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Constructed wetlands are increasingly being used worldwide to facilitate nutrient removal, 

in particular, phosphorus in Florida, from agricultural runoff or conventional wastewater 

treatment plant effluents. Two-dimensional (2-D) flow dynamics, solute transport, and 

phosphorus dynamics models are developed to simulate spatio-temporal variations of flow 

and/or phosphorus dynamics in constructed wetlands. The MIKE 21 hydrodynamics (HD), 

advection-dispersion (AD), and ECO Lab models were adopted as the basic framework with 

modifications and enhancement of phosphorus kinetic pathways to incorporate ecosystem 

dynamics among water column, floc and upper soil layers, and vegetative communities including 

emergent aquatic vegetation (EAV), submerged aquatic vegetation (SAV), and periphyton. The 

models were calibrated and validated for two constructed wetland systems in Florida: the 

Orlando Easterly Wetland (OEW) Cell 7 and the Stormwater Treatment Area (STA) 5 northern 

flow-way. The spatio-temporal water level fluctuations, tracer (bromide/chloride), and 

phosphorus concentration profiles were reasonably simulated through linkages between the HD 

and the AD or ECO Lab model, and key model parameters were estimated. 

The OEW modeling study is focused on impacts of topographic and vegetative 

heterogeneity on short-circuiting flow through sensitivity analysis deduced during model 
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calibration on a bromide breakthrough curve. The short-term simulation results show that relic 

ditches or other ditch-shaped landforms and the associated sparse vegetation along the main flow 

direction intensify the short-circuiting pattern, considerably reducing hydraulic efficiency. 

In the northern flow-way of STA 5, the HD model calibration for six long-term monitoring 

sites accurately represented observed annual variations in hydroperiod. On average, the root-

mean-square error (RMSE) for predicting daily water level was less than 0.10 m. Manning’s 

roughness coefficients for dense EAV and SAV areas, which were estimated as a function of 

vegetation type and density, ranged from 0.67 to 1.0 s/m1/3 and 0.12 to 0.15 s/m1/3, respectively. 

The AD model calibration for four long-term monitoring sites agreed very well with the 

measured annual variations in chloride concentration with the average RMSE of 13.48 mg/L. 

Longitudinal dispersivity was estimated to be 2 m and was over an order of magnitude higher 

than the transverse one. Results of conservative phosphorus transport simulation confirm the 

findings of recent STA studies that the EAV systems are less efficient for phosphorus retention 

compared to the SAV systems and current STA system is not sufficient for reducing dissolved 

organic phosphorus (DOP) concentration to very low levels. Linked with the HD model, the 

calibrated ECO Lab phosphorus dynamics model better simulated observed annual variations in 

soluble reactive phosphorus (SRP) and DOP level than particulate phosphorus (PP) level, which 

is primarily due to uncertainty of model parameters on spatio-temporal variations of mass 

transfer mechanisms between water column and floc layer. 

Several limitations of this modeling study are addressed, followed by recommendations for 

future study to develop a more robust scientific and management modeling tool for constructed 

wetlands, overcoming the shortcomings of traditional treatment wetland modeling approaches. 
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CHAPTER 1 
INTRODUCTION 

Study Background 

Constructed wetlands are increasingly being used to facilitate nutrient removal from 

conventional wastewater treatment plant effluent and agricultural runoff (Kadlec and Hammer, 

1988; Hammer, 1989; Brix, 1994; Kadlec and Knight, 1996; Gopal, 1999; Haberl, 1999; Mitsch 

et al., 2000; Schaafsma et al., 2000; Chimney and Goforth, 2001; Braskerud, 2002; Black and 

Wise, 2003; Chimney and Goforth, 2006). This is a result of the acknowledgement, 

development, and application of the natural ability of wetlands to transform and store organic 

matter and nutrients among the newly-recognized multiple functions and values of wetlands, 

which once were regarded as wastelands (Mitsch and Gosselink, 1993; Brix, 1994). In addition, 

these extensive applications of the wetland function of water quality improvement are attributed 

to the fact that using constructed wetlands is generally one of the most ecologically friendly and 

cost-effective green technologies for removing nutrients, primarily nitrogen and phosphorus 

(Goforth, 2001). 

The Everglades is an internationally-recognized, subtropical wetland ecosystem in South 

Florida. It was historically a vast oligotrophic freshwater wetland that almost covered the 

landscape of South Florida before the 1900s (Chimney and Goforth, 2001). However, the 

ecologically unique wetland system has been adversely impacted by the altered hydrology that 

was originally manipulated for flood control and the influx of nutrient-rich runoff generated from 

urban development and agricultural activities (Newman and Lynch, 2001). 

Eutrophication caused by excess loadings of nutrients into a variety of aquatic bodies is 

one of the biggest environmental concerns around the world. In the Everglades, deteriorated 

water quality and substantial shifts in plant and microbial communities, which are highly 
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sensitive to phosphorus availability, have been reported in downstream areas of agricultural 

runoff discharge (Davis, 1994; Doren et al., 1997; Nungesser and Chimney, 2001). Phosphorus, 

which is a vital element of all natural systems and a major component in most fertilizers, has 

been designated as the trigger that has put the fragile ecosystem at risk. Excess phosphorus found 

in stormwater discharge from agricultural and urban areas ultimately reaches the Everglades. It 

accelerates algal growth and an overabundance of exotic species, replacing native biota, which is 

harmful to the marsh ecosystem. 

Since Florida’s 1994 Everglades Forever Act was set into action, several construction, 

research, and regulation activities for restoring the remaining Everglades ecosystem have been 

conducted, including application of constructed wetlands referred to as Stormwater Treatment 

Areas (STAs) and implementation of Best Management Practices (BMPs) (Goforth, 2001). The 

South Florida Water Management District (SFWMD) is the government agency responsible for 

the design, construction, and maintenance of the STAs. With respect to the phosphorus concern, 

the Act mandated to set both interim (50 ppb as TP) and long-term water quality goals (likely or 

nearly 10 ppb as TP) for ultimate restoration and preservation of the Everglades. Of the many 

efforts to reduce phosphorus concentration entering the Everglades to fulfill the interim goal, it 

was reported that significant phosphorus load reductions have been successfully achieved 

through STAs (Goforth, 2001).  

To date, the Everglades STAs, which is the largest constructed wetland system in the 

world (Chimney and Goforth, 2001), is a typical example showing that application of 

constructed wetlands is an effective and powerful technology for reduction of phosphorus 

concentrations. According to the operational performance results (May 1995 to April 1999) of 

Everglades Nutrient Removal Project (ENRP), which is now incorporated into STA-1W, 
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phosphorus concentrations at the outflow pump station ranged from 10 to 39 ppb as TP 

compared to inflow concentrations ranging from 57 to 201 ppb as TP and total 77.1 % TP load 

reduction was achieved (Nungesser and Chimney, 2001). Early results on average phosphorus 

removal performance of all the operational STAs revealed that outflow phosphorus 

concentrations of 25 to 35 ppb as TP may be sustainable in the STAs (Goforth, 2001). When the 

STAs are used in combination with the Advanced Treatment Technologies (ATTs), which are 

alternative phosphorus reduction technologies to meet the long-term outflow phosphorus 

concentration goal, such as SAV (Knight et al., 2003)/periphyton-based STAs (Bays et al., 2001; 

DeBusk, et al., 2004; McCormick et al., 2006) and hybrid systems of chemical and biological 

treatment (Gu et al., 2001), phosphorus discharge is expected to be reduced to very low levels 

(10 to 20 ppb as TP) (Chimney and Goforth, 2001; Goforth, 2001). Recently, several projects to 

optimize nutrient removal performance by the STAs are being extensively conducted in addition 

to the development of the ATTs (Goforth, 2001; Newman and Lynch, 2001; Dierberg et al., 

2002; Dierberg et al., 2005; Pietro et al., 2006).  

Phosphorus is not conservative in wetland systems; that is, it interacts strongly with 

wetland soils and biota, which play a key role in short or long-term phosphorus storage (Kadlec, 

1997). In terms of nutrient removal in wetlands, as the phosphorus cycle has a significant 

difference from nitrogen in that there is no complete phosphorus removal mechanism similar to 

denitrification process in nitrogen cycle. Some phosphorus input into a wetland system is 

temporarily retained as various forms. Phosphorus retention can be defined as the capacity of a 

wetland to remove phosphorus from the water column through physical and biogeochemical 

processes and retain it in a form not easily released under normal conditions (Reddy et al., 1999). 

As the retention capacity is spatially heterogeneous and temporally not unlimited within a 
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wetland system and is highly dependent on the change of biogeochemical condition such as 

redox and pH, mainly resulted from altered hydrology, phosphorus retention has been 

traditionally considered as a black box due to its complexity even in many constructed wetland 

systems. As a result, treatment efficiency has been mainly estimated and compared through 

empirical input-output analysis or simple first-order kinetic model (Kadlec, 1994b; Kadlec and 

Knight, 1996; Reddy et al., 1999). 

The most important factor sustaining the structure and function of wetland systems is the 

flow (Hammer, 1989; Arnold et al., 2001). Understanding flow characteristics in constructed 

wetlands is also essential because it basically determines the availability of pollutants for 

assimilation by biota and sorption by soils. In addition, it significantly changes temporally 

because storm events in the wet season can generate huge runoff; on the other hand, drought in 

the dry season makes the wetland surface almost dry. In spite of its importance, wetland flow 

dynamics has been traditionally considered under unrealistic hydraulic conditions such as steady-

state and plug-flow condition, which are based on unrealistic physical settings such as 

rectangular wetland shape, constant flat bathymetry (slope), and single value of flow resistance. 

This is the inherent limitation of traditional wetland phosphorus retention models, which mainly 

depend on one-dimensional (1-D), conceptual, and parameter-lumped modeling approaches. In 

addition, it is neither easy to find the physical meanings of their key parameters associated with 

phosphorus retention nor possible to estimate the impacts of various physical and ecological 

factors affecting the flow and phosphorus dynamics independently. Kadlec (2000) suggested that 

new paradigms are required that incorporate the ability to describe short-circuiting and spatial 

distribution of vegetation, indicating the inadequacy of traditional phosphorus retention 

modeling approaches. Even though these traditional modeling approaches have been very useful 
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as a management modeling tool during the early stage of system development, and a predictive 

tool of long-term treatment efficiency, more advanced modeling approaches for flow and 

phosphorus dynamics in constructed wetlands are necessary to more systematically understand 

and predict the internal processes of a block box, overcoming the critical shortcomings of 

previous modeling efforts (Clement et al., 1998).  

Multi-dimensional, physically-based, fully distributed hydrodynamics/phosphorus 

dynamics modeling approaches have been suggested as one of the alternatives (Feng and Molz, 

1997; Persson et al., 1999; Howell et al., 2005). However, several shortcomings of these 

modeling approaches have been also reported: (1) requirement of enormous input data and 

physical parameters, (2) complexity of model calibration/validation, (3) model uncertainty, and 

(4) requirement of huge time and effort (Fernandez et al., 2006).  

In spite of the shortcomings, these approaches have been more widely applied in a variety 

of water bodies, such as stream (DeAngelis et al., 1995), ditches (Janse, 1998), lakes (Chen, 

1994; Chen and Sheng, 2005; Chao et al., 2006), reservoirs (Clement et al., 1998), estuaries 

(Chen, 1994; Wang et al., 2003a and b), and riparian wetlands (van der Peijl and Verhoeven, 

1999; Wang and Mitsch, 2000). This is due to the recent tremendous progress in computer 

technology, which allows use of both temporal and spatial data resulting in more sophisticated 

numerical models. However, these approaches have rarely been applied for flow and nutrient 

dynamics in large-scaled, subtropical constructed wetlands. This study presents the development 

and application of a coupled model for flow and phosphorus dynamics with limited field data 

collected at two constructed wetland systems in South Florida. This study is expected to be a 

stepping stone for all the future modeling efforts on the development of more advanced flow and 
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nutrient dynamics models applicable to a variety of constructed wetland systems as well as to the 

Everglades stormwater treatment areas in operation or in preparation. 

Study Objectives 

In order to manage the eutrophication problem effectively, it is imperative to have a 

systematic understanding of the behavior and fate of target nutrients in an aquatic body. 

Phosphorus dynamics in constructed wetlands are not only determined by biogeochemical 

processes, but by flow dynamics and associated solute transport processes such as sedimentation 

and resuspension. For example, fast moving flow generated by a storm event can lead to 

resuspension of bottom sediments in a treatment cell, instantaneously increasing particulate 

phosphorus level in water column. The increased particulate phosphorus can be transformed into 

soluble reactive phosphorus by degradation or desorption in the water column, which can form 

favorable conditions for eutrophication. In addition, hydrodynamics and solute transport 

processes often play a role as the dominant control factor on phosphorus dynamics in wetland 

ecosystems, because a physical process usually occurs more quickly than a biogeochemical one 

(Chen, 1994).  

Due to the importance of hydrodynamics and solute transport processes to phosphorus 

dynamics in constructed wetlands, this study intended to develop a hydrodynamics-solute 

transport-water quality integrated model for flow and phosphorus dynamics in constructed 

wetlands, directly applicable particularly to large-scaled, treatment wetland systems in South 

Florida, using a pre-developed numerical modeling program, MIKE 21, developed by the Danish 

Hydraulic Institute (DHI) for two-dimensional (2-D) free surface flows occurring in the areas 

such as coastal hydraulics and oceanography. The integrated modeling approaches have been 

mainly developed and applied in various water bodies; however, multidimensional, coupled 

modeling efforts for flow and phosphorus dynamics in constructed wetlands have been rarely 
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reported. For this, the numerical model was modified to fit the physical settings of a constructed 

wetland, and some field data were collected in the OEW Cell 7 and the STA 5 northern flow-way 

to explore the applicability of a 2-D, physically based, fully distributed, dynamics modeling 

approach in wetland ecosystems. 

Through model application, the next goals are: (1) to figure out key physical factors or 

processes to regulate the flow and phosphorus dynamics in constructed wetlands, (2) to 

investigate the effects of hydrodynamics and solute transport processes on phosphorus cycle in 

constructed wetlands quantitatively, (3) to suggest the value or range of key model parameters 

commonly used in other flow and phosphorus dynamics models, and (4) to obtain useful 

implications (from data collection to model modification level) for future modeling efforts on the 

development and application of more advanced coupled model for flow and phosphorus 

dynamics in constructed wetlands as a tool of predictive model.  

To accomplish these objectives, first of all, spatial and temporal field data available on 

physical setting, hydrology/hydraulic, soil, and vegetation of two study areas were collected and 

analyzed primarily through database website for time series hydrology and water quality data (i.e. 

DBHYDRO, which is a SFWMD’s online environmental database) and geographic information 

system (GIS) as well as literature review or personal contact. Secondly, modified numerical flow 

and phosphorus models were applied to the field data. Then, simulated model results on 

hydroperiod, chloride, and phosphorus species were analyzed and compared to measured data. 

Based on the results of model calibration, validation, and sensitivity analysis, some conclusions 

were elicited. 
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CHAPTER 2 
LITERATURE REVIEW 

Wetland Hydrology/Hydraulics 

Hydrology is one of the most fundamental components sustaining the structure and 

function of wetlands. It controls the hydroperiod of a wetland ecosystem and affects the 

formation of wetland-specific soil and vegetation types and their temporal and spatial 

distribution. However, it is not a simple to simulate wetland flow because it is usually very 

difficult to measure each component of the wetland water budget such as surface water-

groundwater interaction and evapotranspiration precisely.  

In spite of the difficulty, many researchers have been trying to develop more advanced 

flow models to mimic the complex, transient flow pattern. In this section, the historical wetland 

flow modeling efforts are reviewed, which is followed by a brief discussion on several physical 

factors affecting wetland hydraulic performance.  

Wetland Flow Models 

Kadlec (1994a) suggested three types of models that can explain experimental tracer 

response curves in free-water wetlands: (1) plug flow with dispersion, (2) Tank-In-Series (TIS), 

and (3) a series-parallel network of Continuous Stirred Tank Reactors (CSTRs). In the first 

model, mixing is assumed to follow an advection-dispersion equation. The second model is 

based on the conceptual compartmentalization of wetland into a series of well-mixed regions. 

The third model, called a network model, consists of a series of well-mixed zones in a main flow 

path, which interchanges water and dissolved substances with side zones or storage zones that 

are not in the main flow path. Such a network idea was originally proposed by Levenspiel (1972) 

for chemical reactors; however, the same concept has been applied to various aquatic systems 

including wetlands (Kadlec, 1994a; Werner and Kadlec, 2000). Werner and Kadlec (2000) 
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extended Levenspiel’s ‘Model G’ to the case of an infinite side tanks called zones of diminished 

mixing (ZDMs), represented by CSTRs connected to main channel represented by a plug flow 

stage. Although those models are not site-specific and can simulate more realistic residence time 

distribution of non-ideal flows of constructed wetlands because various natural and constructed 

wetlands actually show intermediate flow characteristic between plug flow and complete mixing, 

it is difficult to find any physical meaning for the key parameters of those models, and they all 

have an inherent limitation as a 1-D, conceptual model, which is not enough to describe 2-D, 

transient wetland flow characteristics. The mathematics and detail description of each model 

were well discussed by Kadlec (1994a), Kadlec and Knight (1996), and Werner and Kadlec 

(2000).  

In addition to these conceptual models, there are several wetland hydrologic models. 

Konyha et al. (1995) described a continuous hydrologic model called SWAMPMOD that can be 

used in the design of constructed wetlands. In the paper of Su et al. (2000), a semi-distributed 

hydrological model (modified SLURP) was used to simulate water level fluctuations over a 28-

year period for a 3-ha prairie wetland in Saskatchewan. A spatial hydrology model (HYDRO-

MODEL), which was developed with Arc/Info Macro language routines in the GRID 

environment, was used to assess the spatial extent of the Suwannee River’s sill effects on the 

swamp hydrology, to predict hydrological changes expected with sill removal, and to examine 

the sill’s role in affecting vegetation distribution in the Okefenokee Swamp, Georgia (Loftin et 

al., 2001). In this model, the 22 vegetation types were regrouped and coded to assign Manning’s 

coefficients to each model grid to reflect the change of surface water flow rates through 

vegetation. Potential evapotranspiration was calculated by using Thornthwaite’s equation and 

was applied being considered as actual evapotranspiration. Groundwater exchange was not 



 

26 

modeled because the exchange was assumed to be negligible in the swamp. System sensitivities 

to changes in topography manipulation, outflow, and evapotraspiration rate were analyzed, and 

the results were discussed (Loftin et al., 2001).  

Water budget models form another type of wetland hydrology model (Walton et al., 1996, 

Arnold et al., 2001; Dadaser-Celik et al., 2006). A Wetlands Dynamic Water Budget Model 

(WDWBM), which provides magnitude for the water budget components as well as hydraulic 

components such as water depths, discharges, and flow velocities throughout the modeled area, 

was developed and applied to an Arkansas swamp (Walton et al., 1996). This model includes 

three dynamically-linked modules: surface water, vertical processes, and horizontal groundwater 

flow module. On the other hand, the modified Soil and Water Assessment (SWAT) model, one 

of the water budget models, was used to evaluate suitability of mitigation bank design along 

Trinity River, Texas (Arnold et al., 2001). This model was used to assess whether storm flow and 

baseflow could maintain the proposed bottomland wetland ecosystem.  

In terms of hydrology-ecology dynamics, Poiani and Johnson (1993) developed a spatial, 

deterministic model to simulate the hydrologic and vegetation dynamics based on data from 

semi-permanent prairie wetlands located in North Dakota that were slightly brackish and located 

at groundwater discharge or flow-through areas. In the hydrologic submodel programmed in 

BASIC, the surface water levels were simulated based on input data of precipitation, runoff, and 

potential evapotranspiration. Groundwater processes were not considered, and evpotranspiration 

was calculated by applying Thornthwaite’s method (potential evaporation) and transpiration 

scalar. The vegetation submodel programmed within a GIS estimated the amount and 

distribution of emergent plant cover and open water. Water elevation data calculated from the 

hydrologic submodel were used as input data to the vegetation submodel. An actual distributions 
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of vegetation types observed from aerial photographs were compared to the results of each 

simulation using actual and calculated water levels to assess the combined performance of both 

submodels, and implications and applicability for ecological wetland managements were 

discussed (Poiani and Johnson, 1993).  

Several examples of other wetland flow models, including multidimensional wetland 

hydrodynamics model, are summarized. The local hydrology of a cypress pond/flatwood forest 

system was modeled using WETLANDS, a multidimensional water flow and solute transport 

numerical model that provides dynamic linkages among pond water, unsaturated soil zones, and 

groundwater (Mansell et al., 2000). The SIDRA-MAGE model, which coupled the field-scale 

hydrology model SIDRA with the channel routing model MAGE, was used to simulate the 

change in subsurface and open channel flows caused by the increase of drained areas in a 

freshwater marsh for eight drainage schemes (Giraud et al., 1997). Development of a 2-D, 

diffusion-based, wetland hydraulics model (WETFLOW) was presented by Feng and Molz 

(1997). This model was applied to low gradient, 1-D (for laboratory experiment) and 2-D flow 

fields (for a wetland pond), respectively, and the results showed the significance of the effect of 

topography changes on flow depth and velocity variations. Finally, MODFLOW wetland 

simulation module was developed by Restrepo et al. (1998) and applied with the groundwater 

flow model in the north-central Miami-Dade County, Florida (Wilsnack et al., 2001). The results 

of this application showed that the module was suitable for simulating regional wetland 

hydrology within the Everglades. 

Wetland Hydraulic Performance 

In order to simulate the removal or retention of a variety of pollutants in constructed 

wetlands effectively, understanding those hydraulic characteristics controlled by the physical 

setting, such as shape, bathymetry, slope, existence of hydraulic structure and its type, and 
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vegetation, is essential because flow basically plays a role of medium to carry pollutants to biota 

and soil. The residence time distribution (RTD) determined by tracer experiment in a wetland 

has been used as an important tool to understand wetland hydraulics (Kadlec and Knight, 1996; 

Persson, 2000; Werner and Kadlec, 2000; Holland et al., 2004). Specifically, through the 

moment analysis of an RTD, several parameters for measuring and comparing the hydraulic 

performances of various constructed wetlands are elicited (Persson et al., 1999; Martinez and 

Wise, 2003b).  

Short-circuiting flow is one of the hydraulic characteristics most commonly observed in 

various constructed wetland systems. In general, naturally-formed or man-made low elevation 

areas exist in wetlands, even within constructed wetlands. Water flow makes these zones 

interconnected and canalized, which show deeper water depth and less vegetation density (less 

hydraulic resistance) compared to the adjacent shallow-depth, flat-bottomed, vegetative areas, 

causing hydraulic short-circuiting (Dierberg et al., 2005). They reduce hydraulic retention time 

in a treatment cell and leave large isolated, stagnant areas only tangentially affected by the 

incoming water, decreasing the treatment efficiency. Hence, it is one of the biggest obstacles to 

successful treatment wetland design and management (Persson, 2000).  

Several researchers have reported the factors affecting short-circuiting flow in constructed 

wetlands (Thackston et al., 1987; Kadlec and Knight, 1996; Persson et al., 1999; Persson, 2000; 

Koskiaho, 2003; Persson and Wittgren, 2003; Holland et al., 2004; Dierberg et al., 2005; Jenkins 

and Greenway, 2005; Wörman and Kronnäs, 2005) as follows: 

• Wetland shape or the length-to-width ratio 
• Wetland depth or water level  
• Wetland flow rate 
• Wetland bathymetry or basin morphology 
• Wetland vegetation: type, density, and spatial distribution 
• Wetland hydraulic structures: type and location 
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• Wetland internal structures such as subsurface berms and islands 
• Wind  

 
Phosphorus Dynamics in Wetlands 

Many aquatic bodies, including surface flow constructed wetland systems, are phosphorus-

limited. The Everglades in South Florida, a huge oligotrophic marsh with historical phosphorus 

levels around 10 ppb as TP, is one of the most representative phosphorus limited ecosystems in 

the world. Under this condition, excess phosphorus loading breaks up the ecological balance of 

an ecosystem set over a long time, increasing primary production of various plants, which are not 

originally dominant. In order to resolve these problems, constructed wetlands are increasingly 

being used to reduce the external loading from uplands prior to entering downstream aquatic 

water bodies effectively (Gopal, 1999; Carleton et al., 2001).  

