orifb are infiltration rate(L/T) and underdrain flow(L3/T) to native soil from 
storage layer.  

   

3.6 Enhanced Swale  

Enhanced grass swales are gently sloping vegetated open channels designed to convey and treat 
stormwater runoff. They are designed with limited longitudinal slopes to force the flow to be slow 
and shallow, thus allowing for particulates to settle and limiting the effects of erosion.  Berms 
and/or check dams installed perpendicular to the flow path promote settling and infiltration (see 
figure 2.6). In VO, the enhanced swale system includes surface ponding and storage layers. In the 
ponding layer, Manning’s equation (equation 1.6) is used to calculate the flow capacity (Qes) of a 
swale. This allows the flow rate and flood levels to be determined for variations in swale 
dimensions, vegetation type and longitudinal grade. If inflow is small than the flow capacity (Qes), 
inflow would infiltrate into the storage layer, while inflow would be equal to flow capacity.    The 
water volume stored in the surface ponding layer, STOpes, is given by Eq. (2.33): 

𝐼𝐼𝑒𝑒𝑠𝑠 = 𝑄𝑄𝑒𝑒𝑠𝑠 𝑂𝑂𝑓𝑓 𝐼𝐼𝑒𝑒𝑠𝑠 ≥ 𝑄𝑄𝑒𝑒𝑠𝑠                                                                                                                                                                                                                             (2.32)                                                                  

𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑒𝑒𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑒𝑒𝑠𝑠(𝑡𝑡 − 1) + 𝑆𝑆𝑂𝑂𝑡𝑡𝑓𝑓𝑒𝑒𝑠𝑠 × ∆𝑡𝑡 − 𝐼𝐼𝑅𝑅𝑃𝑃𝑒𝑒𝑠𝑠 × 𝑆𝑆𝑒𝑒𝑠𝑠 × 𝑃𝑃𝐿𝐿𝑒𝑒𝑠𝑠                                                     (2.33)  

𝑄𝑄𝑒𝑒𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑒𝑒𝑠𝑠(𝑡𝑡) − 𝑉𝑉𝑓𝑓𝑙𝑙(𝑡𝑡)                                                                                                               (2.23) 



 

𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑒𝑒𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑝𝑝𝑒𝑒𝑠𝑠(𝑡𝑡 − 1) + 𝑄𝑄𝑒𝑒𝑠𝑠 × ∆𝑡𝑡 − 𝐼𝐼𝑅𝑅𝑃𝑃𝑒𝑒𝑠𝑠 × 𝑆𝑆𝑒𝑒𝑠𝑠 × 𝑃𝑃𝐿𝐿𝑒𝑒𝑠𝑠                      

Where STOes is volume of water in a surface ponding (L3) during the time step t; Qes is the outflow 
calculated by using manning equation (L3/T). INFes, is permeability (L/T) from swale surface 
(INFper) to the storage layer and is determined by users. Wes is width of the swale (L); ELes is the 
effective length (L).  

 

Figure 2.6 Enhanced swale plan view 

 

In the storage layer, if inflow rate is small than permeability, permeability is equal to inflow rate. 
The water volume in the storage layer is written by Eq. 2.24. Figure 2.7 illustrates a typical 
hydrology of a rain garden system. 
 

𝑆𝑆𝑃𝑃𝑆𝑆𝑒𝑒𝑠𝑠(𝑡𝑡) = 𝑆𝑆𝑃𝑃𝑆𝑆𝑒𝑒𝑠𝑠(𝑡𝑡 − 1) + (𝐼𝐼𝑅𝑅𝑃𝑃𝑒𝑒𝑠𝑠(𝑡𝑡) − 𝐼𝐼𝑅𝑅𝑃𝑃𝑒𝑒𝑠𝑠𝑡𝑡) × ∆𝑡𝑡 × 𝐴𝐴𝑒𝑒𝑠𝑠 − 𝑆𝑆𝑓𝑓𝑂𝑂𝑓𝑓𝑒𝑒𝑠𝑠(𝑡𝑡) × ∆𝑡𝑡 

 

Where STOes is volume of water in a storage layer (L3) during the time step t; INFeso, which is 
constant (L/T) in a single even t and using Green-Ampt Mein-Larson (GAML) equation to 
calculate infiltration in a continuous model. Aes is the bottom area of the swale(L2); Orifes is the 
underdrain flow(L3/T).  

 

 



 

 

 

 

 

 

 

 

 

Figure 2.7 Schematic diagram of a enhanced swale  

 