Figure 2-1 shows a conceptual diagram of phosphorus dynamics in wetlands. The general 

characteristics of phosphorus dynamics in constructed wetlands are not different than those of 

natural wetlands. However, the main concern in constructed wetlands is to enhance phosphorus 

retention and inhibit release into water column to meet the goal mentioned above. Phosphorus 

retention/release processes are a natural part of phosphorus cycle in wetlands. Therefore, it is 

extremely important to understand the phosphorus dynamics in wetlands systematically to 

maximize the treatment efficiency and to develop an optimized treatment model. After a brief 

summary on phosphorus retention/release in wetlands, historical phosphorus retention modeling 

efforts are reviewed, followed by a brief discussion on two traditional modeling approaches.  

Phosphorus Retention/Release 

In general, phosphorus retention mechanisms can be classified into two categories: (1) 

biotic processes such as the uptake by macrophytes, periphyton, and microorganisms and (2) 

abiotic processes including sorption and exchange by wetland soils, chemical precipitation, and 
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mechanical sedimentation (Reddy et al., 1999). As retention processes are differently regulated 

by the analytical forms of phosphorus, which are commonly categorized into four groups: (1) 

dissolved inorganic phosphorus (DIP) or soluble reactive phosphorus (SRP), (2) dissolved 

organic phosphorus (DOP), (3) particulate inorganic phosphorus (PIP), and (4) particulate 

organic phosphorus (POP), it is essential to consider all chemical fractions of total phosphorus 

(TP) when we need to understand the specific retention mechanisms more systematically. For 

instance, only SRP is generally considered bioavailable. Hence, when it comes to biotic retention 

processes, SRP concentration can be more critical than TP. On the other hand, physical retention 

mechanisms such as sedimentation and resuspension of phosphorus are highly associated with 

only particulate phosphorus (PP) concentration (Chen and Sheng, 2005). Therefore, the key 

mechanism and efficiency of phosphorus retention in constructed wetlands are not always the 

same but highly variable according to the characteristic of phosphorus chemical fractions in 

input water and the design and performance of constructed wetlands. 

Once temporally retained, phosphorus is often released as a form of dissolved and 

particulate phosphorus into water column through biotic and abiotic processes. This internal 

loading often constitutes a substantial part of the total loading, preventing the fulfillment of 

established water quality criteria, even though external loading is significantly reduced (Fisher 

and Reddy, 2001; Søndergaard et al., 2001). First, the change of physicochemical parameters, 

such as high pH, reduced redox, and high temperature, accelerates dissolved phosphorus release 

into the water column of constructed wetlands. Anaerobic release of Fe-bound phosphorus is 

well known when redox potential is decreased (Gächter and Meyer, 1993; Reddy et al., 1999) 

and high temperature increases the bacterial activity, giving lower redox potential and a higher 

production of enzymes (Kamp-Nielson, 1975). In addition, it is well known that a sharp diffusion 
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gradient, desorption and dissolution of precipitates and complexes, and enzymatic hydrolysis of 

organic phosphorus (decomposition of vegetation and litter) cause biotic or abiotic release of 

dissolved phosphorus. On the other hand, release mechanisms of particulate phosphorus into 

water column in wetlands are: (1) mechanical resuspension by wind and current, (2) biological 

resuspension by bioturbation from benthic organisms or through the release of wetland gas 

bubbles like CH4 and H2S, and (3) sloughing of periphyton into the water column (Reddy et al., 

1999; Søndergaard et al., 2001). 

Phosphorus Retention Models 

For optimizing the design and management of constructed wetlands and predicting the 

performance of the treatment wetlands under varied conditions such as altered hydroperiod and 

vegetation type/density, a modeling approach is essential. In the review paper of Reddy et al. 

(1999), classification and examples of various phosphorus retention models in stream and 

wetland systems, ranging from simple correlations to complex dynamics models, were 

systematically reviewed.  

An empirical mass balance approach based on input-output analysis is the simplest model 

used to describe phosphorus retention in various wetland systems (Kadlec and Newman, 1992; 

Kadlec and Knight, 1996; Reddy et al., 1999). Next, first-order kinetic models referred to as “k – 

C* model” or the Vollenweider model have been most frequently used to explain exponential 

decrease of phosphorus concentration along the flow direction that has been observed at long-

term field scale (Mitsch et al., 1995; Walker, 1995; Kadlec, 1999a and b; Kadlec, 2000; Black 

and Wise, 2003) and to compare the efficiency of treatment wetlands (Kadlec, 1994b; Kadlec 

and Knight, 1996; Carleton et al., 2001). This model is based on the assumptions that phosphorus 

removal rate is directly proportional to the concentration of phosphorus at a given location and 

the first-order kinetic constant, k, called “volumetric or areal phosphorus uptake rate coefficient”, 
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and lumps all phosphorus retention processes occurring in constructed wetlands (Kadlec, 1997). 

Hence, the performance of a constructed wetland for phosphorus removal is expressed by a 

single constant. 

In addition to the relatively simple two models mentioned above, there are several 

phosphorus models developed either to describe a specific process in phosphorus cycle or to 

apply phosphorus model for specific purposes. Sediment flux models are specifically designed to 

describe phosphorus flux from bottom sediments (Di Toro and Fitzpatrick, 1993; Lijklema, 

1993). Various phosphorus models have also been developed primarily to describe changes in 

ecosystem by environmental conditions (Kadlec and Hammer, 1988; Mitsch and Jørgensen, 

1990) or incorporated into watershed model to simulate phosphorus transport in a rural or urban 

basin; for example, SWMM (Huber and Dickinson, 1988), HSPF (Donigian and Huber, 1990), 

and SWAP (Arnold et al., 1994). These models are useful to simulate a specific process 

associated with the phosphorus transport and dynamics; however, they are insufficient as a 

comprehensive modeling tools for complex phosphorus dynamics among water column, soil, and 

vegetation in constructed wetlands.  

Water flow is a basic component in most solute transport or retention models because 

water is the medium where most solutes including phosphorus are transported or transformed. In 

addition, in terms of treatment wetland efficiency, as manipulating the hydrologic regime to 

increase phosphorus removal efficiency is a desirable strategy for constructed wetlands (Wang 

and Mitsch, 2000), understanding phosphorus dynamics based on accurately-simulated wetland 

flow is essential. It provides a useful tool to understand phosphorus behavior under non-steady 

state, real flow conditions, to test various hypotheses according to changed hydrologic regime 

and ultimately making more realistic predictions.  
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Hydrodynamic transport models, historically developed mainly for streams or rivers, 

however, were seldom applied to wetland systems (Reddy et al., 1999). They can be applied for 

phosphorus retention simulation in constructed wetlands using the same principle once they are 

coupled to appropriate water quality dynamics models, which have been developed to simulate 

the transformations of solutes or pollutants through the interactions with air, sediment, or algae, 

in river and lake systems. Under this flow-water quality integrated dynamics modeling approach, 

the cycle or retention mechanisms of each phosphorus species described as appropriate 

mathematical expressions are coupled into a reaction term of an advection-dispersion equation 

(Chen, 1994; Wang and Mitsch, 2000; Chen and Sheng, 2005). Most of the water quality models, 

including WASP4 (Ambrose et al., 1988), CE-QUAL-RIV1 (Environmental Lab., 1990), and 

RCA (HydroQual, 1995), have been used to simulate phosphorus transport/retention coupled to 

primarily 1-D hydrodynamic models (Reddy et al., 1999). These integrated approaches are 

considered more advanced and comprehensive than other models reviewed earlier because they 

allow one to describe and simulate details of most internal phosphorus retention processes in 

wetlands, which have been traditionally regarded as a black box, on the basis of hydrodynamic 

simulation. 

Management vs. scientific modeling approach 

In summary, there have been two broad types of approach as to traditional phosphorus 

retention modeling: (1) management modeling approach and (2) scientific modeling approach. 

The first approach is a way to describe every retention process occurring in constructed wetlands 

through a certain lumped parameter as shown in Vollenweider and first-order k – C* model. This 

approach generally requires linearly collected samples along the flow direction from inlet to 

outlet point to calibrate the parameter. Often, in case that the hydraulics within constructed 

wetlands is already determined through solute transport modeling based on conservative tracer 
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experiment, only input and output phosphorus concentration profiles are sufficient to estimate 

the value of the parameter.  

Although the former approach is simple to represent and compare the efficiency of nutrient 

removal in constructed wetlands for management purposes and has been empirically proven to 

some extent, it does not provide any detailed information about each physical, biological, and 

geochemical retention process. That is, the physical meanings of lumped parameters are not so 

clear that they can not provide any scientific information on identification of a key retention 

mechanism or quantification of the retention processes. Furthermore, despite the popularity of 

use due to its simplicity, the first-order treatment wetland model includes several unrealistic 

hydraulic assumptions, such as uniform flow, steady state, and plug-flow reactor conditions, 

inherently limiting applicability of the model under real hydrodynamic conditions showing 

transient, highly dispersive, and spatially heterogeneous flow characteristics. As a result, Kadlec 

(2000) and Black and Wise (2003) addressed the inadequacy of the first-order model in that the 

key parameters such as uptake rate coefficient, k and apparent background concentration, C* 

were not independent on hydraulic loading rate and inlet phosphorus concentration. Therefore, 

the first-order model, which has been most commonly applied as the design basis of constructed 

wetlands for phosphorus removal like the Everglades STAs (Walker, 1995), is not sufficient as a 

forecasting tool for detailed phosphorus dynamics in constructed wetlands. 

On the other hand, the scientific modeling approach is often too complex and contains 

unnecessary details because it physically describes retention processes by identifying numerous 

wetland compartments such as litter, sediment, live or dead biomass and regulating appropriate 

transfer among the compartments (Kadlec, 1997). Hence, it usually requires a lot of data for 

model calibration/validation and numerous coefficients or constants that have to be determined 
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to regulate the relationships between state variables. Regarding the shortcomings of these 

dynamics modeling approaches, Fernandez et al. (2006) indicated three shortcomings: (1) it 

usually requires extensive model input data and physical parameters. In many cases, some of the 

model input data or parameters are not available, which makes it difficult to develop the model. 

This also makes it hard to calibrate and validate the model. (2) the underlying uncertainties in the 

parameterization lead to uncertainties in model prediction. (3) time and effort required to run 

those models are usually considerably more than needed by application of conceptual, highly 

simplified lumped-parameter models. In most situations with limited field data, these dynamics 

modeling approaches may not be required to estimate the long-term behavior of phosphorus 

retention in a wetland (Reddy et al., 1999). 

Although there have been always trade-offs between these two types of approaches, the 

latter approach is adapted in this study because it is impossible with the former approach to reach 

the new paradigm mentioned by Kadlec (2000).  
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Figure 2-1. Phosphorus dynamics in wetlands. 
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CHAPTER 3 
HYDRODYNAMICS-WATER QUALITY INTEGRATED MODEL SETUP 

Wetland Model Dimension 

For simplicity, a one-dimensional representation of constructed wetland surface has been 

applied, sometimes enumerating several reasons not to use higher dimension models: (1) 

relatively simple geometry of man-made treatment wetland systems and (2) insufficient data to 

validate a higher dimension model (Kadlec and Hammer, 1988). As a result, most 1-D modeling 

approaches to wetland flow primarily are based on conceptually-lumped models, mainly 

expressed as mixtures of plug flow reactor (PFR) and/or CSTR models (Kadlec and Knight, 

1996).  

However, sheet flow characteristics in constructed wetlands can not be described fully 

using a 1-D flow model, even though flow simulation axis is chosen to correspond to the main 

direction of bathymetry slope in a constructed wetland with simple rectangular geometry. This is 

proved by the fact that the effective volumes of currently operating constructed wetland systems 

are highly diverse as shown by Martinez and Wise (2003b). Many treatment wetlands really 

experience spatially different short-circuiting and long time retention, which is mainly attributed 

to the topographical and vegetative heterogeneity in a constructed wetland. Basically, a 1-D 

model does not provide any specific information on the spatial heterogeneity of flow within a 

treatment cell. Of course, it also has been successfully described through the BTC fitting of 

tracer test with 1-D, conceptual wetland models; however, without a tracer experiment, the 

model calibration is not possible and the approach is primarily applied to only single input-outlet 

systems. For example, in the case of treatment cells with multiple inlet and outlet points, 

commonly observed in South Florida STAs, application of 1-D model is significantly limited.  
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On the other hand, flow and nutrient dynamics in wetlands are different from those in deep 

water bodies such as lakes and estuaries, which temporally show dramatic vertical heterogeneity 

of nutrient level in water column. Even though there is a vertical difference of flow velocity, 

physicochemical parameters, and nutrient concentrations in the wetland water column (Chimney 

et al., 2006), water depth in most constructed wetlands is relatively so shallow, compared to the 

one of lakes or reservoirs, that stratification is usually neglected. Most of all, it is unlikely that 

enough data would be available at any well-studied site to calibrate and implement a 3-D model.  

Therefore, in this study, a 2-D, physically based, distributed flow and water quality 

dynamics modeling approach is selected. 

Overview of Hydrodynamics-Water Quality Integrated Model: MIKE 21 

In this section, a hydrodynamics-water quality integrated numerical model, MIKE 21, is 

reviewed based on its three interconnected fundamental submodules for environmental hydraulic 

simulation: HD, AD, and ECO Lab. Although the MIKE 21 HD and AD models were developed 

for 2-D free surface flows occurring in the areas such as coastal hydraulics and oceanography, 

they seem appropriate for simulation of hydraulic and environmental phenomena in wetlands 

because basic hydraulic principles are almost identical and the model can be easily adjusted to 

the specific wetland conditions through relatively simple conversion of a few model options.  

Basic Parameters 

Key basic parameters to be determined in MIKE 21 are as follows: bathymetry, simulation 

time step, boundary, source and sink, and flooding and drying depth.  

To develop a bathymetry map, the map projection, geographical position of grid origin, 

and model domain size (length of model grid in x and y direction) of study area should be first 

determined. Based on the generated blank bathymetry file, topographic elevation data measured 

in field are assigned. In most cases, as the elevations are reported as a point data type and the 
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number of measurement is not enough to cover the entire model domain, several interpolation 

schemes are usually required. MIKE 21 enables the model users to use one of three types of 

inverse distance weighting (IDW) interpolation scheme. As commonly used interpolation 

schemes like Kriging are not supported by MIKE 21, users have to interpolate their point 

measurement data set to obtain a raster-typed continuous bathymetry map using other computer 

programs. 

MIKE 21 requires the user to specify either the water surface elevation or the flux at all 

open boundary points. Unlike other aquatic bodies, surface inflows and outflows in most 

constructed wetlands are regulated by point source/sink-type hydraulic structures such as pump 

stations, weirs, and culverts. Therefore, the model boundary is closed to represent the berm 

around treatment wetland cells in this study (no surface flow at boundary), and the inflows and 

outflows are instead specified using “source and sink” option at each grid cell corresponding to 

the location of inflow and outflow hydraulic structures. Also, the source and sink option is used 

to represent net groundwater inflow or outflow.  

One of main characteristics of MIKE 21 flow model is that flooding and drying conditions 

of wetland can be represented with respect to the change of hydroperiod using “flood and dry” 

option. According to SFWMD (2005b), detention depth is defined as a ponding depth at a grid 

cell below which no water transfer into the adjacent grid cell is allowed even if a hydraulic 

gradient exists. In the SFWMM model, around 0.1 ft was suggested for the depth in various 

wetland types. Likewise in MIKE 21 HD module, flooding and drying depths have to be 

determined. Above the flooding depth, hydraulic roughness-controlled water flow is horizontally 

transferred along the hydraulic gradient; however, below the flooding depth, water does not 
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move even if a hydraulic gradient exists. If water depth is less than the drying depth, the grid cell 

is considered as a completely dried area. 

Hydrodynamics (HD) Module 

The MIKE 21 HD module is a numerical model for simulation of water levels and flows in 

free surface water bodies. It simulates transient 2-D flows in a vertically-homogeneous layer. 

This module is very important for development of flow-water quality integrated dynamics 

models because the MIKE 21 HD time series output results are used as input for other MIKE 21 

modules such as AD and ECO Lab.  

Governing equations 

The HD module is based on the depth-averaged Saint-Venant equations (Equation 3-1 to 3-

3) describing the evolution of the water level and two Cartesian velocity components u and v, of 

which solutions are numerically obtained from a finite difference form of the equations (Rungø 

and Olesen, 2003).  

The following equations, which are depth-averaged mass and momentum conservation, are 

the general governing equations for MIKE 21 HD model.  
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where h(x, y, t), d(x, y, t), and ζ(x, y, t) are water depth (= ζ- d, m), time varying water depth (m), 

and surface elevation (m), respectively. The other symbols used in Equation 3-1 to 3-3 are as 

follows: p and q(x, y, t) = fluxes in x and y directions (p = uh and q = vh, m2/s; u and v are depth 

averaged velocities in x and y directions), C(x, y) = Chezy resistance (m1/2/s), f(V) = wind friction 

factor, V, Vx, and Vy(x, y, t) = wind speed and the components in x and y directions (m/s), Ω(x, y) 

= Coriolis parameter (1/s), pa(x, y, t) = atmospheric pressure (kg/m/s2), ρw = water density 

(kg/m3), and τxx, τxy, and τyy = effective shear stress components (kg/m/s2). 

Although all these components can affect flow dynamics in the real world and be 

implemented in MIKE 21, several assumptions were made in this study to simplify the HD 

model by considering dominant impacting factors in constructed wetland setting. In this study, 

simplified forms of the above three partial differential equations were based on the following 

assumptions: 

• The fluid is incompressible and has uniform density.  

• Bottom slope is small, and the bathymetry is fixed. 

• Chezy or Manning’s equation, which originally applies to steady uniform flow, can be 
used to describe hydraulic resistances due to bottom and/or vegetation. 

• Coriolis effect, surface resistance by wind, and shear stresses by turbulence are ignored. 

Wind or wave action in shallow aquatic bodies plays an important role in sediment dynamics 

(Chen, 1994); however, this effect can be reduced in densely-vegetated constructed wetland 

systems like EAV treatment cells because emergent vegetation dampens wave energy and 
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shelters the water surface from wind stress (Nepf, 1999; Braskerud, 2001). In addition, it was 

reported that SAV was effective to limit wind-driven sediment and associated nutrient 

resuspension (Dennison et al., 1993; Barko and James, 1997; Horppila and Nurminen, 2003). 

To integrate the numerical formulation of the above equations for mass and momentum 

conservation in the space-time domain, MIKE 21 HD uses a so-called Alternating Direction 

Implicit (ADI) finite difference scheme (DHI, 2005b). Refer to DHI (2005b) for in-depth 

description of numerical formulation and solution algorithm applied in the MIKE 21 HD model, 

including mathematical and numerical background for each of the terms in Equation 3-1 to 3-3. 

Model conditions and parameters 

Key hydrodynamic parameters to be determined in MIKE 21 are as follows: initial surface 

elevation, boundary condition, source and sink including precipitation and evaporation, and 

hydraulic resistance.  

The 2-D map for initial surface elevation is generated using the IDW linear interpolation 

scheme of MIKE 21 from field data collected at several measurement points in study area on the 

simulation start date. If enough data are not available, constant water level can be simply 

specified.  

In this study, there is a no flow boundary condition because any open boundary around 

constructed wetland cell is not assigned at the stage of “Basic parameters” setup. Instead of open 

boundary, the time series magnitude (m3/s), velocity (m/s), and inlet direction of surface water 

inflow are specified at each grid point assigned as an isolate source, and the time series 

magnitude of surface water outflow is specified at each grid point assigned as an isolate sink. All 

these data are based on field measurement and estimation. For groundwater flow, if net 

groundwater seepage is dominant, sink cells are assigned at the groundwater recharge areas with 

the time series discharge (m3/s); on the other hand, if net groundwater inflow is dominant, source 
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cells are assigned at the groundwater discharge areas with the time series discharge and velocity. 

Precipitation and evaporation data are also specified here. Usually there are three types for the 

assignment: (1) tempo-spatially homogeneous, (2) temporally various but spatially 

homogeneous, and (3) tempo-spatially heterogeneous. In many cases, the second option is 

commonly used if the study area is not spatially huge.  

Free surface water movement in natural or constructed wetlands, sometimes called 

sheetflow or overland flow, is usually governed by the hydraulic resistance (roughness). 

Manning’s or Chezy’s coefficient is commonly used to quantify hydraulic resistance caused by 

bottom sediment and vegetation stem/litter friction. Either a constant value applied over the 

whole model area or 2-D map-typed values should be determined. Selection of roughness 

coefficient values appropriate in constructed wetland systems will be discussed in Chapter 4 and 

5 in more detailed.  

Advection-Dispersion (AD) Module 

The MIKE 21 AD module is used to simulate the transport of solutes subject to advection-

dispersion process. In terms of the decay characteristics of a component, either no decay 

(conservative solute) or linear decay (first order decay solute) component is usually assigned. 

Governing equation 

The MIKE 21 AD module numerically solves the advection-dispersion equation for 

substances in water column in two dimensions. Linear decay and source/sink term are included 

with advection and dispersion term of a compound. The governing partial differential equation 

for the AD module is as follow: 

SChF
y
CDh

y

x
CDh

x
vhC

y
uhC

x
hC

t

y

x

+⋅⋅−⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂
⋅⋅

∂
∂

+

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂
⋅⋅

∂
∂

=
∂
∂

+
∂
∂

+
∂
∂ )()()(

          (3-4) 



 

 44

where C, Dx/Dy, F, and S are a solute concentration, x and y directional dispersion coefficient 

(m2/s), first-order decay rate coefficient (1/s), and sources/sinks, respectively. The above 

equation is numerically solved using a third order finite difference explicit scheme, QUICKEST, 

for 2-D AD equation. The details of numerical algorithm and solution technique applied in the 

AD model are described in Ekebjærg and Justesen (1991). 

Model conditions and parameters 

Key advection-dispersion parameters to be determined in MIKE 21 are: component and the 

type (conservative or reactive), initial concentrations, boundary conditions, source and sink, and 

dispersion coefficients. 

In the same way as the specification of initial surface elevation reviewed earlier, the 2-D 

map for initial concentration of components or a constant value is required. In the STA 5 

northern flow-way modeling study, chloride and phosphorus concentrations measured at seven 

sampling points on the simulation start date were used to make the 2-D map using the IDW 

linear interpolation scheme. For each component, a constant or time series inlet component 

concentrations must be specified at each source grid cell defined in the model.  

The dispersion coefficients in x and y direction are among the most important parameters 

in the AD module. Dispersion is a general term to refer to the scattering of a solute in fluid due 

to random processes (molecular or turbulent diffusion) as well as the effect of spatial velocity 

gradients. In MIKE 21, there are two options to assign the coefficients: (1) independent of flow 

velocity and (2) proportional to the flow velocity. If the former is selected, dispersion 

coefficients in both x and y direction must be specified as a form of either 2-D map type or a 

constant value applied to all points in the model domain. On the other hand, if the latter is 

chosen, x and y directional dispersivities must be assigned. In this case, the dispersion 
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coefficients can be continuously changed during the entire simulation period in accordance with 

the flow velocities calculated by the HD module at each simulation time step.  

Model instability problems occur when too high values of dispersion coefficients are used 

(DHI, 2005a). Therefore, a reasonable range of dispersion coefficient must be assigned to avoid 

instability when the first option (proportional to the flow velocity) is selected. Given model grid 

size and time step, the upper limit of dispersion coefficient is determined by the following 

equation (DHI, 2005a), which is related to the Courant number (Cx = u×Δt/Δx and Cy = v×Δt/Δy). 
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In the model application to the OEW Cell 7 (Chapter 4), a 2-D map of dispersion 

coefficient is generated based on a 2-D map of flow velocity at a specific time step using the first 

option; on the other hand, the second option is applied in the model application to the STA 5 

northern flow-way (Chapter 5 and 6). Each dispersivity in the x and y direction was determined 

through calibration on chloride transport simulation, and the upper limit of dispersion coefficient 

was calculated by Equation 3-5. 

Water Quality/Ecological Engineering (ECO Lab) Module 

ECO Lab is a MIKE 21 module developed to simulate water quality, eutrophication, heavy 

metals, and ecology (DHI, 2004a). There are two options to use this module: (1) using the 

predefined ECO Lab templates and (2) developing user’s own ecosystem model through 

modifying the original templates or creating a new template. The demand on customized water 

quality/ecosystem models is generally increasing because the pre-developed models sometimes 

have too many unnecessary components or lack specific processes. ECO Lab is easy to modify 

(or create) and implement the mathematical descriptions of environmental/ecological processes, 

allowing the customized model description in accordance with the variety of ecosystem.  
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It can simulate dissolved substances, particulate matters of dead or living materials, living 

biological organisms, and other components and describe physical and biogeochemical processes 

and interactions among ecosystem state variables. Coupled to the HD and AD module described 

above, transport processes based on AD module are integrated in the ECO Lab simulation. 

Hence, state variables in ECO Lab can either be transported by advection-dispersion processes 

based on hydrodynamics, or have a fixed feature like rooted vegetation (DHI, 2004a).  

The dynamics of mobile ECO Lab state variables can be expressed by a set of solute 

transport equations written as:  
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where P denotes ECO Lab processes. The linear or non-linear relationships among the state 

variable are coupled through the ECO Lab source term P. The above equation is numerically 

solved using an explicit time integration scheme (Euler, 4th order Runge Kutta, or 5th order 

Runge Kutta with quality check) when the concentration of the next time step is calculated. Refer 

to DHI (2004a) for the details of the numerical solution technique.  

Key ECO Lab parameters to be determined in MIKE 21 are: integration method, initial 

conditions, state variables, constants, forcing functions, and processes. The way to set the initial 

conditions of state variables follows the same procedure as specifying the initial concentrations 

of components in the AD module. Each state variable is expressed by a series of processes, 

which link the state variables via mathematically-described physical, chemical, or biological 

reactions. Each process is usually represented as a kinetic form and defined through a 

combination of state variable, constants, and/or forcing functions. Time series input 

concentration profiles of each state variable and the initial condition on model domain are 

usually dependent on field measurement; however, determining the constants is not a simple 
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task. These are usually specified (1) through field or laboratory experiments, (2) from the 

literature sources, (3) by model calibration, or (4) using appropriate estimation or valid 

assumption. 

The next section presents a phosphorus dynamics model for large-scaled, subtropical 

constructed wetlands, which is developed using ECO Lab. The model will serve as a practical 

example to show how each ECO Lab parameter is defined and interconnected with one another. 

Phosphorus Dynamics Model 

Phosphorus concentrations in constructed wetlands change in time and space due to 

seasonal climate changes, input/output mass discharges, surface water-groundwater interactions, 

biogeochemical reactions, as well as flow dynamics. To simulate the dynamics accurately, every 

controlling factor should be appropriately incorporated in the dynamics model. However, many 

assumptions are generally made in numerical modeling approaches for phosphorus because some 

processes in the cycles are very complicated and not fully understood. Therefore, it is neither 

possible nor effective to consider all the components in wetland ecosystems and the associated 

processes and parameters in a model. This shows that it is required to optimize the dynamics 

model as simple as possible according to the application purpose and scope of a model.  

Model Scope 

A phosphorus dynamics model developed using ECO Lab, presented in the following 

sections, has a specific aim to apply the model to large-scaled, subtropical constructed wetland 

systems such as the STAs in South Florida. The application results of phosphorus dynamics 

model to one of the STA systems are discussed in Chapter 6.  

Figure 3-1 illustrates a conceptual diagram of constructed wetland phosphorus dynamics 

model applied in this study. Compared to the traditional diagram shown in Figure 2-1, a couple 

of differences are observed:  
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• Phosphorus dynamics in the floc layer are considered. The floc layer, mainly consists of 
decaying plant materials, exists between water column and the upper soil layer, playing a 
critical role in regulating the level of phosphorus species in water column. In this study, 
particulate phosphorus in the water column is directly deposited into the floc layer, not 
the soil layer and mechanical and/or non-mechanical resuspension are also generated 
from the floc layer toward the water column. The phosphorus cycle in the floc layer is 
assumed to be similar to that in the upper soil layer.  

• Phytoplankton phosphorus is removed from the list of state variables. According to 
McCormick et al. (1998), phytoplankton, consisted primarily of resuspended periphyton 
cells, was sparse in water samples collected from both eutrophic and oligotrophic sites in 
the northern Everglades. They also reported that phytoplankton productivity was 
generally undetectable at each site. Therefore, phytoplankton is not considered a state 
variable in this study.  

• Of the three types of periphyton, benthic periphyton (epipelon) is not considered. The 
ecosystem of STAs is more similar to one of eutrophic area than oligotrophic area in 
Water Conservation Area (WCA) 2A due to the high phosphorus loading rate. The field 
study results of McCormick et al. (1998) revealed that periphyton biomass was low and 
limited to epiphyton and metaphyton (epipelon was undetectable) in openwater areas at 
eutrophic sites and was undetectable in cattail stands in the northern Everglades. Based 
on their finding, no processes related to benthic periphyton are considered in this study.  

• Although it is generally known that EAV roots mainly uptake porewater SRP in soil layer 
of 20 to 30 cm depth, in this model, EAV is assumed to absorb the SRP only in 10 cm 
upper soil layer. In other words, deep soil layer is not considered in this study.  

The phosphorus kinetic pathways shown in Figure 3-1 are incorporated into the reaction 

term, P in Equation 3-6. Like many present water quality models, the phosphorus dynamics 

model used first order kinetics formulations to describe most of the transformation processes, 

except for those associated with biota growth and sedimentation/resuspension. For the growth 

rate of macrophytes and periphyton, Michaelis-Menten kinetics formulations were used. The 

phosphorus dynamics model is calibrated and finally validated by comparing the simulated 

concentrations of each critical state variable with the measurement data, which are described in 

Chapter 6.  

The following sections provide detailed description of ECO Lab phosphorus dynamics 

model.  
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State Variables 

Table 3-1 shows 12 state variables used in the ECO Lab phosphorus dynamics model. 

They are classified into three spatial domains in constructed wetland ecosystems (water column, 

floc layer, and upper 10-cm soil layer). Only four state variables in water column (SRPw, DOP, 

PIP, and POP) are mobile by horizontal solute transport processes, while the other two state 

variables in water column (Pperi and Pmacro) are fixed at each grid cell during the simulation. Six 

state variables in floc and soil layer are not transported by the AD module.  

Due to the difference in physico-chemical conditions, the phosphorus cycles in water 

column and in floc/soil layers are different. The floc and soil layer phosphorus components are 

IP, OP, and porewater SRP, respectively. Although the more detailed soil phosphorus 

fractionation data are often available in South Florida wetlands, they are still not enough to 

verify the tempo-spatial variation of floc/soil phosphorus species in the dynamics model. Since 

horizontal transport is generally very minimal in the floc and soil layers, compared to that in 

water column, mass flows of phosphorus components are primarily vertical.  

The kinetic pathways of 12 state variables are as follows, and each specific transformation 

process is described in the later section: 

• SRPw: Atmospheric deposition + DOP mineralization + Desorption of PIP – Adsorption 
into PIP– Uptake by macrophytes – Uptake by periphyton ± Diffusion from floc layer 
into water column. 

• DOP: Atmospheric deposition + Desorption of POP – Adsorption into POP – DOP 
mineralization. 

• PIP: Atmospheric deposition + Adsorption from SRPw – Desorption of PIP – 
Sedimentation into IPf + Resuspension from IPf. 

• POP: Atmospheric deposition + Adsorption from DOP – Desorption into DOP + 
Mortality of macrophytes + Sloughing of Pperi – Cohesion into Pperi – Sedimentation into 
OPf – Resuspension from OPf. 

• Pperi: Uptake by periphyton + Cohesion of POP – Sloughing of Pperi. 



 

 50

• Pmacro: Uptake by macrophytes – Mortality of macrophytes + Uptake by plant root – Plant 
root decay. 

• SRPf: Degradation of OPf + Desorption of IPf – Adsorption into IPf ± Diffusion from floc 
layer into water column ± Diffusion from soil layer into floc layer. 

• OPf: Sedimentation of POP – Resuspension into POP – Degradation into SRPf – 
Sequestration into OPs. 

• IPf: Adsorption of SRPf – Desorption into SRPf + Sedimentation of PIP – Resuspension 
into PIP – Sequestration into IPs. 

• SRPs: Degradation of OPs + Desorption of IPs – Adsorption into IPs – Uptake by plant 
root ± Diffusion from soil layer into floc layer + Inflow of SRPs from deep soil layer – 
Leaching of SRPs into deep soil layer. 

• OPs: Plant root decay – Degradation into SRPs + Sequestration from OPf – Sequestration 
into deep soil layer. 

• IPs: Adsorption from SRPs – Desorption into SRPs + Sequestration from IPf – 
Sequestration into deep soil layer. 

Phosphorus Transformation Processes 

As shown in Figure 3-1, major pathways in phosphorus cycle are: (1) atmospheric 

phosphorus deposition, (2) mineralization/degradation of organic phosphorus, (3) sorption-

desorption reaction of inorganic and organic phosphorus, (4) sedimentation/resuspension of 

particulate phosphorus, (5) SRP uptake by biota, (6) diffusion, and (7) soil phosphorus 

sequestration. Processes and constants used in the ECO Lab phosphorus dynamics model are 

summarized in Table 3-2 and Table 3-3, respectively.  

Some phosphorus transformation processes, such as atmospheric deposition, soil 

phosphorus sequestration, and sedimentation/resuspension, are expressed in terms of flux 

(g/m2/day). These are usually divided by unit water or soil depth to fit the units of the equation 

(the change of concentration per unit time). In the model grid cells with extremely shallow water 

depths during dry period, model instability can occur because the very small water depth can 

abruptly generate a huge amount of flux. In this study, whenever flux terms are applied, 
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minimum water depth (min_wd) is defined and MAX function, as shown below, is used to avoid 

the instability of phosphorus dynamics model.  

Atmospheric phosphorus deposition 

The importance of atmospheric deposition as a source of phosphorus varies from place to 

place. Atmospheric phosphorus deposition significantly influences water column phosphorus 

dynamics in pristine areas of the Everglades; on the other hand, the impact may be not dominant 

in nutrient-enriched areas close to agricultural runoff inputs, because the atmospheric portion is 

relatively small compared to surface water inflow containing highly elevated phosphorus 

concentration (Raghunathan et al., 2001).  

Atmospheric phosphorus deposition is expressed by the depositional flux of each 

phosphorus species as follows:  

f_atm1/MAX(wd, min_wd)          (3-7) 

f_atm2/MAX(wd, min_wd)          (3-8) 

f_atm3/MAX(wd, min_wd)          (3-9) 

f_atm4/MAX(wd, min_wd)          (3-10) 

where f_atm1, f_atm2, f_atm3, and f_atm4 are atmospheric deposition flux of SRPw, DOP, PIP, 

and POP, respectively (Table 3-3).  

Table 3-4 shows atmospheric total phosphorus (TP) bulk deposition rates in Florida 

reported in the previous studies. The bulk deposition means wet plus dry deposition. Unlike 

nitrogen, phosphorus dry deposition is predominant (approximate statewide ratio; wet:dry = 1:5), 

and the deposition rate varies across the state from 17 to 111 mg/m2/year (Brezonik et al., 1983). 

It is generally higher in areas adjacent to agricultural land use than pristine and coastal areas. 

Rural areas’ high phosphorus deposition rates (e.g. Belle Glade) and higher portions of dry 

deposition (wet:dry = 1:7) are attributed to smoke and ash generated from the burning of sugar 
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cane foliage prior to harvesting (Hendry et al., 1981), and may also be caused by tilling, which 

exposes large areas of dry, unvegetated peat to wind erosion (Grimshaw and Dolske, 2002).  

Considering the geographic location of the current operating STAs adjacent to the 

Everglade Agricultural Area (EAA), atmospheric phosphorus deposition in this modeling study 

is estimated based on measurement data on SRP and TP wet deposition (Table 3-5). With the 1:5 

ratio of wet vs. dry deposition (Brezonik et al., 1983), 85.5 mg/m2/year of bulk deposition rate is 

estimated. With the simple assumption that half of wet deposition is dissolved phosphorus, DOP 

wet deposition rate is estimated as 2.33 mg/m2/year. The ratio of PIP vs. POP is again assumed 

to be 1:1, so PIP and POP wet deposition rates are estimated as 3.56 mg/m2/year, respectively. 

Likewise, PIP and POP dry deposition rates are estimated as 35.63 mg/m2/year, respectively.  

Mineralization 

Mineralization/degradation of organic phosphorus is a biological decomposition process 

mediated by extracellular enzymatic hydrolysis. In general, the mineralization rate of DOP is one 

of relatively fastest processes in phosphorus cycle, which is accelerated by increased pH and 

high temperature. Mineralization rate constant is important in phosphorus model because it 

regulates phosphorus transformation from DOP to SRPw in water column, from OPf to SRPf in 

floc layer, and from OPs to SRPs in soil layer, respectively. Dissolved organic phosphorus forms 

in the floc and soil layers, which are intermediate species in the degradation processes of various 

organic matters, were not considered. The mineralization/degradation processes are usually 

modeled by a first order kinetic equation as follows: 

k_min×DOP          (3-11) 

k_deg_f×OPf×bd_f/poro_f×f_excop_f (g P/m3/day) or          (3-12) 

k_deg_f×OPf×f_excop_f (mg P/kg/day) 

k_deg_s×OPs×bd_s/poro_s×f_excop_s (g P/m3/day) or          (3-13) 
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k_deg_s×OPs×f_excop_s (mg P/kg/day) 

where k_min, k_deg_f, and k_deg_s are mineralization or degradation rate constant (unit: day-1) 

in the water column (DOP to SRPw), floc (OPf to SRPf), and soil layer (OPs to SRPs), 

respectively. Typical values of k_min vary from 0.1 to 1 day-1 (Chen, 1994), and it is a function 

of pH and temperature. Because the total amount of floc/soil organic phosphorus is not involved 

in degradation processes, biodegradable phosphorus fractions of floc (f_excop_f) and soil organic 

phosphorus (f_excop_s) were considered in this study. Some literature values for rate constants 

are presented in Table 3-6. Due to more reduced redox condition in soil layer, degradation rate 

constants in floc and soil layers are likely much smaller than mineralization constants in water 

column. 

Formation/decay (sorption/desorption) 

Most previous water quality models used an equilibrium model for sorption/desorption 

reactions; however, a kinetic approach is required in cases of dynamics model using short 

simulation time step because it is not enough to reach equilibrium between the dissolved and 

particulate forms of phosphorus species (Chen, 1994). A first-order kinetic equation is frequently 

used as a kinetic model for sorption-desorption reactions (Appan and Wang, 2000). Reddy et al. 

(1998a) reported that phosphorus sorption characteristics were generally well described by a 

linear model if phosphorus concentrations added for isotherm experiments are less than 10 mg/L. 

In this study, considering generally low water column phosphorus concentrations found in 

Florida constructed wetland ecosystems, linear and Langmuir model were used to represent 

adsorption/desorption process in water column and floc/soil layer, respectively. Each sorption 

and desorption process was described as a form of kinetic formulation defined in the derivation 

procedures of linear and Langmuir isotherm model (Chapra, 1997).  
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Various decay processes defined by first order kinetics in this study are expressed as 

follows: 

k_decay1×POP          (3-14) 

k_decay2×PIP          (3-15) 

k_decay3×Pperi          (3-16) 

k_decay4×Pmacro×(1–frac_root)          (3-17) 

k_decay5×bd_f/poro_f×IPf×f_excip_f (g P/m3/day) or          (3-18) 

k_decay5×IPf×f_excip_f (mg P/kg/day) 

k_decay6×Pmacro×frac_root (g P/m3/day) or          (3-19) 

k_decay6/bd_s×Pmacro×frac_root (mg P/kg/day) 

k_decay7×bd_s/poro_s×IPs×f_excip_s (g P/m3/day) or          (3-20) 

k_decay7×IPs×f_excip_s (mg P/kg/day) 

where k_decay1, k_decay2, k_decay3, k_decay4, k_decay5, k_decay6, and k_decay7 are 

desorption/biodegradation of POP into DOP, desorption of PIP into SRPw, sloughing of Pperi into 

POP, mortality of macrophytes, desorption of IPf into SRPf, root decay of macrophytes into OPs, 

and desorption of IPs into SRPs, respectively (Table 3-3). The unit of all these decay constants is 

day-1. Like the degradation processes of OPf and OPs described in the previous section, 

exchangeable phosphorus fractions of floc (f_excip_f) and soil inorganic phosphorus (f_excip_s) 

were considered for the desorption processes. These decay reactions are assumed to include 

dissolution, biodegradation, and desorption processes. Some literature values for the rate 

constants are summarized in Table 3-7. 

Various formation processes defined in this study are expressed as follows: 

k_form1×DOP          (3-21) 
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k_form2×SRPw          (3-22) 

k_form3×POP          (3-23) 

k_form4×SRPf×(Smax_f–IPf×f_excip_f)×bd_f/poro_f (g P/m3/day) or          (3-24) 

k_form4×SRPf×(Smax_f–IPf×f_excip_f) (mg P/kg/day) 

k_form5×SRPs×(Smax_s–IPs×f_excip_s)×bd_s/poro_s (g P/m3/day) or          (3-25) 

k_form5×SRPs×(Smax_s–IPs×f_excip_s) (mg P/kg/day) 

where k_form1, k_form2, k_form3, k_form4, and k_form5 are adsorption of DOP into POP, 

adsorption/precipitation of SRPw into PIP, cohesion of POP into Pperi, adsorption/precipitation of 

SRPf into IPf, and adsorption/precipitation of SRPs into IPs, respectively (Table 3-3). The unit of 

k_form4 and k_form5 is L/mg/day and the others are day-1. Smax_f and Smax_s denote maximum 

adsorption capacity (mg/kg) in floc and soil layer, respectively. These formation reactions are 

assumed to include precipitation and complexing reactions as well as sorption processes 

including adsorption and absorption.  

Sedimentation/resuspension 

Sedimentation is one of the main removal processes of phosphorus in water column, in 

particular, particulate phosphorus. Two particulate phosphorus species, PIP and POP, are 

influenced vertically by sedimentation as well as horizontally by fluid motion in the water 

column. In this study, sedimentation does not indicate only traditional settling process of 

suspended materials, but also all mass transfer from water column to floc layer such as living or 

dead macrophytes and periphyton falling. In contrast, resuspension is one of the main release 

processes of phosphorus into water column. As phosphorus concentrations in floc or soil layer 

are usually several orders of magnitude higher than those in the water column, resuspension of 

bottom sediments and sequential decay/desorption processes of the resuspended materials can 

significantly increase water column phosphorous level.  
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To simulate sedimentation and resuspension processes in this phosphorus modeling study, 

the concept of “critical flow velocity” is applied. It is defined as flow velocity at the specific 

condition that phosphorus resuspension rate is equal to sedimentation rate in water column. It is 

also similar to the concept of critical orbital velocity required for resuspension used by Blom and 

Toet (1993) and Blom and Aalderink (1998). Hence, if flow velocity calculated by the HD 

module at a grid cell is below the critical velocity, only sedimentation occurs. On the contrary, 

once flow velocity exceeds the critical velocity, sedimentation is intermitted and mechanical 

resuspension occurs. In this study, non-mechanical (mainly biological) resuspension is 

considered regardless of flow velocity regime to represent the various biotic and abiotic 

resuspension processes described in Chapter 2.  

In this study, sedimentation of PIP and POP and resuspension of IPf and OPf are expressed 

as follows: 

v_dep1/MAX(wd, min_wd)×PIP (only if U < v_crit) (g P/m3/day) or          (3-26) 

v_dep1/MAX(wd, min_wd)/bd_f×PIP (only if U < v_crit) (mg P/kg/day) 

v_dep2/MAX(wd, min_wd)×POP (only if U < v_crit) (g P/m3/day) or          (3-27) 

v_dep2/MAX(wd, min_wd)/bd_f×POP (only if U < v_crit) (mg P/kg/day) 

(if U > v_crit) (v_resus1+v_resus2)/MAX(wd, min_wd)×IPf×bd_f 

(if U < v_crit) v_resus2/MAX(wd, min_wd)×IPf×bd_f (g P/ m3/day) or          (3-28) 

(if U > v_crit) (v_resus1+v_resus2)/MAX(wd, min_wd)×IPf 

(if U < v_crit) v_resus2/MAX(wd, min_wd)×IPf (mg P/kg/day) 

(if U > v_crit) (v_resus3+v_resus4)/MAX(wd, min_wd)×OPf×bd_f 

(if U < v_crit) v_resus4/MAX(wd, min_wd)×OPf×bd_f (g P/ m3/day) or          (3-29) 

(if U > v_crit) (v_resus3+v_resus4)/MAX(wd, min_wd)×OPf 
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(if U < v_crit) v_resus4/MAX(wd, min_wd)×OPf (mg P/kg/day) 

where v_dep1, v_dep2, v_resus1, v_resus2, v_resus3, and v_resus4 represent PIP depositional 

rate, POP depositional rate, mechanical resuspension rate of IPf, non-mechanical resuspension 

rate of IPf, mechanical resuspension rate of OPf, and non-mechanical resuspension rate of OPf, 

respectively (Table 3-3). Some literature values for critical velocity, phosphorus sedimentation, 

and resuspension rate are summarized in Table 3-8.  

Uptake by biota 

When water flows through a constructed wetland, plants absorb nutrients from the water 

column and soil layer, using them in metabolism or storing them in their tissues. Certain types of 

vegetation planted in a certain sequence in constructed wetlands are very efficient to remove 

nutrients. Of phosphorus species, only SRP, a measure of dissolved bioavailable phosphorus, is 

taken up by biota as a nutrient. In a phosphorus limiting ecosystem like the Everglades, biota 

growth is dependent on the amount of SRP in water column and soil layer.  

Although the type of wetland biota varies, it is classified into three groups: (1) EAV, (2) 

SAV, and (3) periphyton in this study, considering the lack of field data and the complexity of 

model. EAV species primarily obtain SRP from soil layer via root uptake, while SAV species 

directly uptake the considerable amount of SRP from water column. Hence, phosphorus uptake 

by root and by shoot/foliage is separate and three periphyton types, epiphyton, metaphyton, and 

epipelon, are aggregated to one periphyton species in this model.  

The uptake rate of SRP by biota is proportional to the growth rate of biota. In general, 

biota growth in phosphorus limiting ecosystems is expressed by Michaelis-Menten kinetics as 

follows:  

kg_macro×[SRPw/(SRPw+ks_macro)]×Pmacro×(1–frac_root)          (3-30) 

kg_root×[SRPs/(SRPs+ks_root)]×Pmacro×frac_root          (3-31) 
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kg_peri×[SRPw/(SRPw+ks_peri)]×Pperi          (3-32) 

where kg_macro, kg_root, and kg_peri are macrophyte, macrophyte root, and periphyton 

maximum growth rate constants (1/day) and ks_macro, ks_root, and ks_peri are macrophyte, 

macrophyte root, and periphyton uptake half saturation constants (mg/L), respectively. In 

general, biotic growth rate constants are a function of temperature, light intensity, and nutrient 

concentration. In this study, it is assumed that macrophyte and periphyton growth are only a 

function of SRP concentration in water column/soil layer and temperature; that is, the aquatic 

system is phosphorus-limiting. Hence, other limiting factors such as nitrogen and light intensity 

are not considered. In these kinetics, the half saturation constants, defined to parameterize the 

dependence of biota growth on phosphorus, are the SRP concentration at which the growth rate 

is one half of the maximum. Table 3-9 presents some literature values of maximum growth rate 

and half saturation constant for phosphorus uptake by EAV (mainly Typha spp.), SAV, and 

periphyton.  

Diffusion 

Diffusion of SRP between water column and floc layer or between floc and soil layer is 

expressed by Fick’s law as follows:  

poro_f×D×(SRPf–SRPw)/d_diff_f/MAX(wd, min_wd)          (3-33) 

poro_s×D×(SRPs–SRPf)/d_diff_s/d_ave_f          (3-34) 

where poro_f/poro_s, D, d_diff_f/d_diff_s, and d_ave_f are floc/soil layer porosity, effective 

diffusion coefficient (m2/day), depth of diffusive exchange in floc/soil layer, and average depth 

of floc layer, respectively (Table 3-3).  

Sequestration 

Phosphorus sequestration was defined by Turner et al. (2006) as that phosphorus removed 

from the water column through various retention processes and retained in stable forms in soil. 
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The accretion of inorganic and organic phosphorus into soil layer via floc layer is the dominant 

process.  

In this study, floc and soil phosphorus sequestrations are described as follows:  

f_seq1/d_ave_f/bd_f          (3-35) 

f_seq2/d_ave_f/bd_f          (3-36) 

f_seq3/d_ave_s/bd_s          (3-37) 

f_seq4/d_ave_s/bd_s          (3-38) 

where f_seq1, f_seq2, f_seq3, and f_seq4 are sequestration flux of IPf into IPs, OPf into OPs, IPs 

into deep soil layer, and OPs into deep soil layer, respectively (Table 3-3). Each flux (unit: 

g/m2/day) is divided by average depth of floc (d_ave_f) and soil layer (d_ave_s). Table 3-10 

shows some literature values for phosphorus sequestration rate in the Everglades.  

Temperature effect 

Most phosphorus transformation processes illustrated in Figure 3-1 are directly or 

indirectly affected by temperature. Biologically mediated reactions are directly affected by the 

increased biological activity at higher temperature. Chemical reactions are also accelerated with 

increased temperature partially due to higher molecular activity. As a general rule of thumb, the 

rates of most reactions in natural waters will approximately increase twice for a temperature rise 

of 10°C (Chapra, 1997).  

Temperature dependence of biologically mediated reactions is described by Arrhenius 

equation as: 

k(T) = k(20)θT–20          (3-39) 

where the temperature (T) is expressed in °C, k(20) is a rate constant at 20°C, and θ is a 

temperature coefficient generally ranging from 1.0 to 1.1.  
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Parameters 

Phosphorus transformation processes described in the previous sections include a lot of 

model parameters that should be determined before running the models. Determining the model 

parameters is generally difficult because they are temporally and spatially heterogeneous within 

a constructed wetland system, depending on numerous physiochemical factors such as 

temperature, pH, redox, and DO. Some coefficients and rate constants can be found in the 

literature, but many have not been documented.  

Table 3-3 shows the list of 56 constants used in the ECO Lab phosphorus dynamics model. 

As described in the previous sections, the range of literature values of these constants is very 

wide. The specification of constants for the model application (Chapter 6) is determined based 

on typical literature values (or from the range), and some parameters are adjusted in order to 

obtain the best model fit. In a few cases which appropriate literature values are not available, 

values are initially guessed and finally estimated by model calibration.  
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Table 3-1. State variables used in the ECO Lab phosphorus dynamics model. 

Symbol Description Units 
Horizontal 
transport 

 
SRPw 
DOP 
PIP 
POP 
Pperi 
Pmacro 

Water column 
Soluble reactive phosphorus 
Dissolved organic phosphorus 
Particulate inorganic phosphorus 
Particulate organic phosphorus 
Phosphorus in periphyton 
Phosphorus in macrophytes 

 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 
mg/L 

 
Mobile 
Mobile 
Mobile 
Mobile 
Stationary 
Stationary 

 
SRPf 
OPf 
IPf 

Floc layer 
Soluble reactive phosphorus in floc layer porewater 
Soil organic phosphorus in floc layer 
Soil inorganic phosphorus in floc layer 

 
mg/L 
mg/kg 
mg/kg 

 
Stationary 
Stationary 
Stationary 

 
SRPs 
OPs 
IPs 

Upper soil layer (0-10 cm) 
Soluble reactive phosphorus in soil layer porewater 
Soil organic phosphorus in soil layer 
Soil inorganic phosphorus in soil layer 

 
mg/L 
mg/kg 
mg/kg 

 
Stationary 
Stationary 
Stationary 
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Table 3-2. Processes used in the ECO Lab phosphorus dynamics model.  

Symbol 
Description  
(Unit: g P/m3/day or mg P/kg/day) Formulation 

 
1. SRPw_atmdep 
2. DOP_atmdep 
3. PIP_atmdep 
4. POP_atmdep 
5. POP_decay* 
6. POP_form* 
7. DOP_mineral* 
8. PIP_decay 
9. PIP_form 
10. PIP_sed 
11. PIP_resus* 
12. POP_sed 
13. POP_resus* 
14. SRPw_periup* 
15. SRPw_macup* 
16. SRPw_diff 
17. Pperi_decay* 
18. Pperi_form* 
19. Pmacro_decay* 

Water column 
Atmospheric deposition of SRPw 
Atmospheric deposition of DOP 
Atmospheric deposition of PIP 
Atmospheric deposition of POP 
POP decay into DOP (desorption/biodegradation) 
POP formation from DOP (adsorption) 
Mineralization of DOP into SRPw 
PIP decay into SRPw (desorption) 
PIP formation from SRPw (adsorption/precipitation) 
Sedimentation of PIP into floc layer 
Resuspension of PIP from floc layer 
Sedimentation of POP into floc layer 
Resuspension of POP from floc layer 
Uptake of SRPw by periphyton 
Uptake of SRPw by macrophytes 
SRPw diffusion between floc layer and water column 
Pperi decay into POP (sloughing) 
Pperi formation from POP (cohesion) 
Pmacro decay into POP (mortality of macrophytes) 

 
Flux 
Flux 
Flux 
Flux 
1st order 
1st order 
1st order 
1st order 
1st order 
Critical veloc. 
Cri.+Flux 
Critical veloc. 
Cri.+Flux 
M-M 
M-M 
Diffusion 
1st order 
1st order 
1st order 

 
20. OPf_degrad* 
21. IPf_decay 
22. IPf_form 
23. SRPf_diff 
24. IPf_seq 
25. OPf_seq 

Floc layer 
Degradation of OPf into SRPf 
IPf decay into SRPf (desorption) 
IPf formation from SRPf (adsorption/precipitation) 
SRPf diffusion between upper soil and floc layer 
Sequestration of IPf into upper soil layer 
Sequestration of OPf into upper soil layer 

 
1st order 
Langmuir iso. 
Langmuir iso. 
Diffusion 
Flux 
Flux 

 
26. OPs_degrad* 
27. IPs_decay 
28. IPs_form 
29. SRPs_macup* 
30. Pmacro_rdecay* 
31. SRPs_leakdn 
32. SRPs_leakup 
33. IPs_seq 
34. OPs_seq 

Upper soil layer (0-10 cm) 
Degradation of OPs into SRPs 
IPs decay into SRPs (desorption) 
IPs formation from SRPs (adsorption/precipitation) 
Root uptake of SRPs by macrophytes 
Root decay of macrophytes into OPs 
Leaching of SRPs into deep soil layer 
Inflow of SRPs from deep soil layer 
Sequestration of IPs into deep soil layer 
Sequestration of OPs into deep soil layer 

 
1st order 
Langmuir iso. 
Langmuir iso. 
M-M 
1st order 
Flux 
Flux 
Flux 
Flux 

* The temperature dependence of biologically mediated reactions is considered as a form of 
Arrhenius equation as follow: 

k(T) = k(20)θT–20 

where the temperature is expressed in °C and θ is temperature coefficient of Arrhenius equation. 
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Table 3-3. Constants used in the ECO Lab phosphorus dynamics model. 
Symbol Description Unit 
1. f_atm1 
2. f_atm2 
3. f_atm3 
4. f_atm4 
5. k_decay1 
6. k_decay2 
7. k_decay3 
8. k_decay4 
9. k_decay5 
10. k_decay6 
11. k_decay7 
12. k_form1 
13. k_form2 
14. k_form3 
15. k_form4 
16. k_form5 
17. k_min 
18. k_deg_f 
19. k_deg_s 
20. v_crit 
21. v_dep1 
22. v_dep2 
23. v_resus1 
24. v_resus2 
25. v_resus3 
26. v_resus4 
27. kg_macro 
28. kg_root 
29. kg_peri 
30. ks_macro 
31. ks_root 
32. ks_peri 
33. D 
34. d_diff_f 
35. d_diff_s 
36. d_ave_f 
37. d_ave_s 
38. frac_root 
39. bd_f 
40. bd_s 
41. poro_f 
42. poro_s 

Atmospheric deposition flux of SRPw 
Atmospheric deposition flux of DOP 
Atmospheric deposition flux of PIP 
Atmospheric deposition flux of POP 
Decay rate constant (POP → DOP) 
Decay rate constant (PIP → SRPw) 
Decay rate constant (Pperi → POP) 
Decay rate constant (Pmacro → POP) 
Decay rate constant (IPf → SRPf) 
Root decay rate constant (Pmacro → OPs) 
Decay rate constant (IPs → SRPs) 
Formation rate constant (DOP → POP) 
Formation rate constant (SRPw → PIP) 
Formation rate constant (POP → Pperi) 
Formation rate constant (SRPf → IPf) 
Formation rate constant (SRPs → IPs) 
Mineralization rate constant (DOP → SRPw) 
Degradation rate constant (OPf → SRPf) 
Degradation rate constant (OPs → SRPs) 
Critical velocity of flow 
Deposition of PIP 
Deposition of POP 
Mechanical resuspension of IPf 
Non-mechanical (biological) resuspension of IPf 
Mechanical resuspension of OPf 
Non-mechanical (biological) resuspension of OPf 
Macrophyte max. growth rate constant 
Macrophyte root max. growth rate constant 
Periphyton max. growth rate constant 
Macrophyte uptake half saturation constant 
Macrophyte root uptake half saturation constant 
Periphyton uptake half saturation constant 
Effective diffusion coefficient 
Depth of diffusive exchange in floc layer 
Depth of diffusive exchange in upper soil layer 
Average depth of floc layer 
Average depth of upper soil layer 
Root fraction of macrophyte 
Bulk density of floc layer 
Bulk density of upper soil layer 
Floc layer porosity 
Upper soil layer porosity 

g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
L/mg/day 
L/mg/day 
1/day 
1/day 
1/day 
m/s 
m/day 
m/day 
m/day 
m/day 
m/day 
m/day 
1/day 
1/day 
1/day 
mg/L 
mg/L 
mg/L 
m2/day 
m 
m 
m 
m 
– 
kg/L 
kg/L 
– 
– 
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Table 3-3. Continued. 
Symbol Description Unit 
43. Smax_f 
44. Smax_s 
45. f_excop_f 
46. f_excop_s 
47. f_excip_f 
48. f_excip_s 
49. f_seq1 
50. f_seq2 
51. f_seq3 
52. f_seq4 
53. f_leak1 
54. f_leak2 
55. θ 
56. min_wd 

Max. adsorption capacity in floc layer 
Max. adsorption capacity in upper soil layer 
Biodegradable phosphorus fraction of OPf 
Biodegradable phosphorus fraction of OPs 
Exchangeable phosphorus fraction of IPf 
Exchangeable phosphorus fraction of IPs 
Sequestration flux of IPf into IPs 
Sequestration flux of OPf into OPs 
Sequestration flux of IPs into deep soil layer 
Sequestration flux of OPs into deep soil layer 
Leaching flux of SRPs into deep soil layer 
Leaching flux into SRPs from deep soil layer 
Temperature coefficient of Arrhenius equation 
Minimum water depth 

mg/kg 
mg/kg 
– 
– 
– 
– 
g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
– 
m 
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Table 3-4. Atmospheric total phosphorus (TP) bulk deposition rates in Florida reported in 
previous studies. 

Source Value (ave.) Unit Description 
Hendry et al., 1981 
Brezonik et al., 1983 
 
 
Walker, 1993 
Walker, 1995 
Redfield, 1998 
 
Raghunathan et al., 2001 
Grimshaw and Dolske, 2002 

17-96
17-111 (51)

(66) 
96

0-116
43

20-80
>50

47
1.3 ± 0.3*

mg/m2/yr 

Seven South Florida locations 
Statewide (Wet : Dry = 1:5) 
Rural (agricultural) areas 
Belle Glade (Wet : Dry = 1:7) 
Assumed range in South FL  
WCA-2A 
Statewide 
Urban and agricultural areas 
Everglades 
Statewide (Sep. 92-Oct. 93) 

* The mean rate of wet atmospheric phosphorus deposition across the state. 
 
 
Table 3-5. Estimation of atmospheric phosphorus deposition used in STA 5 northern flow-way 

phosphorus models.                                                                      

Wet : Dry = 1 : 5 
Wet deposition 
(mg/m2/year) 

Dry deposition 
(mg/m2/year) 

Bulk deposition 
(mg/m2/year) 

Bulk deposition 
(ton/year) 

SRPw 4.79* – 4.79 0.039
DOP 2.33 – 2.33 0.019

PIP 3.56 35.63 39.19 0.319PP POP 3.56 35.63 39.19 0.319
TP 14.25** 71.25 85.50 0.696

* Measured data provided by Chimney (2007). 
** Measured data provided by Pietro et al. (2006). 
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Table 3-6. Literature values for mineralization/degradation rates of organic matter in water column, floc, and soil layer.  
Source Value Unit Comment 
Water column 

Bowie et al. (1985) 
Chen (1994) 
Chao et al. (2006) 

 
0.2-0.22 
0.5 (0.1-1.0) 
0.15 

 
1/day 
 
 

 
 
Lake Okeechobee, FL 
Shallow oxbow lake phosphorus model 

Floc layer 
Findlay et al. (1990) 
Mitsch and Gosselink (1993) 
 

 
0.00086 
0.002-0.007 
 

1/day 
 

 
Bottom detritus decay rate 
Litter decomposition rates of Typha spp. in freshwater 
marshes 

Upper soil layer 
Bowie et al. (1985) 
Kadlec and Hammer (1988) 
 
Jørgensen and Bendoricchio (2001) 
Wang et al. (2003b) 

 
0.001 (0.0004-0.01) 
7.86×10-6 
 
0.0004-0.001 
0.002-0.046 

1/day 
 
 
 

 
 
Decay rate in active sediment layer used in modeling 
study of Wang and Mitsch (2000) 
Organic sediment → PO4

3- 
Organic decay coefficients used in modeling 
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Table 3-7. Literature values for various phosphorus decay/desorption rates. 
Source Value Unit Comment 
Water column 

k_decay1 (POP → DOP) 
Bowie et al. (1985) 
Jørgensen and Bendoricchio (2001) 
Lung (2001) 
Chen and Sheng (2005) 

k_decay2 (PIP → SRPw) 
Chen and Sheng (2005) 

k_decay3 (Pperi → POP) 
Bowie et al. (1985) 
 
Asaeda and Van Bon (1997) 
Wang and Mitsch (2000) 

k_deacy4 (Pmacro → POP) 
Davis and van der Valk (1978) 
Davis (1984) 
 
Kadlec and Knight (1996) 
van der Peijl and Verhoeven (1999) 
Grace (2003) 
Wang and Mitsch (2000) 
DeBusk and Reddy (2005) 
 
Alvarez and Becares (2006) 
 
Chimney and Pietro (2006) 
 
 

 
 
0.2-0.22 
0.22 
0.03 
6 
 
8 
 
0-0.8 
0.003-0.17 
0.1 
0.1143 
 
0.0063 
0.003-0.0075 
 
0.0013-0.0031 
0.0057 
0.011 
f(time) 
0.0028 
 
0.0043-0.0052 
0.0014-0.0026 
0.0059 
0.0568 
0.0255 

 
 
1/day 
 
 
 
 
1/day 
 
1/day 
 
 
 
 
1/day 
g/m2/day 
 
1/day 
 
 
 
 
 
 
 
 
 
 

 
 
POP → SRPw: 0.02-0.1 day-1 
 
Suggested as a first approximation value 
Muddy zone in Lake Okeechobee 
 
Muddy zone in Lake Okeechobee 
 
Benthic algae non-predatory mortality rate 
Total phytoplankton non-predatory mortality rate 
 
Periphyton loss rate determined by calibration 
 
Falling rate of standing dead 
Annual release rate of P by cattail leaves at the 
enriched zone of WCA-2A 
Decomposition rates of Typha spp. in wetlands 
Max. relative death rate of above-ground plant biomass 
4 year-1 
Macrophyte death rate determined by calibration 
Mean decomposition rate for cattail litter at the  
P-enriched area of WCA-2A (Range: 0.001-0.0092) 
Typha latifolia in summer (20°C) 
Typha latifolia in winter (5°C) 
Mean decomposition rate of submerged Typha 
Mean decomposition rate of SAV 
Literature median of decomposition rates for SAV 

Upper soil layer 
k_decay6 (Pmacro → OPs) 

van der Peijl and Verhoeven (1999) 

 
 
0.00143 

 
 
1/day 

 
 
Max. relative death rate of below-ground plant biomass 
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Table 3-8. Literature values for critical velocity and phosphorus sedimentation/resuspension rate in wetlands. 
Source Value Unit Comment 
Critical velocity 

Blom and Toet (1993) 
Blom and Aalderink (1998) 
 
 

 
0-0.04 
0.00032 
0.305 
 

 
m/s 
 
 
 

 
Critical orbital velocity required for resuspension (field) 
Critical orbital velocity required for resuspension (field) 
Critical orbital velocity required for resuspension  
based on flume experiment (Range: 0.290-0.320) 

Sedimentation rate of PIP 
Blom and Toet (1993) 
Chen (1994) 
 
Blom and Aalderink (1998) 
 
 
 
Wang and Mitsch (2000) 
 
Chao et al. (2006) 

 
0.864-36.288 
1.296 
 
0.36 
 
6.84 
 
0.43 
0.003-0.007 
0.01 

 
m/day 
 
 
 
 
 
 
 
g/m2/day 
m/day 

 
Apparent settling velocity based on field data 
Settling velocity of sediment at Lake Okeechobee 
(Range: 0.0894-2.16) 
Apparent settling velocity based on flume experiment 
(Range: 0.0576-0.792) 
Apparent settling velocity based on field data  
(Range: 5.064-8.64) 
Sedimentation rate of TP determined by model calibration 
Simulated TP sedimentation flux 
Shallow oxbow lake phosphorus model 

Sedimentation rate of POP 
Larsen et al. (1974) 
 
Bowie et al. (1985) 
Wang and Mitsch (2000) 
DHI (2004c) 
 
 

 
0.02 
0.04 
0.01-4.0 
0.5714 
0.2 (0.07-0.7) 
 
 

 
m/day 
 
 
 
 
 
 

 
Algal phosphorus settling velocity 
Non-algal particulate phosphorus settling velocity 
Total phytoplankton settling velocity 
Plankton settling rate velocity determined by calibration 
Depositional rates for particulate organic matter (1-10μm) 
A typical value of 0.2 m/day corresponding to a particle 
Size of 5μm is suggested.  

Resuspension rate 
Mechanical 

Wang and Mitsch (2000) 
Chen and Sheng (2005) 

Non-mechanical 
Fisher and Reddy (2001) 
 

 
 
0.00143 
0.067 
 
0.0065 
 

 
 
g/m2/day 
 
 
 
 

 
 
Determined by model calibration (Range: 0.00024-0.0126) 
 
 
Measured at the enriched zone in WCA-2A using intact soil 
core/benthic chamber 
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Table 3-9. Literature values (maximum growth rate and half saturation constant) for phosphorus uptake by emergent (Typha spp.), 
submerged aquatic vegetation, and periphyton. 

Source Value Unit Comment 
Max. growth rate of macrophyte 

Emergent aquatic vegetation 
Davis (1984) 
 
Davis (1991) 
 
Wang and Mitsch (2000) 
Noe and Childers (2007) 
 
 
 

Submerged aquatic vegetation 
Rodgers et al. (1983) 
Janse (1998) 
 

 
 
0.0041-0.01 
 
0.0018-0.0115 
 
0.00085-0.0045 
0.00008 
0.00055 
0.003 
0.0044 
 
0.004-0.17 
0.2-0.5 
0.2-0.4 

 
 
g/m2/day 
 
 
 
 
 
 
 
 
 
1/day 
 
 

 
 
Annual uptake rate of P by cattail leaves at the 
enriched zone of WCA-2A 
Annual average P assimilation rate of Typha 
domingensis leaves in the Everglades 
P pumped out of deep sediment by macrophytes 
Oligotrophic Slough in Everglades 
Cladium marsh in Everglades 
Partially enriched Cladium/Typha marsh in Everglades 
Enriched Typha marsh in Everglades 
 
Foliage growth rate  
Submerged rooted plants 
Submerged non-rooted plants 

Max. growth rate of periphyton 
Bowie et al. (1985) 
 
Sand-Jensen and Borum (1991) 
Scinto and Reddy (2003) 
 
 

 
0.042-0.5 
 
0.02-2.0 
1376 
930 
446 

 
1/day 
 
1/day 
μg P/g dw/h 
μg P/g dw/h 
μg P/g dw/h 

 
Max. P uptake rates by green algae, blue-green algae, 
flagellates, and benthic algae 
Phytoplankton 
Epiphyton at the interior site of WCA-2A 
Metaphyton at the interior site of WCA-2A 
Epipelon at the interior site of WCA-2A 

Half satur. const. of periphyton uptake 
Bowie et al. (1985) 
Chen (1994) 
 
Scinto and Reddy (2003) 
 
 
Chao et al. (2006) 

 
0.004-0.08 
0.01 
 
0.264 
0.499 
0.508 
1.0 

 
mg/L 
 
 
 
 
 
 

 
Total phytoplankton 
Calibrated value on phytoplankton uptake for Lake 
Okeechobee P dynamics model (Range: 0.005-0.03) 
Epiphyton at the interior site of WCA-2A 
Metaphyton at the interior site of WCA-2A 
Epipelon at the interior site of WCA-2A 
Shallow oxbow lake phosphorus model 
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Table 3-10. Literature values for phosphorus sequestration rate in the Everglades. 
Source Value Unit Comment 
Craft and Richardson (1993) 
 
Reddy et al. (1993), Richardson and 
Craft (1993) 
Turner et al. (2006) 

Inorganic phosphorus 
EAV 
SAV 

Organic phosphorus 
EAV 
SAV 

0.0013 
0.0004 
0.0011-0.0033 
 
 
 
0.0044 
0.0025 
 
0.0015 
0.0003 

g/m2/day 
 
 
 
 
 
 
 
 
 
 

P accumulation rate at the enriched area in WCA-2A 
P accumulation rate at the unenriched area in WCA-2A 
Average accumulation rates in the Everglades peats 
 
 
 
STA-1W Cell 1 
STA-1W Cell 4 
 
STA-1W Cell 1 
STA-1W Cell 4 
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Figure 3-1. A conceptual diagram of constructed wetland phosphorus dynamics model applied in this study. 
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CHAPTER 4 
MODEL APPLICATION TO THE ORLANDO EASTERLY WETLAND (OEW) CELL 7 

Introduction 

Solutes, including tracers, nutrients, and pollutants, are transported through primary flow 

paths in the main channel of a wetland and have limited contact with stagnant water areas along 

the banks, in dense emergent vegetations, and in the subsurface hyporheic zone (Keefe et al., 

2004; Harvey et al., 2005). To enhance efficiency of a treatment wetland, a systematic 

understanding of various factors affecting the solute transport or retention is required. Wetland 

hydraulics is one of the most fundamental and significant factors, because the hydraulic 

efficiency is directly related to the treatment efficiency of constructed wetlands (Martinez and 

Wise, 2003b). 

This chapter is focused on the impact of topographic and vegetative heterogeneity on the 

formation of short-circuiting flow zone through modification of those factors. One reason these 

two factors were chosen among many ones reviewed in Chapter 2 is that it is usually difficult to 

obtain these data in the field directly. As a result, few studies on these, compared to the other 

factors, have been reported based on actual wetland systems, rather than hypothetical ones. In 

addition, they are the most critical components for application of multi-dimensional, fully 

distributed, dynamic models in a constructed wetland with a given shape and hydraulic 

structures. As a result, several implications drawn in this chapter provide a useful starting point 

for the modeling efforts in Chapter 5 and 6.  

Study Area 

The study area, Orlando Easterly Wetland (OEW), located east of the City of Orlando and 

about three kilometers west of the St. Johns River in central Florida (Figure 4-1), is one of the 

oldest and largest constructed treatment wetlands in the United States (Black and Wise, 2003; 
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Martinez and Wise, 2003b). Since 1987, it has been used to reduce nutrient loading (nitrogen and 

phosphorus) of the treated wastewater discharged to the St. Johns River (Kadlec and Newman, 

1992). Figure 4-1 shows the plan view of northern part of the entire wetland system including 17 

compartmentalized cells (and a downstream lake) divided by earthen berms. The inflow is 

typically distributed into three flow paths of sequential cells at influent structure (closed circles 

in Figure 4-1), and flow control in each cell is achieved through adjustable, sharp-crested 

rectangular weirs (closed rectangles).  

For a detailed 2-D, hydrodynamic and solute transport modeling, Cell 7, located in the 

middle of the northern flow train, was selected. The cell has a topographic slope of 

approximately 0.2% along the main flow direction from influent weir (3-X) to the effluent weir 

(7-X), and the average drop in bed elevation across the cell is about 0.6 m.  Martinez and Wise 

(2003b) reported that site grading was not conducted in the interior of the wetland cells during 

conversion of the site from pasture land for cattle operation to treatment wetland. Artificial 

landforms, such as ditches and roads, still exist within the cells. Cell 7 is a wet prairie with 

dominant vegetation of cattail (Typha spp.) and bulrush (Scirpus spp.) (Martinez and Wise, 

2003b).   

Previous Studies 

Bromide tracer test and hydraulic analysis 

Martinez and Wise (2003b) conducted bromide tracer experiments for mostly the OEW 

treatment cells. From RTD-moment analyses of the treatment cells, the hydraulic efficiencies of 

the individual treatment cells were estimated; the entire wetland system was operating at near 

50% efficiency during the period of test. The existence of preferential flow paths resulting in 

short-circuiting flow with the associated formation of dead zones was proposed as the main 

factor causing these low hydraulic efficiencies within the OEW treatment cells. For a detailed 



 

74 

description of the bromide tracer tests and the results, see White et al. (2002) and Martinez and 

Wise (2003b). 

One-dimensional (1-D) transient storage model 

In Martinez and Wise (2003a), one-dimensional transport model with inflow and storage 

(OTIS) was applied to simulate the OEW bromide tracer experiment results and quantitatively to 

estimate short-circuiting and transient storage within the constructed wetland. This transient 

storage model consists of a main channel described by advection-dispersion equation with 

completely mixed storage zones and has been mainly applied to river or stream systems where a 

1-D approach is reasonable (Bencala and Walters, 1983; Harvey et al., 1996). Despite usefulness 

and conceptual simplicity, the model has several limitations. As the authors discussed, it cannot 

account for the spatial distribution of multiple parallel flow paths and can only provide lumped 

parameters, such as main channel and storage zone cross-sectional areas and an exchange 

coefficient between main channel and storage zone, of which the physical meaning is not clear. 

This shows that a 2-D, physically based, distributed modeling approach is desirable to overcome 

the limitations of 1-D, wetland flow models.  

Model Scope 

Two-dimensional, physically based, distributed hydraulic and solute transport models are 

often used to obtain valuable insights on the hydrodynamic behaviors of water systems (Persson 

et al., 1999). This is due to the fact that they allow researchers to estimate the effect of each 

factor separately, based on realistic flow conditions. In this chapter, in order to examine 

quantitatively the impact of bathymetry and vegetation density on the formation of short-

circuiting flow, MIKE 21 HD and AD modules were used for a conservative transport simulation 

on bromide tracer experiment carried out at the OEW Cell 7. Due to lack of field data on recent 

bathymetry and vegetation distribution, a full application of the distributed modeling feature was 
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limited. As a result, the assignment of bottom elevation and Manning’s roughness coefficient, 

which represents bathymetry and hydraulic resistance, respectively, on each grid was 

conceptually conducted along the flow zonation delineated by the 2-D, transient distribution of 

flow velocity vectors during the calibration (sensitivity analysis) procedure. Each impact was 

estimated and compared in terms of hydraulic efficiency, defined by Persson et al. (1999), which 

is based on breakthrough curves (BTCs) generated by each simulation. 

Specific Aims 

Bathymetry and hydraulic roughness due to vegetation are the most critical model 

components for distributed hydrodynamic models in a constructed wetland with a given shape. 

Getting accurate bathymetry is important since it plays a key role in controlling water depth and 

flow velocity in a constructed wetland. In general, uneven bathymetry causes the difference of 

water depth, resulting in the difference of flow velocity sometimes resulting in hydraulically 

dead zones. On the other hand, the impact on hydraulic resistance of a variety of vegetations is 

one of most unique characteristics of wetland flow system. In general, hydraulic resistance, 

denoted by Manning’s roughness coefficient (n), is a function of the spatial distribution, density, 

and type of vegetation as well as water depth. However, it is usually very difficult directly to 

obtain these data in the field; as a result, few studies on these have been reported based on actual 

wetland systems in spite of their significance. In particular, there are few available references on 

the selection of Manning’s n values for various vegetated wetland areas in 2-D hydrodynamics 

models. 

The main purpose of a modeling work described in this chapter is to explore the 

applicability of a modeling approach presented in Chapter 3 for the development and application 

of more advanced flow dynamics and solute transport/retention models in constructed wetland 

systems in spite of the lack of direct field measurement. That is, the primary interest of this 
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chapter does not exist on the development of a 2-D, physically based, fully distributed model, 

which is precisely calibrated with field measurement, but exists on the derivation of useful 

implications obtained through model sensitivity analysis regarding the effects of bathymetry and 

vegetation density on short-circuiting flow in a constructed wetland system. 

Methods 

Moment Analysis and Hydraulic Performance 

Key parameters used to characterize hydraulic performance of a wetland are derived from 

moment analysis of an RTD (Kadlec and Knight, 1996; Martinez and Wise, 2003b; Holland et 

al., 2004). The zeroth absolute moment (Mo) of an RTD is equivalent to the total mass of tracer 

recovered, and the first normalized absolute moment (μ1) yields the centroid of the RTD, which 

is the mean residence time, t  (days). The second normalized central moment (μ2) is the variance, 

σ2 (days2), of the RTD, which accounts for the spreading. These moments can be used to 

describe the outlet response of a wetland system to a Dirac input function for a tracer (Sardin et 

al., 1991). However, if the input boundary condition is a continually changing time series, the 

moments can be formulated under the assumption that the system behaves linearly (Das and 

Kluitenberg, 1996).  

MRF = 
∫
∫
∞

∞

0 infinf

0

)()(

)()(
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dttCtQ effeff
          (4-1) 
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nn μμμ −=  (n = 1 and 2)          (4-2) 

where Qeff(t) and Qinf(t) are the volumetric flow rates (m3/s) of effluent and influent, respectively; 

Ceff(t) and Cinf(t) the tracer concentration (mg/L) of effluent and influent, respectively; and eff
nμ  

and inf
nμ  are the first (n=1) or second (n=2) normalized moment of effluent and influent, 

respectively. Mass recovery fraction (MRF) is defined in Equation 4-1 as the ratio of tracer mass 
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recovered at the outlet point to the total mass of tracer injected. Equation 4-2 serves as a general 

formula for calculating μ1 and μ2 for wetland systems with arbitrary input boundary conditions. 

In this case, the mean residence time is considered as a time interval between each centroid of 

inlet and outlet RTD curves. Equation 4-1 and 4-2 were used for the moment analysis in this 

study. 

In general, nominal residence time, τ (days), is defined as 

AVG

AVG

Q
V

=τ           (4-3) 

where VAVG  is the volume of a wetland cell (m3) and QAVG is the average cell flow (m3/day). In 

Martinez and Wise (2003b), hydraulic efficiency was defined as a ratio of experimentally 

determined mean residence time ( t ) to nominal residence time (τ), which was suggested as the 

effective volume ratio (e) by Thackston et al. (1987).  

τ

−

=
te           (4-4) 

Persson et al. (1999) proposed an alternative metric for hydraulic efficiency (λ) that combines 

existing metrics of flow uniformity (1-1/N) and effective volume (e).  
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where N is the number of CSTRs in series required to simulate flow conditions and tp is the peak 

time for a BTC. The number of CSTRs in series (N) is calculated using the difference in the 

time-to-peak concentration and the mean residence time as follows: N = t /( t– tp) (Kadlec and 

Knight, 1996). 
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For a detailed description of the RTD moment analysis or the parameters for measuring 

hydraulic performance, the reader is referred to Levenspiel (1972), Kadlec and Knight (1996), 

Werner and Kadlec (1996), and Persson et al. (1999). 

Hydrodynamic Model Setup 

The 2-D HD model was used to simulate the dynamic flow conditions observed at OEW 

Cell 7. Of the basic parameters required for the model setup, the bathymetry of modeled area was 

formed on a 30-by-30 meter grid, initially based on the constructed wetland blueprint for the 

OEW reclamation project (Post, Buckley, Schuh & Jernigan, Inc., 1985) and finally determined 

after calibration. The simulation period was set from November 17, 2000 2:00 PM to December 

10, 2000 8:00 AM (22.75 days), which corresponds to the period in which flow data were 

measured and the samples for bromide concentration analysis were collected. Each simulation 

time step for both flow and conservative transport modeling was 5 seconds. The wetland 

boundary was surrounded by the cells where land values were assigned, resulting in no flow 

boundary conditions along the wetland boundary cells to reflect the surrounding berm. Inflow 

and outflow that occurred through inlet and outlet weirs were simulated using the source and 

sink options. Two cells corresponding to the location of each weir were selected, and time series 

inflow/outflow data calculated at each weir were assigned to the cells. In MIKE 21, it is possible 

to simulate both flooding and drying condition of wetland with the transient flow condition. In 

this study, if the water depth at a cell is less than 0.02 meter, the cell was considered to become 

dry; however, once the depth is greater than 0.03 meter, the cell was regarded as a flooded 

condition subject to flow. The initial surface elevation was set as a constant value of 6.85 m 

corresponding to the initial water level over top elevation of outlet weir, and for flow resistance, 

which is expressed as a form of Manning roughness coefficient, a constant value of n = 0.11 was 

initially set and later adjusted for model calibration. The time series results of HD simulation 
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such as flow velocity and water depth in every grid cell were used as input data for the bromide 

transport simulation in the AD module. Rainfall was minimal to non-existent during the period 

of field experiment (Martinez and Wise, 2003a). As precipitation and evaporation during the 

simulation period were negligible, compared to the flow through the Cell 7, they were not 

included in this simulation. Also, wind effects were not considered. 

Advection-Dispersion Model Setup 

The OEW Cell 7 bromide tracer experiment carried out on November-December 2000 was 

simulated using the conservative solute transport option of MIKE 21 AD module. For the AD 

simulation, the initial concentration of bromide was set to zero, and the time series bromide 

concentration profile measured at the inlet was assigned at the source cell. It is generally known 

that selecting 2-D dispersion coefficients, one of the most important parameters in advection-

dispersion simulation, is very difficult (DHI, 2004b). Of several empirical estimates (DHI, 

2004b), the following formulation was used to estimate the coefficients (they were finally 

determined through calibration process). 

Dx = a·Δx·vx / Dy = a·Δy·vy          (4-6) 

where Dx and Dy are the x and y direction dispersion coefficient (m2/s), Δx = Δy is the constant 

grid spacing (30 m), and vx and vy are the local current velocity components (m/s). As the local 

current velocity is not constant with respect to time, water velocity on a time step or average 

water velocity of each cell was required in both x and y directions to determine vx and vy. In this 

simulation, a time step when the peak concentration of bromide measured at the inlet weir was 

observed was selected. The calibrated dispersion coefficients were specified as a 2-D coefficient 

map similar to those for the bathymetry and hydraulic resistance.  
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Results and Discussion 

Bromide Tracer Experiment Simulation 

Table 4-1 shows parameters of models used and the moment analysis results of the 

bromide BTC in previous and this study, respectively. Discrepancies between the previous 

research and this study are largely attributed to the difference of simulation period and flow 

conditions simulated. Although previous research used a slightly longer period for flow and 

bromide measurement, it was carried out assuming steady-state flow conditions for the hydraulic 

analysis and 1-D transient storage model application for transport (Martinez and Wise, 2003a 

and b); by contrast, 2-D, transient flow conditions were reflected in this study. Figure 4-2 shows 

fluctuation of wetland water volume during the simulation period. The volume of each 

simulation time step was estimated from the water depth-volume relationship of the OEW Cell 7, 

which is based on the time series water depth simulation results, and the average cell volume of 

61,877 m3 was used to calculate the nominal residence time. Figure 4-3 illustrates six snapshots 

of the transient distribution on 2-D bromide concentration plume at the OEW Cell 7 every 12 

hours after 1.5 days from the start date of simulation. It shows that approximately two-thirds of 

the entire wetland cell area did not contribute to flow, and the flow and solute transport were 

mainly controlled by the short-circuiting zone developed narrowly along the central flow path.     

Figure 4-4 shows the calibrated MIKE 21 model fit (solid line) for bromide measured at 

the outlet weir during the entire simulation period. The bromide concentration profile (closed 

circles) measured at the inlet weir (weir number 3-x in Figure 4-1) was used as the input 

boundary condition at the inlet cell for advection-dispersion simulation on bromide concentration 

(open circles) measured at the outlet weir (weir number 7-x in Figure 4-1). Minimum travel time, 

tm, defined as the shortest travel time from inlet to outlet, can be considered as a characteristic of 

the RTD, which identifies short-circuiting of flow in wetlands because it indicates the fastest 
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flowpath through a wetland (Holland et al., 2004). In this study, minimum travel time was 

defined as the time of period between two points of the last measurement before the measured 

concentration (about 0.3 mg/L) reached 5% of the peak concentration in both inlet and outlet 

RTD curve. The time of each point calculated using this method matched the first rise of each 

RTD curve. The minimum travel time was determined to be approximately 14 hours.  

Several other parameters to measure the hydraulic performance of a wetland cell are also 

summarized in Table 4-1. Many are indicators of short-circuiting flow, including a relatively 

short mean residence time (2.38 days), a small effective volume (24%), and very low hydraulic 

efficiency (15%). 

In the following sections, the impacts of change in bathymetry and vegetation on short-

circuiting flow within a treatment wetland cell are presented by reviewing the results of 

sensitivity analysis on the two factors, based on their spatial distribution delineated by the 2-D 

bromide plume distribution. Several implications of the analysis results and the modeling 

approach used in this study are subsequently discussed. These sensitivities were deduced during 

model calibration. 

Sensitivity Analysis I: The Effect of Bathymetry on Short-circuiting Flow 

The original bathymetry of Cell 7 for 2-D modeling was made using the inverse distance 

weighted interpolation scheme of MIKE ZERO Grid Series Editor, based on measured 

topographic elevation of 35 points, illustrated on the construction blueprint for OEW reclamation 

project (Post, Buckley, Schuh & Jernigan, Inc., 1985). Unexpectedly, a considerable discrepancy 

was found in comparing bromide concentrations measured at outlet weir (open circles) with the 

BTC (solid line) generated at outlet cell through MIKE 21 conservative transport simulation with 

original bathymetry as shown in the Figure 4-5. To fit the simulation BTC to the measured 

bromide concentration profile adequately, it was required to find the bathymetry condition which 
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contributes to decrease the time to peak or mean residence time and increase the peak 

concentration. Therefore, to figure out the most favorable 2-D bathymetry condition creating 

short-circuiting flows in Cell 7, five simulation cases with different bathymetry manipulation 

were considered under the same model conditions (Figure 4-5). The hydraulic efficiency 

calculated from the each BTC simulation is denoted for comparison in the figure.  

Before bathymetry manipulation, it was assumed that striking change of bromide BTC at 

outlet cell was primarily caused by the change of bathymetry in the cells located along main flow 

direction (short-circuiting flow zone), identified by 2-D flow velocity profile generated from the 

simulation using original bathymetry. First, bathymetry levels of 0.3 m were increased in the 19 

cells located within this main flow channel (Ridge effect in Figure 4-5). This corresponds to a 

0.3 m high middle ridge dividing the entire cell into two areas. In this case, the simulation result 

illustrates that the peak concentration is rather decreased, and the mean residence time and time 

to peak are adversely increased as shown by the dotted line of Figure 4-5. Secondly, bathymetry 

levels of 0.3 m were decreased under the same condition as before to create a 0.3 m deep middle 

ditch (Ditch effect in Figure 4-5). This simple “ditch effect” was favorable to reduce the 

minimum travel time but still was lacking in fitting the measured profile (Figure 4-5). In the third 

trial, bathymetry levels of 0.3 m for both side outer cells adjacent to the cells within the main 

flow channel area were increased without changing any bathymetry within the channel, causing 

effects similar to construct immersed levees on both side of an imaginary channel (Two Side 

Ridges effect in Figure 4-5). This simulation showed a better result than the three previous trials 

including original bathymetry simulation but was still far from the reasonable fitting. Finally, in 

order to mimic the highly short-circuiting characteristic of the OEW Cell 7 flow more precisely, 

the previous Two Side Ridges effect was combined with the Ditch effect to enhance the impact 
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of one large ditch, like a 1-D channel with levees, formed along the main flow direction 

(Combined effect in Figure 4-5). The combined effect simulation was repeatedly carried out by 

using trial and error until the acceptable curve fitting resulted. The simulation BTC, represented 

by the bold solid line in Figure 4-5, was generated from the decreasing the distance between two 

ridges, increasing height of each ridge to about 0.3 – 0.7 m, and decreasing the bathymetry levels 

of the main flow channel area to about 0.03 – 0.1 m. The hydraulic efficiency of this simulation 

(14%) is most close to that of the measured data (15%). The final adjusted bathymetry was 

considered as the “real” bathymetry domain instead of original one and used for the calibration 

of other model parameters. 

Bathymetric description is one of the most important tasks in hydrodynamic modeling 

process since it plays a key role in determining water depths in a model area (DHI, 2004b). This 

result shows that the bathymetry effect resulting in the increased water depth at the main flow 

zone elicits a greater extent of short-circuiting, decreasing the hydraulic efficiency. This effect of 

water depth on RTD characteristics was also reported by Holland et al. (2004) from the results of 

dye tracer experiments conducted on a stormwater treatment wetland. 

Martinez and Wise (2003b) suggested that the presence of relic ditches running parallel to 

the direction of flow and other landforms in the cell bottom was one of major factors creating 

short-circuiting flows experienced at the OEW. The result of this study strongly supports the fact 

that relic ditches and other ditch-shaped landforms developed along the main flow direction 

enhance the wetland preferential flow characteristic and reduce residence time.  

Sensitivity Analysis II: The Effect of Vegetation on Short-circuiting Flow 

The variation of flow resistance by the spatial or temporal distribution of wetland 

vegetation can affect treatment performance of constructed wetlands (Poiani and Johnson, 1993; 
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Lee et al., 2004; Wörman and Kronnäs, 2005). In many cases, however, it is not easy to 

understand the effect accurately due to the lack of available data. 

Although hydraulic resistance parameters like Manning’s coefficient, originated from the 

theory of open channel hydraulics, are known not to be directly applicable to wetland systems 

(Kadlec and Knight, 1996), Manning’s roughness coefficient has been most widely used to 

describe the lumped flow resistance of drag due to the stems or litter of wetland vegetation as 

well as the channel bottom (Kadlec and Knight, 1996; Loftin et al., 2001; Lee and Shih, 2004; 

SFWMD, 2005a). In general, Manning’s coefficient is a function of water depth as well as the 

spatial and temporal distribution of vegetations in a given wetland type. In this study, roughness 

coefficients were assigned to each grid cell of the modeled area based on the hydraulically-

divided, conceptual flow zones (main flow channel, storage zone, and dead zone), not simulation 

data on the water depth in each cell or the spatial and temporal distribution of the vegetations. 

Considering the relatively short simulation period (22.75 days), a temporal effect on the change 

of vegetation distribution can be easily ignored. Unfortunately, there were, however, no reliable 

data, such as aerial photography or ecological survey, on the spatial distribution of vegetation. 

This is the main reason to assign coefficients along the flow zone delineated by the transient 2-D 

bromide plume distributions. In other words, this means that spatial variation of the roughness 

coefficient within each flow zone was not considered. In addition to insufficient field data, this 

approach was used to evaluate treatment wetland (or hydraulic) efficiency in previous studies 

(Martinez and Wise, 2003a and b), so this application of the same approach allowed a direct 

comparison between the two studies.  

In the previous study (Martinez and Wise, 2003a), a 1-D solute transport model was used 

to estimate the ratio of the hydraulically-divided conceptual flow zones. However, the approach 
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did not provide any information on the hydraulic roughness of each zone, although separation of 

the zones is originally attributed to the difference of flow resistance by wetland vegetation. 

Therefore, the effect of vegetation on short-circuiting flow is reviewed by the sensitivity analysis 

of Manning’s roughness coefficients of three different hydraulic zones on bromide BTC in this 

study.  

Figure 4-6 illustrates BTC’s and hydraulic efficiencies determined from six conservative 

advection-dispersion simulations in which only roughness coefficients were varied. Open circles 

indicate the bromide concentrations measured at outlet weir, and six different lines represent the 

profiles simulated at outlet cell (Figure 4-6). Half of those were simulated using constant 

Manning’s coefficients (n = 0.1, 0.05, and 0.025) through the entire modeled area, assuming no 

spatial heterogeneity of vegetation. A significant difference among the simulation results of these 

three cases was not observed, and they all were not sufficient in fully simulating short-circuiting 

flow at the Cell 7 (Figure 4-6), showing a large discrepancy of mean residence time and variance 

compared to the measured data. This result shows that assigning only one roughness coefficient 

for a wetland system, which has been generally used in the most wetland studies, may not fully 

explain the hydraulic roughness characteristic.   

For the other three simulations, Manning coefficients were assigned along the 

hydraulically divided flow zones: (1) hydraulic “dead zone” consisting of background area, (2) 

transient “storage zone” located at the transitional area between dead zone and main flow 

channel, and (3) “main flow channel zone” resulting in short-circuiting flow. The heterogeneous 

distribution of vegetation that caused spatially non-uniform resistance to flow is a main factor 

creating short-circuiting flows, resulting in low efficiency of treatment wetlands (Kadlec and 

Knight, 1996; Martinez and Wise, 2003b). In this study, the main flow channel zone corresponds 
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to the cells located in the ditch area between two ridges determined in bathymetry effect analysis. 

Some part of the cell located at the ridges was assigned as the storage zone, and the other area 

was classified as dead zone. 

First, to estimate the roughness coefficient in the dead zone, the maximum roughness 

coefficient (n = 0.11 s/m1/3) for “medium to dense brush floodplains in winter (n = 0.045 – 0.11)” 

was selected from Chow (1959). This value was verified through comparison with other data on 

the roughness coefficient of wetland types similar to the OEW Cell 7. According to SFWMD 

(2005a), the roughness coefficient can be computed on the basis of its vegetation and ponding 

depth as follows:  

n = a×hm
b          (4-7) 

where a and b are the constants that are a function of wetland type or vegetation, and hm is 

average water depth (feet). The wetland type of the OEW Cell 7 is wet prairie (a = 0.150 and b = 

-0.77). As the average water depth was regarded as approximately 0.6 meter at the Cell 7 during 

the entire simulation period, the roughness coefficient of 0.13 (s/m1/3) was calculated using 

Equation 4-7. In addition, Manning’s coefficient in wet prairie was reported as 0.10 by Loftin et 

al. (2001). Therefore, the value (n = 0.11) chosen as the background area roughness coefficient 

in this study seems to be reasonable.  

With the estimated value of 0.11 for dead zone roughness coefficient, three different trials 

for estimation of coefficients in storage and main flow channel zones were carried out. First, the 

minimum roughness coefficient value (n = 0.045; Chow, 1959) for “medium to dense brush 

floodplains in winter” was assigned for the main flow channel zone, and the value for storage 

zone was assumed to be same as the one for the dead zone (Variant n=0.11/0.11/0.045 in Figure 

4-6). Although the simulation was not completely satisfactory, the result, as illustrated by dotted 
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line (Figure 4-6), was much closer to the real short-circuiting pattern of the Cell 7. For the next 

trial, the minimum (0.022 s/m1/3) and maximum roughness coefficients (0.033 s/m1/3) for 

“straight and uniform earth dredged area with short grass and few weeds (n = 0.022 – 0.033; 

Chow, 1959)” were assigned for the main flow channel and storage zones, respectively (Variant 

n=0.11/0.033/0.022 in Figure 4-6). In this case, it seems that the simulation slightly 

overestimated the bromide data (Figure 4-6). Finally, the last simulation was tried using both end 

values (0.035 s/m1/3 for the main flow channel and 0.07 s/m1/3 for the storage zone) of the 

roughness coefficient range for “scattered brush floodplains with heavy weeds (n = 0.035 – 0.07; 

Chow, 1959)”. The simulated BTC, was between the previous two simulation profiles, is likely 

to show the best simulation fitting on the measured BTC (Figure 4-6).  

Hence, the approximate values of 0.035 and 0.07 s/m1/3 can be suggested as the roughness 

coefficients in the faster-moving flow area and the transition zone with the value of  n = 0.11 

s/m1/3 in the dead zone covering the other area of the cell. According to the model used by 

Jenkins and Greenway (2005), the non-vegetated part of the wetland was assumed to have a 

Manning coefficient of 0.035. However, it may be more reasonable to estimate the roughness 

coefficient value as a certain range than a constant value, considering possible deviations like 

analytical measurement error. In addition, the hydrodynamic metrics of the last three simulation 

trials did not show big differences among the cases, as represented by hydraulic efficiency. 

Therefore, as the range of Manning roughness coefficient of the main flow channel area, 

corresponding to the short-circuiting flow zone, 0.022 to 0.045 s/m1/3 may be suggested for a 

surface flow constructed wetland setting like the OEW Cell 7. 

Implications of This Modeling Study 

In this study, a 2-D, physically-based, distributed hydraulic and solute transport model was 

developed using MIKE 21, based on the hydraulic measurement and bromide tracer experiment 
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carried out at the OEW Cell 7. Considering the transient flow conditions, it simulated measured 

bromide BTC successfully, and the hydraulic performance was compared to results of previous 

studies. In this section, four implications of this modeling study are reviewed.  

Firstly, the application of hydraulic efficiency (λ), proposed by Persson et al. (1999) will 

lead to more reduced hydraulic efficiency of the entire OEW than the value reported by Martinez 

and Wise (2003a and b) because the efficiency in these studies was defined as the metric of 

effective volume (e). When the alternative parameter, λ, was applied, the hydraulic efficiency of 

24% was reduced to 15% at the OEW Cell 7. This was also observed during simulations for 

bathymetry and vegetation impact. Therefore, this shows the necessity of an effort to compare 

the hydraulic performances of constructed wetland systems more consistently, such as short-

circuiting and hydraulic efficiency, avoiding confusion of terminology. 

Secondly, impacts of changes in bathymetry and vegetation distribution on short-circuiting 

flow can be compared in terms of hydraulic efficiency (λ). The deviation from the hydraulic 

efficiency of measured data (15%) is much higher during the simulations for bathymetry effect 

(14-45%) than the vegetation effect (14-18%). This indicates that the bathymetry effect on 

hydraulic efficiency is more sensitive than the vegetation effect. Recent studies also highlight the 

impact of water depth among the factors affecting hydraulic efficiency. Holland et al. (2004) 

reported that water depth, rather than flow rate, has a direct impact on the RTD of a wetland, and 

Kadlec (2005) also suggested that lower pond efficiencies, compared to wetlands, are primarily 

due to a depth effect, not the absence of vegetation. Therefore, this modeling study suggests that 

the impact of water depth change induced by bathymetry change may be greater than that of 

vegetation distribution on hydraulic efficiency, especially showing that increasing the water 

depth due to the ditch-shaped bathymetry causes a decrease in hydraulic efficiency. 
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Next, this study reviewed the impacts of the two physical settings of a constructed wetland 

on the hydraulics, represented as short-circuiting flow. MIKE 21 described those successfully. In 

general, most traditional wetland flow models depend on 1-D, conceptual, parameters-lumped 

modeling approach under unrealistic hydraulic conditions, such as plug-flow and steady-state 

conditions. They assume unrestricted chances for contact between the incoming water and the 

organisms responsible for treatment (Persson, 2000). In addition, it is not easy to find the 

physical meanings of their key parameters and not possible to estimate the effects of various 

physical and ecological factors affecting wetland hydraulics independently. In contrast, this 

simulation results show that a 2-D, physically based, distributed model can overcome most 

limitations that traditional wetland flow models have, provided suitable data for the model are 

available. This study also plays a role as an example showing which data should be collected for 

the model development. 

Finally, water flow is a basic component in most solute transport/retention models because 

it is the medium where solutes, including various pollutants, are transported or transformed. In 

terms of treatment wetland efficiency, manipulating the hydraulic regime to increase the 

treatment efficiency is a desirable strategy for constructed wetlands (Wang and Mitsch, 2000), 

and understanding the removal or retention of pollutants on a basis of accurately-simulated 

wetland hydraulics is essential. In this study, the MIKE 21 simulation results of the OEW Cell 7 

bromide tracer test show its capability as a robust modeling tool for more advanced flow-solute 

transport-water quality integrated dynamics models in constructed wetlands. Therefore, it may be 

broadly applied for development of a useful modeling tool for quantitatively understanding the 

internal processes associated with pollutant removal/retention/release under transient flow 

conditions (e.g. stormwater), testing various hypotheses according to the changes of hydraulic 
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regime, and making more realistic predictions. A series of model development and application 

procedures covered in the following two chapters (Chapter 5 and 6) serve as an example showing 

how this approach suggested above is actualized.   

Summary 

Short-circuiting flow, commonly experienced but not desirable in many constructed 

wetlands, reduces hydraulic retention times in unit wetland cells, ultimately decreasing treatment 

efficiency. In this study, a 2-D, transient hydrodynamic and advection-dispersion model was 

developed using MIKE 21 and calibrated with bromide tracer data collected at the OEW Cell 7. 

The treatment cell experiences highly short-circuiting flow, proved by the metrics showing the 

hydraulic performance including the efficiency of 15%. Simulation results of this study indicate 

that the RTD of a treatment wetland cell is highly sensitive to changes in bathymetry and 

vegetation distribution. Sensitivity analysis on topographical and vegetative heterogeneity 

deduced during model calibration shows that relic ditches or other ditch-shaped landforms and 

the associated sparse vegetation along the main flow direction (channeling effect) intensify the 

short-circuiting pattern, considerably affecting 2-D solute transport simulation. The range of the 

Manning roughness coefficient at the short-circuiting flow zone was estimated (0.022 - 0.045 

s/m1/3). In terms of hydraulic efficiency, this study indicates that the bathymetry effect on short-

circuiting flow is more important than the vegetation effect. These two effects on short-circuiting 

flow observed in this study should be fully considered; in particular, when a 2-D, physically 

based, fully distributed modeling approach is used as a modeling tool for the advanced design 

and management of constructed wetland. 
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Table 4-1. Physical parameters used in models and metrics showing the hydraulic performance 
of the OEW Cell 7. 

 Previous research* This study 
Cell area (m2) 117,000 117,900
Cell volume (VAVG, m3) 
 

67,000 56,600 ~ 73,200 
(61,877**)

Average cell flow (QAVG, m3/s) 0.060 0.072
Nominal residence time (τ, days) 13.0 10.00
Mass recovery fraction (MRF, %) 97 96
Mean residence time ( t , days) 2.63 2.38
Variance (σ2, days2) 18.3 8.8
Effective volume (e, %) 20 (31***) 24
Time to peak (tp, days) 1.47
The number of CSTRs in series (N) 2.6
Hydraulic efficiency (λ, %) 15

* Martinez and Wise (2003b). 
** Average wetland volume during the simulation period.  
*** Expressed as the sum of the volume of the main channel and storage zone, determined by 
OTIS (Martinez and Wise, 2003a). 
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Figure 4-1. Location and plan view of study area, the OEW Cell 7. 
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Figure 4-2. Fluctuation of wetland water volume during the simulation period. The volume was 
estimated from the water depth-volume relationship at the OEW Cell 7, which is 
developed based on the simulation data.
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Figure 4-3. Bromide tracer experiment simulation: transient 2-D bromide plume.
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Figure 4-4. Bromide tracer experiment simulation: model fit on the measured BTC. 
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Figure 4-5. The effect of bathymetry on short-circuiting flow. 
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Figure 4-6. The effect of vegetation distribution on short-circuiting flow.  
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CHAPTER 5 
MODEL APPLICATION TO THE STORMWATER TREATMENT AREA (STA) 5 
NORTHERN FLOW-WAY: I. FLOW DYNAMICS AND SOLUTE TRANSPORT 

Introduction 

Use of constructed wetlands for nutrient removal, particularly phosphorus in South Florida, 

from nutrient-enriched, upland agricultural runoff or wastewater is being extensively recognized 

as one of the most feasible and effective technologies in the world (Mitsch, 1994). To optimize 

design and management of constructed wetlands and to predict performance of treatment 

wetlands under various hydrological and ecological conditions, such as inlet flow/mass loading 

rate and vegetation type/density, a flow dynamics and solute transport coupled model calibrated 

with field data is necessary.  

This chapter presents results of flow dynamics and solute transport model on STA 5 

northern flow-way, developed using MIKE 21 HD and AD module. Coupled with an ECO Lab 

phosphorus dynamics model described in Chapter 3, this model is also applied to simulate the 

behavior of water column phosphorus species in the northern flow-way (Chapter 6). 

Study Area 

To fulfill the goals of the 1994 Everglades Forever Act to improve surface water quality in 

the Everglades, various restoration efforts have been accomplished through construction, 

research, and regulatory activities. One of the main efforts is to construct six strategically located 

treatment wetlands, referred to as STAs.  

A regional map showing location of the STAs and significant features in the South Florida 

landscape is presented in Figure 5-1. STA 5, one of the six constructed wetlands, is located in 

Hendry County, Florida. It extends from the L-2 Canal on the west to the Rotenberger Wildlife 

Management Area on the east (Figure 5-2). The antecedent land use of STA 5 was an 

agricultural cropland for sugar cane (Goforth, 2005). STA 5 receives untreated agricultural 
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stormwater runoff from the C-139 Basin via the L-2 Canal. If runoff exceeds the hydraulic 

capacity of STA 5, flow is diverted through G406. Treated water is collected and discharged 

either to the Rotenberger Wildlife Management Area or the Miami Canal (Figure 5-2). Seepage 

collection canals are located along the northern and southern boundaries of STA 5 in order to 

return seepage via two pump station (G349A and G350A) to the upstream treatment cells (Figure 

5-2). The role of these hydraulic structures is to avoid STA 5 dry-out under drought condition.  

STA 5 consists of four treatment cells (1A, 1B, 2A, and 2B), which are divided by a perimeter 

levee and connected by culverts and weirs. Total area of all treatment cells is approximately 

1663 ha (SFWMD, 2000).  

Figure 5-2 illustrates a schematic of STA 5, indicating flow and vegetation patterns as well 

as hydraulic structures around the STA. The northern flow-way of STA 5, which is the main 

study area in this study, consists of two consecutively linked treatment cells (Cell 1A and 1B). 

They contain approximately 338 and 494 ha of effective treatment area, respectively (SFWMD, 

2000). Water enters the flow-way from the west (L-2 borrow Canal) and flows by gravity 

through the treatment area to the east (Discharge Canal). Within the flow-way, there are two 

dominant vegetation communities: EAV and SAV. Cell 1A and 1B are EAV and SAV dominant 

treatment cells, respectively. EAV species found in STA 5 Cell 1A are typically Typha spp. 

(cattail) and Ludwigia spp. (primrose willow); on the other hand, STA 5 Cell 1B is mostly 

comprised of invasive exotic SAV species, Hydrilla verticillata, and periphyton, which covers 

approximately 20% of open water with Hydrilla (Table 5-2). As shown in Figure 5-2, inflow to 

the northern flow-way from the L-2 Canal is controlled by two gated concrete box inflow 

culverts (G342A and G342B) and a pump station for seepage return (G349A). The flow induced 

through the culverts is conveyed through spreader canals, which separate high topographic 
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elevation area (west of the spreader canals; dry most of the time during normal operation) with 

the upstream treatment cell. Water level of Cell 1A is also controlled by four concrete box 

culverts with upstream weirs (G343A to G343D) located on the middle levee between Cell 1A 

and 1B. Likewise, water level of Cell 1B is controlled by two gated concrete box outflow 

culverts (G344A and G344B).  

More detailed descriptions on the operational and management history as well as the 

physical characteristics of STA 5 are contained in the chapters detailing STA performance in the 

annual South Florida Environmental Reports (Pietro et al., 2006; Pietro et al., 2007) and other 

SFWMD documents (SFWMD, 2000; Goforth, 2005).  

Specific Aims 

The main goals of this chapter are (1) to develop a depth-averaged flow dynamics and 

solute transport model using MIKE 21 HD and AD modules, which can be easily applied in 

various constructed wetland systems ranged from small-scaled ponds to large-scaled constructed 

wetlands such as South Florida STAs and (2) to suggest values (or ranges) of key parameters 

commonly applied, but not extensively studied in areas covered by various wetland vegetations, 

in flow dynamics and solute transport models (e.g. hydraulic roughness coefficients and 

dispersion coefficient) through the model calibration, which may be directly or indirectly 

available to constructed wetland systems similar to the STA 5.  

Materials and Methods 

Recent tremendous progress in GIS has led to significant advances in various types of 

physically-based, distributed hydrologic/hydraulic models (Warwick and Haness, 1994; Tsanis 

and Boyle, 2001). In general, GIS offers spatial data management and analysis tools to assist 

experienced users in organizing, storing, editing, analyzing, and displaying local and attribute 

information about geographic data (Xu et al., 2001). Many studies on GIS-based, fully 



 

101 

distributed hydrologic/hydrodynamic modeling have been reported (Smith, 1993; Leon et al., 

2001; Tsanis and Boyle, 2001; Xu et al., 2001; Qi and Grunwald, 2005). Thus, GIS technology 

not only supplements the shortcomings of fully distributed models mentioned in Chapter 2, but 

also can enhance model performance.  

In this section, model setups including the estimation of key model parameters through 

GIS-based estimation and mapping as well as hydrologic and water quality data required in the 

HD and AD models are reviewed.  

Data Used in Models 

The hydro-meteorological data of STA 5 northern flow-way, such as flow, water level, 

precipitation, and evapotranspiration, used in the HD model were collected by SFWMD and are 

available on the online environmental database, DBHYDRO 

(http://glades.sfwmd.gov/pls/dbhydro_pro_plsql/show_dbkey_info.main_page). These flow and 

water level data from DBHYDRO are typically available as a daily average value for each 

hydraulic structure around the flow-way illustrated in Figure 5-2 (G342A, G342B, G349A, 

G343B, G343C, G344A, and G344B). The flow data measured at three input hydraulic structures 

(G342A, G342B, and G349A) and two output hydraulic structures (G344A and G344B) and 

precipitation/evapotranspiration data were used as a model input data, and the water level data 

measured at each hydraulic structure were used for model calibration, validation, and sensitivity 

analysis. 

Chloride data used in the AD model were also collected by SFWMD and downloaded from 

DBHYDRO. In this study, chloride was selected as a tracer for the conservative solute transport 

model because it was measured biweekly at almost every water quality measurement point 

during a relatively long period. Time series chloride concentration data measured at three input 

points were used as a model input, and those measured at middle levee (G343B and G343C) and 
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output structures (G344A and G344B) were used for model calibration, validation, and 

sensitivity analysis.  

Water budget 

The water budget at STA 5 northern flow-way is comprised of the following components: 

• Surface water inflow through pump and gated culverts (ISF) 
• Surface water outflow through gated culverts (OSF) 
• Rainfall (P) 
• Evapotranspiration (ET) 
• Net groundwater seepage (OGW) 
• Change in storage (ΔS) 
• Water budget error (R) 
 

The budget is developed for varying time periods using the following equation: 

ROETOPI
t
S

GWSFSF +±−−+=
Δ
Δ           (5-1) 

In Equation 5-1, all terms have the same unit; for example, cubic hectometer (hm3 = 1,000,000 

m3) per month as shown in Table 5-1. Rainfall and evapotranspiration values were multiplied by 

the model domain area representing the total effective treatment area (8,140,000 m2) to obtain a 

volume of rainfall or evapotranspiration for a certain period of time.  

In the study area, daily rainfall data were collected at G343B, and evapotranspiration was 

estimated for STA 5 based on data from a nearby monitoring station (STA 1W), located 

approximately 53 km to the northeast of STA 5. The ET data are based on a prediction equation 

suggested by Abtew (1996). Figure 5-3 shows the precipitation and evapotranspiration in STA 5 

during the entire model simulation period (2.67 years). Daily-averaged headwater stage, tailwater 

stage, and gate opening were measured to calculate a daily average flow rate using a culvert or 

pump performance equation at each hydraulic structure. The time series surface water inflows 

and outflows in the northern flow-way are presented in Figure 5-4. No direct measurement of net 

groundwater flow was made. Although Parrish and Huebner (2004) and Liyanage and Huebner 
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(2005) used a linear equation with seepage coefficient to compute the groundwater seepage rate 

in STA 5; in this study, the single unknown component was initially determined through 

minimizing water budget error and finally set with the minimum deviation of water level 

simulations. Liyanage and Huebner (2005) reported that a net seepage loss was dominant in the 

entire flow-way; in general, the seepage flow direction was into the treatment cells (Cell 1A and 

1B) from the L-2 Canal and STA 5 southern flow-way (Cell 2A and 2B) and out of the treatment 

cells toward the northern seepage canal and the Discharge Canal along the eastern boundary.  

Monthly water budgeting for the HD simulation of STA 5 northern flow-way is presented 

in Table 5-1. Surface water inflow through G342A, G342B, and G349A constitutes 93.2 percent 

of the total inflow to STA 5 northern flow-way. Rainfall is 6.8 percent of total inflow. Surface 

water outflow through G344A and G344B is 88.4 percent of total outflow. ET and seepage 

losses are estimated to be 7.4 percent and 4.2 percent, respectively. For details on estimation of 

water budget components through hydro-meteorological monitoring at STA 5, refer to Liyanage 

and Huebner (2005). 

Basic Parameters Setup 

Although the northern flow-way of STA 5 was flooded in 1999, performance data for the 

first three years are not analyzed in this study because the interval is usually considered a period 

for start-up processes like vegetation colonization (Juston and DeBusk, 2006). Hence, the 

simulation period for HD model calibration is from May 1, 2002 to April 30, 2003 (1 year) and 

the simulation period for the model validation starts on May 1, 2003 and ends on December 31, 

2004 (1.67 years). Recent flow data after January 1, 2005 are not also considered for model 

simulation because the northern flow-way was off-line from January 2005 to improve the mid-

levee hydraulic structures according to Long-Term Plan construction (Pietro et al., 2006). The 

simulation time step is 1 minute.  
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Considering the location of inflow hydraulic structures (G342A and G342B) and seepage 

return pump (G349A), three point source grid cells are assigned on the left side of the model 

domain to incorporate the rate, velocity, and direction of inflow. During the simulation period, 

daily-averaged flow rates were divided by flow passing area of hydraulic structures to calculate 

daily average velocities. Likewise, two point sink grid cells are assigned on the right side of 

model domain to incorporate the outflow. Unfortunately, there is no option for groundwater-

surface water interaction in MIKE 21; however, 15 grid cells along the northern boundary of the 

flow-way were assigned as a point source/sink to reflect net groundwater seepage flow in this 

modeling study.  

To simulate flooding and drying condition of wetlands, 0.03 m of flooding depth and 0.001 

m of drying depth are selected, respectively.  

Bathymetry 

Bathymetric data are among the most critical model inputs for the HD model setup. The 

latest STA 5 topographic survey data (Wantman Group, 2005) was provided by the SFWMD for 

this study. The 216 georeferenced bathymetry measurement points (NGVD29) are interpolated 

using inverse-distance weighting (IDW) scheme of GIS to generate continuous bathymetry 

prediction map for the study area (Figure 5-5). Average bathymetry elevation in Cell 1A (only 

effective treatment area) is 4.08 m NGVD, and the average ground elevation in Cell 1B is 3.61 m 

NGVD. A raster-based bathymetry prediction map shown in Figure 5-6 is used in the HD model, 

which is made through conversion to raster in ArcGIS 9.0.  

Hydrodynamic Model Setup 

Water levels observed at nine measurement points within the northern flow-way on the 

simulation starting date (May 1, 2002) were linearly interpolated to set the initial condition for 

water level of model domain. Differences of water level within Cell 1A and 1B were about 0.08 
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m and 0.04 m, respectively. About 0.3 m of abrupt water level decrease was observed between 

headwater and tailwater elevation of hydraulic structures located in the middle levee separating 

Cell 1A and 1B, and approximately 0.45 m of water level difference was observed from the 

upstream (east of spreader canal) to downstream area (west of Discharge Canal) within the entire 

flow-way. Water levels of L-2 Canal and Discharge Canal and the relationships with treatment 

cells were not considered in this study. 

Time series rainfall and evapotranspiration data measured during the simulation period 

(Figure 5-3) were homogeneously assigned to every grid cell of model domain. Time series 

profiles of surface water inflow measured at G342A, G342B, and G349A (Figure 5-4A) were 

incorporated at the three point source grid cells, and those of surface water outflow measured at 

G344A and G344B (Figure 5-4B) were incorporated at the two point sink grid cells, which were 

defined in basic parameters setup. Time series monthly-averaged groundwater seepage flows 

(Table 5-1), estimated as a residual of water budget, were divided by the number (15) of the grid 

cells assigned for the seepage flow and equally assigned to each the grid cell. This means that 

short-term (daily or weekly level) temporal and spatial variations of groundwater seepage flow in 

the study area are not considered in this study.  

Hydraulic resistance 

Since hydraulic resistance, usually represented as Manning’s roughness coefficient (n) 

values, is closely related to vegetation type/density and water depth, it is spatio-temporally 

varied. In this study, it is assumed that hydraulic resistance is independent of change of flow 

depth; that is, it is temporally constant. Therefore, it is described only as a function of vegetation 

type and density. There are few good references on selection of values for vegetated cover in 2-D 

HD models (Sutron Corp., 2005). 
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A GIS shapefile for vegetation distribution of STA 5 northern flow-way (Nick Miller, Inc., 

2006) is presented in Figure 5-7. The entire vegetation is classified into five different types. 

Table 5-2 shows the dominant vegetation species and ratios. Using two attribute fields 

(vegetation type and percent coverage), which were stored in the vegetation shapefile, two raster 

files for vegetation type and percent coverage were generated through raster conversion. Then, 

five different percent coverage maps with respect to each vegetation type were extracted using 

“Raster Calculator” of ArcGIS 9.0. To date, there is little available knowledge on assignment of 

the coefficients according to wetland vegetation density. Hence, in this study, the percent 

coverage in a vegetation type was manually reclassified into four or five classes, considering the 

histogram clustering pattern. Then, appropriate Manning’s roughness coefficients were assigned 

to the each reclassified class. Figure 5-8 illustrates the spatial distribution of Manning’s 

roughness coefficients used in the HD model, assigned at every grid cell of Cell 1A and 1B as a 

function of the type and density of vegetation. 

Advection-Dispersion Model Setup 

AD model application was accomplished based on chloride data monitored during the 

period of May 1, 2003 to December 31, 2004, which corresponds to the validation period of the 

HD model. Since the AD model is integrated with the HD model, it is first required to recalibrate 

the HD model to minimize the AD simulation error caused by the HD simulation error. For this, 

monthly-averaged net groundwater seepage flows were modified to generate the best HD model 

fit during the AD simulation period. Table 5-3 shows the monthly water budget reset for the AD 

model of STA 5 northern flow-way, and the hydroperiod simulation results of the recalibrated 

HD model are presented in Appendix A. The average annual model prediction error is 

approximately 0.11 m.  
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Chloride concentrations are monitored at seven hydraulic structures in STA 5 northern 

flow-way (G342A, G342B, G349A, G343B, G343C, G344A, and G344B). For specifying the 

initial chloride concentration of the study area, concentrations observed at the seven water 

quality measurement points on the simulation starting date (May 1, 2003) were linearly 

interpolated to generate the 2-D continuous map. Time series profiles of inlet chloride 

concentration measured at G342A, G342B, and G349A (Figure 5-9) were incorporated at each 

the point source grid cell. In this model, to represent the atmospheric input of chloride by 

precipitation, tempo-spatially constant 1 mg/L of chloride concentration was set as the 

precipitation concentration.  

Dispersion coefficients in x and y direction were set as a time-varying parameter according 

to the change of flow velocity at each time step. In this case, dispersivities in x and y direction 

should be specified. As an initial guess, dispersivities of 0.5 and 0.05 m were assigned in x and y 

direction (αx:αy = 10:1), respectively and were finally determined by model calibration (αx = 2 m 

and αy = 0.1 m; the ratio is 20:1). The parameter estimation by model calibration is discussed 

later in this chapter.  

Model Calibration and Validation 

The HD model calibration and validation were performed with historic stages in STA 5 

northern flow-way. For the AD model, they were performed with the time series profiles of 

chloride concentration observed in study area. 

In this study, model calibration was accomplished by calculating the value of root-mean-

square error (RMSE) between measured and simulated data as shown in Equation 5-2. RMSE 

generally shows how much simulated values deviated from measured values. Hence, as a metric 

of model fit, the calibration process was repeated to minimize RMSE.  
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Root-mean-square prediction error: 
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where S(ti) and M(ti) indicate simulated and measured data at a time step (ti), respectively, and n 

is the number of total data during a simulation period.  

Sensitivity Test 

After obtaining the best model fit between simulated and measured data by tuning model 

parameters, model sensitivity analysis on key model parameters is carried out. In this study, the 

sensitivities of simulated water levels (in the HD model) and simulated chloride concentration 

profiles (in the AD model) at the measurement points of study area to the key model parameter 

(hydraulic roughness coefficient in the HD model and dispersivity in the AD model) were 

examined. The parameter values estimated by the model calibration were used as baseline 

values. In each sensitivity model run, only single model parameter was changed within a certain 

range. 

In this study, results of these sensitivity tests are expressed by comparing the RMSE values 

of calibration and sensitivity test model run or using a ΔRMSE value, which is defined as the 

difference between RMSEs generated by model sensitivity test (RMSEs) and calibration 

(RMSEc) as follow: 

ΔRMSE = RMSEs - RMSEc          (5-3) 

Results and Discussion 

Hydrodynamics Model 

In this study, time series simulated water level profiles, extracted from two grid cells 

corresponding to the headwater measurement points (G343B_H and G343C_H) of two hydraulic 

structures located at the middle levee, were compared to the measured data to verify simulation 
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results of the HD model in Cell 1A. Likewise, simulation results in Cell 1B were verified by 

comparing measured data with simulated water level profiles, extracted from four grid cells 

corresponding to the tailwater measurement points (G343B_T and G343C_T) of two hydraulic 

structures at the middle levee and headwater measurement points (G344A_H and G344B_H) of 

two outlet hydraulic structures at the downstream levee.  

Hydroperiod simulation 

Understanding spatio-temporal changes of hydroperiod in a constructed wetland system 

plays a key role in optimizing the management and maximizing the treatment efficiency. Figure 

5-10 and 5-11 illustrate simulation results of the HD model on hydroperiod fluctuation at the six 

water level measurement points during model calibration (May 1, 2002 to April 30, 2003) and 

validation period (May 1, 2003 to December 31, 2004), respectively. Calibration results 

demonstrate that tempo-spatial changes of hydroperiod in the flow-way are well simulated using 

the HD model (Figure 5-10). The average annual model prediction error on six measured 

hydroperiod profiles is approximately 0.09 m. Average simulation RMSE of the HD model in 

Cell 1A (0.085 m) is less than that in Cell 1B (0.096 m). Although few deviations are observed 

in a short period of time (i.e. December 2002), simulation results on the general water level show 

a decreasing pattern from upstream to downstream, and timing and intensity of water level peaks 

at each monitoring point agreeing very well with those of measured data.  

The HD model was also validated with an independent data set of 1.67 years. As illustrated 

in Figure 5-11, simulated water level profiles in Cell 1B, particularly at G344A and G344B, are 

slightly overestimated through the entire simulation period. This indicates that real groundwater 

seepage loss in Cell 1B is slightly higher than the amount estimated as the monthly-averaged 

water budget residual. In reality, the overestimated pattern was not observed when the 
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groundwater seepage loss was adjusted (entirely increased) in order to obtain the best HD model 

fit during this validation period (Table 5-3; Appendix A).  

As discussed in Chapter 4, topographical heterogeneity in bathymetry is one of the primary 

factors causing uneven flow ways in a wetland system. The location of high bathymetry 

elevation areas was revealed through the 2-D hydrodynamics simulation. These areas, in 

particular located ahead of G343C, are dry or very shallow even in storm season. Although no 

obvious major short-circuiting flow ways are observed, it is obvious that some local high surface 

elevation areas, which experience frequent dry-outs in the flow-way, contribute to generate the 

spatial differences of time series data profiles (water quality as well as water level) among the 

measurement points. In this study, small variation of model prediction errors among the six water 

level measurement points indicates that this 2-D HD model is spatially well-balanced enough to 

catch differences of 2-D data formed by the spatial heterogeneity of physical settings like 

bathymetry and vegetation distribution. 

All results also reveal that hydroperiods of constructed wetlands can be successfully 

simulated through the simple applications of a source/sink option in MIKE 21 HD model rather 

than complex boundary specification processes. Several factors causing the simulation errors are 

addressed in Chapter 7, focused on a couple of limitations on modeling of flow dynamics used in 

this study. 

Parameter estimation: hydraulic roughness coefficients 

Theoretical approaches to the flow dynamics in free surface natural or constructed 

wetlands do not have a long history compared to other surface water flow systems. Most theories 

originated from open channel hydraulics. However, there are still many unknown or 

controversial issues in describing the flow dynamics by applying the theories to free surface 
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wetland systems. One of these is to estimate the hydraulic resistances of vegetation-covered 

areas. 

Coefficient values are initially selected considering the range of Manning’s coefficient 

values suggested in Chapter 4 and previous literature data (Kadlec and Knight, 1996; SFWMD, 

2005b; Sutron Corp., 2005) and finally determined, as shown in Table 5-4, by the HD model 

calibration with the historic stage data observed in study area. For dense EAV and SAV areas, 

0.67 to 1.0 and 0.12 to 0.15 s/m1/3 of the roughness coefficient ranges were estimated in this 

study, respectively.  

Table 5-5 shows coefficients for effective roughness (N), which are similar to Manning’s 

coefficients, used in the South Florida Water Management Model (SFWMM) (SFWMD, 2005b). 

The N values are calculated as a function of land use (wetland) type and water depth. In the case 

of a cattail-dominant wetland, 0.70 s/m1/3 is suggested when a ponding depth of a grid cell is 

0.61 m (nominally 2 ft). In the 2-D hydraulic modeling study of STA 5 accomplished by Sutron 

Corp. (2005), 0.5 to 1.3 and 0.3 to 0.8 s/m1/3 of the roughness coefficient values were assigned 

with the change of water depth from 0.15 to 0.91 m (nominally .5 to 3.0 ft) on cattail and SAV-

dominant treatment cells, respectively. Although it is not easy to compare Manning’s coefficient 

values estimated in this study directly with the historically reported roughness data, parameter 

values estimated by model calibration are not significantly different with the ranges suggested by 

SFWMD (2005b) and Sutron Corp. (2005).  

Sensitivity analysis 

A sensitivity analysis was completed to investigate the range of water level sensitivity due 

to ±30% variation in Manning’s roughness coefficient. A 30% increase of Manning’s roughness 

coefficients caused an average difference of 0.003 m in water level at the six measurement 

points; on the other hand, 30% decrease of the coefficients brought about an average difference 
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of 0.009 m in water level (Table 5-6; Figure 5-12). When Manning’s coefficient values were 

varied by ±30%, water level variations in Cell 1B (G343B_T, G343C_T, G344A, and G344B) 

were higher than in Cell 1A (G343B_H and G343C_H). This shows that water level in SAV 

system is more sensitive to changing hydraulic resistance than that in EAV dominant system.  

These sensitivity simulation results show that estimated Manning’s roughness coefficient 

(n) values for STA 5 northern flow-way vegetation are reasonable because the ΔRMSE value of 

model calibration is less than those of ±30% of variation for sensitivity analysis.  

Advection-Dispersion Model 

In this study, time series simulated chloride concentration profiles, extracted from the grid 

cells corresponding to G343B and G343C, were compared to measured data to verify simulation 

results of the AD model in Cell 1A. Likewise, simulation results in Cell 1B were verified by 

comparing measured data with simulated chloride concentration profiles, extracted from the grid 

cells corresponding to G344A and G344B. 

Chloride transport simulation 

Figure 5-13 and 5-14 illustrate simulation results of the AD model on chloride 

concentration profiles at the four water quality measurement points in the flow-way during the 

model calibration (May 1, 2003 to April 30, 2004) and validation period (May 1, 2004 to 

December 31, 2004), respectively. Simulated results of chloride concentration profiles agree well 

with measured data during the entire simulation period. The average value of annual model 

prediction errors at the four measurement points is 13.48 mg/L, and prediction errors in Cell 1A 

(average: 9.62 mg/L) are less than those in Cell 1B (average: 17.33 mg/L). These remarkable 

calibration and validation results of the AD model ensure the robustness of HD model as well as 

AD model.  
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Parameter estimation: longitudinal and transverse dispersivity 

Calibration results of the chloride transport AD model according to the ratio of 

longitudinal (x direction; αx) vs. transverse dispersivity (y direction; αy) in STA 5 northern flow-

way are presented in Appendix B. The curves of Figure 5-15 were delineated based on the 

calibration results (Appendix B). In case of the curve with the ratio of 1:1 between αx and αy, it 

has the lowest average RMSE value of 16.21 mg/L when the αx is 0.9 or 1.0. As the ratio of αx 

and αy gradually increases by 20:1, the lowest average RMSE value of each calibration curve 

decreases to 15.82 mg/L. However, once the ratio is greater than 20:1, the lowest value starts to 

increase again. As demonstrated in Figure 5-15, the curves have the minimum average RMSE 

value when the αx is around 2 m, although there are very slight differences among the curves. 

This suggests that the average RMSE of chloride transport simulation has the lowest value 

(15.82 mg/L) when the αx is 2 m and the ratios of αx and αy are 10:1 or 20:1 (Appendix B). These 

results show that the assumption of homogeneous and isotropic dispersion coefficient, which is 

commonly used in 2-D surface water solute transport models, should be carefully considered in 

constructed wetland systems similar to STA 5. In this study, 2 and 0.1 m of longitudinal and 

transverse dispersivities were finally selected through the model calibration.  

Using calibrated dispersivity in x (2 m) and y direction (0.1 m), ranges of dispersion 

coefficients (Dx and Dy) in STA 5 northern flow-way were estimated based on ranges of x and y 

directional flow velocities (u and v). According to HD simulation results on study area, x and y 

directional flow velocities are minimal value of zero when water is stagnant and have a 

maximum value of 0.14 m/s in the hydraulic structure. Rather than using these extreme flow 

velocity conditions, it seems reasonable to use a range (0.001 to 0.05 m/s) to represent the 

change of flow velocity within the treatment cells. Considering the practical range of flow 

velocity, the ranges of Dx and Dy were estimated from 0.002 to 0.1 m2/s and 0.0001 to 0.005 
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m2/s, respectively. Table 5-7 shows literature values for dispersion coefficient in constructed 

wetlands. The ranges estimated in this study look reasonable compared to other dispersion 

coefficients. 

Sensitivity analysis 

Sensitivity analysis results of the chloride transport model on longitudinal and transverse 

dispersivity in study area are shown in Table 5-8 and 5-9, respectively. Table 5-8 presents the 

AD model sensitivity on the change of αx (0.1 to 10 m) when αy is fixed to 0.1 m; on the other 

hand, αx is fixed to 2 m in order to test the sensitivity on the change of αy (0.02 to 2 m) as shown 

in Table 5-9. Compared to the baseline value of 15.82 mg/L as the average RMSE value, the 

RMSE values are generally higher in sensitivity tests on αx than αy (Table 5-8 and 5-9). This 

reveals that the longitudinal dispersivity is a more sensitive parameter in the AD model than the 

transverse one. 

In this study, since the main flow direction is almost parallel to the x axis of model 

domain, αx and αy are identical to longitudinal and transverse dispersivity. Therefore, modelers 

should be careful in directly applying values or ranges suggested in this study to other 

constructed wetland systems because the axis of model domain is not always parallel to the main 

flow direction. If parallel, it saves time and effort for model calibration to consider the effect of 

transverse dispersivity after calibrating a model first with respect to the longitudinal dispersivity.  

Summary 

Based on hydro-meteorological field data measured from May 2002 to December 2004 in 

the northern flow-way of STA 5, the HD model was developed. The model incorporates time-

varying, daily-based measurements of water budget components such as stage, flow, rainfall, and 

evapotranspiration, and monthly-averaged net groundwater seepage is determined through an 

effort to minimize the monthly water budget error. Water levels measured on the simulation 
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starting date were linearly interpolated to set the initial condition for water level. GIS-based 

analyses were carried out for estimating and mapping bathymetry and hydraulic resistance. In 

this model, groundwater flow as well as surface flows through hydraulic structures is described 

simply using a point source/sink option.  

The results of HD model calibration (1 year) and validation (1.67 years) on the water level 

profiles observed in field demonstrate that the spatio-temporal changes of hydroperiod in the 

study area are reasonably simulated. The average annual model prediction error on six measured 

hydroperiod profiles is less than 0.10 m. Through the model calibration process, ranges of 

Manning’s roughness coefficient for each vegetation habitat were also estimated as a function of 

vegetation type and density. For dense EAV and SAV areas, 0.67 to 1.0 and 0.12 to 0.15 s/m1/3 

of the roughness coefficient ranges are suggested in this study, respectively. These results reveal 

that the hydroperiod of constructed wetlands can be successfully simulated through simple 

applications of a source/sink option in MIKE 21 HD model without specifying any flow 

boundary condition, and emphasize the importance of GIS-based estimation on key model input 

data as well as tempo-spatially intensive hydrologic/hydraulic data collection in developing 2-D, 

physically-based, fully distributed hydrodynamics models.  

The AD model application was accomplished with chloride data observed from May 2003 

to December 2004 in the northern flow-way. For this, monthly-averaged net groundwater 

seepage terms were partially modified to generate the best HD model fit during the entire period 

of AD simulation. Integrated with the recalibrated HD model, the AD model successfully 

simulates the spatio-temporal changes of chloride concentration profiles observed in the field 

with an average RMSE value of 13.48 mg/L. Through model calibration, 2 and 0.1 m of 

longitudinal and transverse dispersivities were estimated, respectively. These results show that 
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the assumption of homogeneous and isotropic dispersion coefficient, which is commonly used in 

2-D surface water solute transport models, should be carefully made in constructed wetland 

systems similar to STA 5. Based on parameter estimation, ranges of dispersion coefficients in x 

and y direction in this study area are suggested (Dx = 0.002 to 0.1 m2/s and Dy = 0.0001 to 0.005 

m2/s) and compared to literature values. Sensitivity test results show that the longitudinal 

dispersivity is a more sensitive parameter than the transverse one. 

 



 

117 

Table 5-1. Monthly water budget for the HD model of STA 5 northern flow-way. 
WY Month ISF P ∑IN OSF ET OGW ∑OUT ΔS R 

May-02 1.5  1.0  2.5 0.0 1.3 2.0 3.3  -0.9 0.1 
Jun-02 8.2  2.2  10.4 5.8 0.9 1.7 8.4  1.9 0.1 
Jul-02 25.2  1.3  26.6 31.6 1.0 -5.9 26.7  -0.3 0.1 
Aug-02 22.2  1.0  23.1 24.4 1.0 -2.9 22.4  0.6 0.1 
Sep-02 23.0  0.6  23.5 26.6 0.9 -3.1 24.3  -0.9 0.1 
Oct-02 10.3  1.1  11.4 8.1 0.8 2.9 11.8  -0.5 0.1 
Nov-02 5.0  0.4  5.4 2.4 0.7 1.8 4.9  0.5 0.1 
Dec-02 15.7  0.7  16.4 15.0 0.6 -0.2 15.3  0.9 0.1 
Jan-03 9.6  0.1  9.7 8.8 0.7 1.5 11.0  -1.4 0.1 
Feb-03 3.6  0.2  3.8 1.2 0.7 1.7 3.6  0.1 0.1 
Mar-03 2.2  0.5  2.8 0.6 0.9 1.6 3.0  -0.4 0.1 

2003 

Apr-03 1.2  0.6  1.9 0.0 1.0 1.4 2.4  -0.7 0.1 
Subtotal 127.6  9.8  137.4 124.4 10.6 2.3 137.3  -1.1 1.2 

May-03 4.7  1.3  6.0 0.9 1.0 1.8 3.8  2.1 0.1 
Jun-03 20.2  1.3  21.5 20.5 1.0 -0.4 21.1  0.4 0.1 
Jul-03 20.5  0.8  21.3 18.9 1.1 1.3 21.3  -0.1 0.1 
Aug-03 27.5  1.4  28.9 29.2 0.9 -0.6 29.5  -0.8 0.1 
Sep-03 24.2  2.5  26.8 25.6 0.8 -0.2 26.2  0.5 0.1 
Oct-03 15.0  0.0  15.0 15.1 0.9 0.1 16.0  -1.2 0.1 
Nov-03 3.9  0.3  4.2 1.5 0.7 1.9 4.1  0.0 0.1 
Dec-03 3.0  0.3  3.4 0.7 0.6 1.7 3.1  0.2 0.1 
Jan-04 3.2  0.5  3.7 1.1 0.7 1.4 3.2  0.4 0.1 
Feb-04 7.8  0.7  8.6 5.9 0.7 1.5 8.1  0.4 0.1 
Mar-04 3.6  0.0  3.6 2.3 1.0 1.6 4.9  -1.4 0.1 

2004 

Apr-04 1.9  0.3  2.2 0.0 1.1 0.5 1.6  0.5 0.1 
Subtotal 135.6  9.4  145.0 121.6 10.6 10.6 142.8  1.0 1.2 

May-04 1.7  0.2  1.9 0.0 1.3 1.1 2.4  -0.6 0.1 
Jun-04 2.3  1.7  4.0 1.2 1.1 1.4 3.7  0.2 0.1 
Jul-04 4.6  1.5  6.1 1.4 1.0 2.9 5.4  0.6 0.1 
Aug-04 26.7  1.6  28.3 27.0 0.9 -0.6 27.3  0.9 0.1 
Sep-04 30.2  1.3  31.4 35.9 0.8 -4.6 32.1  -0.8 0.1 
Oct-04 20.8  0.3  21.1 19.6 0.8 0.0 20.4  0.6 0.1 
Nov-04 4.8  0.1  4.9 3.5 0.6 1.5 5.6  -0.8 0.1 

2005 

Dec-04 1.7  0.2  1.9 0.7 0.6 1.2 2.5  -0.7 0.1 
Subtotal 92.8  6.8  99.6 89.4 7.1 2.8 99.4  -0.6 0.8 
Total 356.0  26.1  382.1 335.5 28.3 15.8 379.5  -0.6 3.2 
  % ∑IN % ∑OUT   
    93.2 6.8 100.0 88.4 7.4 4.2 100.0 

Unit: hm3 (= 1,000,000 m3) 
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Note: WY = water year; ISF = surface water inflow; P = precipitation; OSF = surface water 
outflow; ET = evapotranspiration; OGW = net groundwater seepage; ΔS = change in storage 
volume; R = water budget residual (= ∑IN-∑OUT- ΔS). 
 
 
Table 5-2. Vegetation type of STA 5. 

Type of vegetation habitat 
Ratio 
(%) Dominant vegetation species 

Emergent 
 

46.18 Cattail (57%), Mixed cattail and mixed 
graminoids (30%) 

Floating 0.60 Floating/floating attached emergents 
Shrub 
 

7.47 Primrose Willow (60%), mixed cattail and 
primrose willow (18%) 

Open water with or without vegetation 7.71  
Open water with Hydrilla 
 

38.05 Hydrilla (81%), Hydrilla with periphyton 
(19%) 

Source: STA 5 vegetation map as a format of GIS shapefile (Nick Miller, Inc., 2006) 
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Table 5-3. Monthly water budget recalibrated for the AD model of STA 5 northern flow-way. 

WY Month ISF P ∑IN OSF ET OGW ∑OUT ΔS R 
May-03 4.7 1.3 6.0 0.9 1.0 2.2 4.2  2.1 -0.3
Jun-03 20.2 1.3 21.5 20.5 1.0 0.3 21.8  0.4 -0.6
Jul-03 20.5 0.8 21.3 18.9 1.1 1.1 21.1  -0.1 0.3
Aug-03 27.5 1.4 28.9 29.2 0.9 0.3 30.4  -0.8 -0.8
Sep-03 24.2 2.5 26.8 25.6 0.8 -1.6 24.8  0.5 1.5
Oct-03 15.0 0.0 15.0 15.1 0.9 0.0 16.0  -1.2 0.2
Nov-03 3.9 0.3 4.2 1.5 0.7 2.3 4.4  0.0 -0.3
Dec-03 3.0 0.3 3.4 0.7 0.6 1.8 3.1  0.2 0.0
Jan-04 3.2 0.5 3.7 1.1 0.7 1.6 3.4  0.4 -0.1
Feb-04 7.8 0.7 8.6 5.9 0.7 1.7 8.3  0.4 -0.1
Mar-04 3.6 0.0 3.6 2.3 1.0 1.7 5.0  -1.4 0.0

2004 

Apr-04 1.9 0.3 2.2 0.0 1.1 0.4 1.5  0.5 0.2
Subtotal 135.6 9.4 145.0 121.6 10.6 11.8 144.0  1.0 0.0

May-04 1.7 0.2 1.9 0.0 1.3 1.3 2.6  -0.6 -0.1
Jun-04 2.3 1.7 4.0 1.2 1.1 1.6 3.9  0.2 -0.1
Jul-04 4.6 1.5 6.1 1.4 1.0 3.1 5.6  0.6 -0.1
Aug-04 26.7 1.6 28.3 27.0 0.9 -0.4 27.5  0.9 -0.1
Sep-04 30.2 1.3 31.4 35.9 0.8 -4.4 32.3  -0.8 -0.1
Oct-04 20.8 0.3 21.1 19.6 0.8 -0.1 20.3  0.6 0.2
Nov-04 4.8 0.1 4.9 3.5 0.6 1.6 5.7  -0.8 0.0

2005 

Dec-04 1.7 0.2 1.9 0.7 0.6 1.4 2.7  -0.7 -0.1
Subtotal 92.8 6.8 99.6 89.4 7.1 4.0 100.6  -0.6 -0.4
Total 228.4  16.2  244.6 211.0 17.7 15.8 244.6  0.5 -0.4 
  % ∑IN % ∑OUT 
    93.4  6.6  100.0 86.3 7.2 6.5 100.0  

Unit: hm3 (= 1,000,000 m3) 
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Table 5-4. Manning roughness coefficients used in the HD model, which are assigned with 

respect to type and density of vegetation habitat in STA 5 northern flow-way.  

Type of vegetation habitat 
Percent coverage  
(%) 

Manning’s n 
(s/m1/3) 

Emergent 
 
 

<0.1 
0.1-0.25 
0.5-6.6 

0.085  
0.130 
0.670 

Floating 
 
 

0.003-0.006 
0.006-0.02 
0.02-0.031 

0.070 
0.100 
0.120 

Shrub 
 
 
 

<0.05 
0.05-0.15 
0.15-0.25 
1.75-2.6 

0.070 
0.100 
0.120 
1.000 

Open water with or without vegetation 
 
 
 
 

<0.025 
0.025-0.05 
0.05-0.1 
0.1-0.21 
0.21-0.34 

0.060 
0.076 
0.085 
0.100 
0.120 

Open water with Hydrilla 
 
 
 

<0.5 
0.5-1.3 
1.3-2.4 
4.0-26.5 

0.070 
0.120 
0.130 
0.150 

Hydraulic structure (Culvert)  0.024 
 
 
Table 5-5. Coefficients for effective roughness used in the SFWMM. 

Coefficients of  
effective roughness, N*

N value as a function of 
ponding depth (ft) 

Land use/description A b 1ft 2ft 3ft 
Wetland/freshwater marsh 1.10 -0.77 1.10 0.65 0.47 
Wetland/sawgrass plains 1.25 -0.77 1.25 0.73 0.54 
Wetland/wet prairie 0.75 -0.77 0.75 0.44 0.32 
Rangeland/shrubland (scrub and shrub) 1.05 -0.77 1.05 0.62 0.45 
Wetland/STA and above-ground 
reservoir 

1.15 
 

-0.77 
 

1.15 
 

0.67 
 

0.49 

Wetland/cattail 1.20 -0.77 1.20 0.70 0.51 
Wetland/mixed cattail/sawgrass 1.25 -0.77 1.25 0.73 0.54 
Source: Documentation for the SFWMM v5.5 (SFWMD, 2005b). 
* N = A (PONDb), where POND is ponding depth of a grid cell.  
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Table 5-6. Water level sensitivity on hydraulic resistance represented by Manning’s roughness 

coefficient in STA 5 northern flow-way.  
ΔRMSE (RMSEs**- RMSEc*) Water level 

measurement 
Points 

30% increase of Manning’s 
roughness coefficients 

30% decrease of Manning’s 
roughness coefficients 

G343B_H -0.001 0.005
G343B_T 0.004 0.005
G343C_H -0.006 0.005
G343C_T 0.018 0.006
G344A 0.005 0.011
G344B -0.003 0.019
Average 0.003 0.009
Unit: meter 
* RMSEc is a RMSE between the measured and simulated water level, which is based on 
hydraulic roughness determined by model calibration process.  
** RMSEs is a RMSE between the measured and simulated water level, which is based on  
hydraulic roughness modified (±30%) for sensitivity analysis.  
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Table 5-7. Dispersion coefficient in constructed wetlands reported in previous studies.   
Source Value Unit Comment 
Kadlec (1994a) 0.0169 ± 0.00976 m2/s Des Plaines River 
Martinez and Wise (2003) 0.157 (0.010-0.512)  OEW(Cell 1-15), Florida 
Keefe et al. (2004) 
 
 

0.00253 ± 0.000775
0.00997 ± 0.000235

0.0213 ± 0.000401

 
 

Tres Rios Wetlands, Phoenix, 
Arizona 
 

 
 
Table 5-8. Sensitivity analysis on longitudinal dispersivity (αy is fixed to 0.1m) in STA 5 

northern flow-way. 
RMSE of chloride simulation (mg/L) 

αx : αy αx (m) G343B G343C G344A G344B Average 
1:1 0.1 10.41 16.16 22.21 22.43 17.802 
5:1 0.5 9.45 17.22  21.45 21.22 17.334 
10:1 1 9.49 13.29 20.80 20.66 16.060 
20:1 2 9.83 13.21 20.08 20.15 15.819 
100:1 10 11.46 16.20 19.47 19.98 16.775 
 
 
Table 5-9. Sensitivity analysis on transverse dispersivity (αx is fixed to 2m) in STA 5 northern 

flow-way. 
RMSE of chloride simulation (mg/L) 

αx : αy αy (m) G343B G343C G344A G344B Average 
1:1 2 11.39 12.60 21.06 20.49 16.387 
5:1 0.4 10.21 12.87 20.55 20.03 15.915 
10:1 0.2 9.91 13.04 20.25 20.08 15.823 
20:1 0.1 9.83 13.21 20.08 20.15 15.819 
100:1 0.02 9.91 13.42 19.99 20.25 15.892 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

123 

 

Figure 5-1. Location map of study area, STA 5. 
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Figure 5-2. A schematic of STA 5 indicating the hydraulic structures as well as the flow and 
vegetation pattern.  
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Figure 5-3. Daily-based precipitation and evapotranspiration rates in STA 5. A) Precipitation. B) 
Evapotranspiration.  
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Surface water inflows in STA 5 northern flow-way
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Surface water outflows in STA 5 northern flow-way
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Figure 5-4. Daily-based surface water flows in STA 5 northern flow-way. A) Inflows. B) 
Outflows. 
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Figure 5-5. Bathymetry prediction map of STA 5 northern flow-way generated using IDW 
interpolation scheme.  
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Figure 5-6. Raster-typed bathymetry prediction map of STA 5 northern flow-way. 
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Figure 5-7. Vegetation distribution shapefile of STA 5 northern flow-way. [Source: Nick Miller, 
Inc. (2006).] 
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Figure 5-8. Manning’s roughness coefficients assigned at each model grid cell of STA 5 northern flow-way. A) Cell 1A. B) Cell 1B. 
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Figure 5-8. Continued. 
 

 

 

 



 

132 

Inlet chloride concentration profiles in STA 5 northern flow-way
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Figure 5-9. Inlet chloride concentration profiles in STA 5 northern flow-way.  
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G343B_H Water Level (RMSE = 0.083 m)
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Figure 5-10. Simulation results of the HD model on hydroperiod fluctuation at the six water level 
measurement points in STA 5 northern flow-way during the model calibration period 
(May 1, 2002 to April 30, 2003). A) G343B_H. B) G343B_T. C) G343C_H. D) 
G343C_T. E) G344A_H. F) G344B_H. 
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G343C_H Water Level (RMSE = 0.086 m)
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Figure 5-10. Continued. 
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G344A Water Level (RMSE = 0.109 m)
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Figure 5-10. Continued. 
 

 



 

136 

G343B_H Water Level (RMSE = 0.079 m)
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Figure 5-11. Simulation results of the HD model on hydroperiod fluctuation at the six water level 
measurement points in STA 5 northern flow-way during the model validation period 
(May 1, 2003 to December 31, 2004). A) G343B_H. B) G343B_T. C) G343C_H. D) 
G343C_T. E) G344A_H. F) G344B_H. 
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G343C_H Water Level (RMSE = 0.087 m)
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Figure 5-11. Continued. 
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G344A Water Level (RMSE = 0.241 m)
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Figure 5-11. Continued. 
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G343B_H Water Level
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Figure 5-12. Sensitivity analysis results of Manning’s roughness coefficient (n) on hydroperiod 
fluctuation at the six water level measurement points in STA 5 northern flow-way. A) 
G343B_H. B) G343B_T. C) G343C_H. D) G343C_T. E) G344A_H. F) G344B_H. 
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G343C_H Water Level
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Figure 5-12. Continued. 
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G344A Water Level
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Figure 5-12. Continued. 
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G343B Chloride Concentration Profile (RMSE = 7.80 mg/L)
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G343C Chloride Concentration Profile (RMSE = 11.44 mg/L)
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Figure 5-13. Simulation results of the AD model on chloride concentration profiles at the four 
water quality measurement points in STA 5 northern flow-way during the model 
calibration period (May 1, 2003 to April 30, 2004). A) G343B. B) G343C. C) G344A. 
D) G344B. 
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G344A Chloride Concentration Profile (RMSE = 16.83 mg/L)
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G344B Chloride Concentration Profile (RMSE = 17.83 mg/L)
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Figure 5-13. Continued. 
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G343B Chloride Concentration Profile (RMSE = 12.24 mg/L)
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G343C Chloride Concentration Profile (RMSE = 15.46 mg/L)
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Figure 5-14. Simulation results of the AD model on chloride concentration profiles at the four 
water quality measurement points in STA 5 northern flow-way during the model 
validation period (May 1, 2004 to December 31, 2004). A) G343B. B) G343C. C) 
G344A. D) G344B. 
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G344A Chloride Concentration Profile (RMSE = 24.09 mg/L)
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G344B Chloride Concentration Profile (RMSE = 23.16 mg/L)
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Figure 5-14. Continued. 
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Figure 5-15. Calibration curves of chloride transport model on longitudinal and transverse 
dispersivity. 

 
 

 
 
 
 



 

147 

CHAPTER 6 
MODEL APPLICATION TO THE STORMWATER TREATMENT AREA (STA) 5 

NORTHERN FLOW-WAY: II. PHOSPHORUS DYNAMICS 

Introduction 

The primary purpose of STAs in South Florida is to remove phosphorus flowing into the 

Everglades. The original design and construction of STAs were based on a first-order 

phosphorus model, which was calibrated to water column and peat phosphorus data collected in 

WCA-2A (Walker, 1995). In spite of usefulness as a long-term management model, application 

is basically limited as a scientific modeling tool to understand the function and structure of 

constructed wetlands systematically. In addition, practical application as a management 

modeling tool is not complete because the short- or long-term spatio-temporal variations caused 

by testing various hypotheses for best management are not provided by a first-order phosphorus 

uptake model.  

In this chapter, the ECO Lab phosphorus dynamics model developed in Chapter 3 is 

calibrated and validated with water column phosphorus data collected in STA 5 northern flow-

way. Linked with the HD and AD models calibrated in the same area (Chapter 5), the 

phosphorus dynamics model was used to simulate the observed spatio-temporal variations of 

three phosphorus species (SRPw, DOP, and PP). This modeling approach is expected as an 

alternative to historical treatment wetland modeling efforts, overcoming their shortcomings.  

For this model application, several reasons to choose the northern flow-way of STA 5 are: 

(1) not all STAs have abundant tempo-spatial flow and water quality measurement data, 

including phosphorus species in water column, to enable calibration and validation of a long 

term 2-D flow and phosphorus dynamics model, (2) South Florida STAs, including the ENRP, 

and the adjacent wetland ecosystems such as WCA-2A, comprise one of the most systematically-

studied wetland ecosystems in the world. So a lot of background field and laboratory data on soil 
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and vegetation, required to develop an ecosystem dynamics model, are available, (3) the basin 

shape and management practice (EAV-SAV system) of treatment cells (Cell 1A and 1B) are 

typical enough to be applicable broadly to other similar constructed wetlands, and (4) until now, 

STA 5 is the most challenging system with respect to phosphorus removal efficiency among the 

STAs (Juston and DeBusk, 2006), mainly due to overloading of flow and phosphorous exceeding 

hydraulic (2.62 cm/day) and phosphorus loading rates (1.69 g/m2/year) of long-term average 

design (Pietro et al., 2006). As a result, input and output phosphorus levels are relatively high 

compared to the other STA systems. On the other hand, these high phosphorus concentrations 

enable one to avoid great simulation uncertainty due to the extremely low measured level. In 

reality, effluent levels of some phosphorus species in well-performing STA systems are not far 

from the detection limit (4 ppb in this study).  

Specific Aims 

Recent STA studies have focused on technology development to optimize performance in 

order to lower outflow phosphorus concentrations to very low levels (Goforth, 2001; Newman 

and Lynch, 2001; Dierberg et al., 2002). For this, treatment efficiency has been commonly 

compared through manipulation of vegetative communities or hydraulic efficiency. Biota, such 

as SAV and periphyton, has been spotlighted recently instead of traditional EAV systems. 

According to Dierberg et al. (2002), the native SAV systems are more efficient for phosphorus 

removal at low concentration (14-100 ppb) than the EAV systems. A mesocosm study performed 

by DeBusk et al. (2004) showed that a periphyton system can generate very low outflow 

phosphorus concentrations (approximately 10 ppb). On the other hand, negative impact of 

internal short-circuiting flow on phosphorus removal performance in STA 1W was reported 

(Dierberg et al., 2005). Systematical phosphorus dynamics modeling efforts on these wetland 

ecosystems have been rarely reported.  
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Therefore, the specific aims of this chapter are: (1) to develop an ECO Lab phosphorus 

dynamics model, which is integrated to depth-averaged flow dynamics and solute transport 

model and incorporates differences in the phosphorus cycle between EAV and SAV systems. 

This model may be primarily applied to large-scaled, subtropical constructed wetland systems 

similar to South Florida STAs; however, it is expected to be applied to various constructed 

wetland settings because it is easy to adjust ECO Lab model according to the site-specific 

characteristics of an ecosystem and (2) to estimate sensitivities to values (or ranges) of key 

model parameters commonly used, but not extensively studied in STA-type constructed wetlands. 

Materials and Methods 

The ECO Lab phosphorus dynamics model, calibrated and validated with time series 

concentration profiles of water column phosphorus species observed in the STA 5 northern flow-

way, incorporates ecosystem dynamics among water column, floc and upper soil layers, and 

plant communities such as EAV, SAV, and periphyton (Chapter 3). As a result, a lot of field or 

laboratory measurement data are basically required to build the ecosystem dynamics. In general, 

success of a water quality model entirely depends on the quality and quantity of collected 

background data. Data acquisition through field survey and measurement, field or lab 

experiment, and historical literature review is one of the most important tasks in developing the 

model. Although the study area has relatively abundant data for phosphorus compartments, there 

are still some unknowns that are not fully supported by literature survey. In addition, as the 

available data are, in many cases, dependent on one-time measurement, they provide no 

information on their spatio-temporal variations, and some assumptions and inferences are 

inevitable in this study.  

The linked HD and AD model setups are not reviewed here again because they were fully 

covered in the previous chapter. Therefore, the focus of this section is placed on the ECO Lab 
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model setup: (1) phosphorus data and assumptions used in the model, (2) initial conditions, (3) 

model constants used in the model, and (4) model incorporation of differences between 

phosphorus dynamics of EAV and SAV systems.  

ECO Lab Model Setup 

The ECO Lab phosphorus dynamics model consists of 12 state variables, 34 processes, 56 

constants, and 3 forcing functions. The Euler method was selected to solve the coupled ordinary 

differential equations defined in Chapter 3 numerically. Although it is the simplest numerical 

integration method, it is favorable on saving the model running time. The numerical solution 

error incurred by not choosing more sophisticated integration methods is negligible when the 

simulation time step is very short. In this study, the time simulation time step is 10 minutes and 

the simulation period for model calibration is from May 1, 2003 to April 30, 2004 (1 year) and 

for validation is from May 1, 2004 to December 31, 2004 (0.67 years).  

The model scope addressing specific model features distinguishable with historical 

phosphorus dynamics modeling efforts as well as the model framework was discussed in Chapter 

3.  

Phosphorus data used in model 

Like the hydrologic data in Chapter 5, DBHYDRO data for three phosphorus species in 

water column (SRP, Total Dissolved Reactive Phosphorus (TDRP), and TP) are available during 

the entire simulation period at hydraulic structures through the middle levee separating Cell 1A 

and 1B (G343B and G343C) as well as at all inflow (G342A, G342B, and G349A) and outflow 

control structures of the northern flow-way (G344A and G344B). These phosphorus species 

were collected as weekly or biweekly grab samples. To generate daily-based phosphorus 

concentration profiles at each site, weekly or biweekly measured phosphorus data were linearly 

interpolated in this study. Daily-based DOP and PP were calculated as DOP = TDRP – SRP and 



 

151 

as PP = TP – TDRP, respectively. Phosphorus concentration profiles observed at the inflow 

structures were incorporated into each source grid cell of the HD model domain to generate 

phosphorus plumes in the study area, and those observed at the middle and outflow structures 

were used to calibrate and validate the phosphorus dynamics model.  

Figures 6-1, 6-2, and 6-3 illustrate the inlet concentration profiles of observed three 

phosphorus species (SRPw, DOP, and PP) and the relative portion at G342A, G342B, and G349A, 

respectively. Temporal variation of SRPw concentration follow typical stormwater pattern at the 

two culvert-induced inflow sites (G342A and G342B); on the other hand, DOP and PP do not 

show the stormwater-typed inflow pattern (Figure 6-1A and 6-2A). SRPw is the dominant species 

of inlet phosphorus except during the dry period from April to July; on the other hand, PP is 

dominant during the four months corresponding to the vegetation growing season (Figure 6-1B 

and 6-2B). The inlet pattern of phosphorus and the relative portion in seepage return flow 

(G349A) are different from those of the culvert-induced inflows. There is no relationship 

between phosphorus levels and typical stormwater runoff, and PP is predominant year-round at 

the seepage return flow site (Figure 6-3). 

Phosphorus accretion to the wetland bottom is the long-term storage mechanism in 

constructed wetlands. Top soil (0-10 cm) and floc layer samples from STA 5 were collected and 

analyzed by SFWMD in summer 2003. Refer to Qore, Inc. (2004) for the field and laboratory 

methods. Maps showing spatial variation in bulk density and TP content of the floc and the upper 

soil layer were provided by Goforth et al. (2005) and were converted into raster-typed data for 

model input in this study. The average converted floc and upper soil TP contents for STA 5 

northern flow-way are 791 mg/kg and 492 mg/kg, respectively. 
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Unfortunately, although PIP and POP were not independently monitored in the field, the 

dynamics model incorporated to separate the observed PP into the two state variables because the 

role of each state variable in phosphorus cycle is totally different. Likewise, measured floc and 

soil TP concentration data should be divided into IPf and OPf and IPs and OPs, respectively. In 

this study, ratios between these inorganic and organic phosphorus state variables were assumed 

to be 0.3:0.7, which originated from the average ratio between inorganic and organic phosphorus 

concentrations in floc and soil layers of STA 1W and WCA 1A. Pant and Reddy (2001) reported 

that the ratio between IP and OP in floc layer of treatment Cell 1 in STA 1W was 0.3:0.7. Also, 

Corstanje et al. (2006) reported a ratio of 0.25:0.75 in the floc layer of WCA 1A. For soil layer, 

White et al. (2006) reported a ratio of 0.31:0.69 in top 5 cm soil layer of STA 1W EAV and SAV 

cells (0.38:0.62 in the entire soil layer), and Corstanje et al. (2006) reported a ratio of 0.2:0.8 in 

soil layer of WCA 1A. Previously, Reddy et al. (1998b) reported a ratio of 0.33:0.67 in a study 

regarding forms of soil phosphorus in selected hydrologic units of the Florida Everglades. 

Although the assumed ratio between inorganic and organic floc/soil phosphorus data in these 

wetland systems that are similar to STA 5 cannot be directly applicable to determine the ratio 

between water column PIP and POP, this assumption is not too unreasonable in that deposition 

of water column PP eventually regulates the ratio of floc and soil layer.  

Initial conditions 

Phosphorous data used to specify initial conditions of 12 state variables in the dynamics 

model are primarily dependent on field measurement in STA 5 northern flow-way or the adjacent 

wetland systems, such as STA 1W and WCA-2A.  

For mobile state variables in the water column (SRPw, DOP, PIP, and POP), phosphorus 

concentrations observed at seven measurement points within the northern flow-way on the 
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simulation starting date (May 1, 2003) were linearly interpolated to set each initial condition on 

the entire model domain.  

Prior to specifying the initial condition of model domain for periphyton phosphorus (Pperi), 

periphyton was assumed to homogeneously exist on only SAV grid cells in Cell 1B due to the 

lack of field data. According to McCormick et al. (1998), areal periphyton phosphorus 

concentration, mostly stored as a form of epiphyton, was 0.015 g TP/m2 in eutrophic open water 

areas of WCA 2A during the dry season. This value was divided by average water depth of Cell 

1B (0.7 m), then a constant value of 0.021 mg/L was assigned to all SAV grid cells in Cell 1B.  

To specify the initial condition of the model domain for macrophyte phosphorus (Pmacro), 

five vegetation types of the northern flow-way (Table 5-2) were first reclassified into three 

categories: EAV, SAV, and no vegetation. The EAV category includes three vegetation groups: 

cattail dominant “emergent” vegetations, “shrub”, and “floating.” SAV and no vegetation 

categories correspond to the groups of “open water with Hydrilla” and “open water with or 

without vegetation”, respectively. Pmacro was set at zero for grid cells corresponding to the no 

vegetation category. Total macrophyte phosphorus concentrations (including below-ground 

biomass) in EAV and SAV mesocosms of STA 1W were reported as 0.348 g P/m2 and 0.121 g 

P/m2, respectively (White et al., 2006). These values were divided by average water depths of 

Cell 1A (0.6 m) and 1B (0.7 m), respectively, and then constant values of 0.58 mg/L and 0.173 

mg/L were evenly assigned to all the grid cells corresponding to the EAV and SAV category, 

respectively.  

Spatially-constant SRPf and SRPs concentration were initially set at 0.3 mg/L and 0.75 

mg/L, respectively, considering the vertical profiles of floc and soil porewater SRP 

concentrations in STA 1W and the impacted areas of WCA 2A (Koch, 1991; Reddy et al., 1999; 
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DeBusk and Reddy, 2005). Each raster-typed TP data, converted from the TP content maps of 

the floc and the upper soil layer (Goforth et al., 2005), was separated using the 0.3:0.7 

assumption for the initial condition of IPf, OPf, IPs, and OPs (Figure 6-4). 

Constants used in model 

Model constants used in the phosphorus dynamics model were first obtained from field 

measurements, previous literature data, and inference, then tuned to fit the field data in STA 5 

northern flow-way. The finally calibrated values used for the phosphorus dynamics model are 

shown in Table 6-1. In this study, model calibration was accomplished first by changing the 

parameters related to sedimentation/resuspension processes and then to those related to uptake by 

biota. Then, model constants associated with the floc and soil layers were changed to generate 

near steady state concentration profiles of the six state variables. Finally, model constants related 

to phosphorus transformation processes among the state variables in water column were 

modified to obtain the least RMSE values between measured and simulated SRPw, DOP, and PP 

concentration profiles at the four monitoring sites (G343B, G343C, G344A, and G344B).  

For atmospheric deposition flux of the mobile state variables (SRPw, DOP, PIP, and POP), 

bulk deposition rates estimated in Chapter 3 were used (Table 3-5). The selected decay and 

mineralization/degradation rate constants were mostly within the range of literature values 

(Tables 3-6 and 3-7), and formation rate constants were determined by model calibration. 

Calibrated critical velocity and phosphorus sedimentation/resuspension rate constants are also 

not highly different with the literature values (Table 3-8).  

The calibrated maximum growth rate constants for phosphorus uptake by EAV (mainly 

Typha spp.), SAV, and periphyton are similar to the literature values (Table 3-9). In general, 

sensitivity of macrophytes/periphyton growth to SRP concentration in water column or soil layer 

is represented by the ratio of SRP to the half saturation constants (ks_macro, ks_root, and 
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ks_peri). In cases which SRP concentrations are much lower than half saturation constants, 

growth rate of biota increases almost linearly with increased SRP concentration. On the other 

hand, if SRP >> the half saturation constants, the growth rate of biota is almost constant 

regardless of SRP concentration. In this study, calibrated values of three half saturation constants 

are greater than average SRP concentrations in water column and soil layer. Hence, phosphorus 

is not saturated with respect to the biota growth, serving as a limiting factor for the growth in the 

ecosystem. 

An effective diffusion coefficient (D) value of 3.41×10-5 m2/day was used considering a 

tortuosity factor of 0.5 (Li and Gregory, 1974; Reddy et al., 1996; Fisher and Reddy, 2001; 

Newman and Pietro, 2001). An average floc layer depth of 0.088 m was measured in the field 

(Pietro et al., 2006), and root fractions of the EAVs and the SAVs were set at 0.667 (Davis, 

1984; Han, 1985) and 0.05 (Janse, 1998; White et al., 2006), respectively. Bulk density maps for 

the floc and the top soil layer (Goforth et al., 2005) were converted into raster-typed datasets and 

assigned to the model domain. Porosity of the floc (poro_f) and the soil layer (poro_s) were set 

at 0.95 (0.97 in Newman and Pietro (2001); 0.94 in Pant and Reddy (2001); 0.92 in Corstanje et 

al. (2006)) and 0.74 (White et al., 2006), respectively. Maximum adsorption capacity in the floc 

(Smax_f) and the soil layer (Smax_s) were assumed to be 500 mg/kg and 250 mg/kg (98-418 mg/kg 

in Reddy et al. (1995)), respectively. Biodegradable fractions of OPf (f_excop_f) and OPs 

(f_excop_s) and exchangeable fractions of IPf (f_excip_f) and IPs (f_excip_s) were estimated to 

be 0.25 and 0.1 (7% of TP in Grunwald et al. (2006)) and 0.5 (Pant and Reddy, 2001) and 0.01 

(less than 0.3% in White et al. (2006)), respectively. Sequestration fluxes of IPf into IPs (f_seq1) 

and OPf into OPs (f_seq2) were determined by model calibration, and sequestration fluxes of IPs 
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and OPs into deep soil layer (f_seq3 and f_seq4) were set using the values measured by Turner et 

al. (2006). A minimum water depth (min_wd) of 0.03 m was used in the model.  

In this study, a time-series temperature profile measured at G343C (Figure 6-5) was 

specified in the phosphorus dynamics model to reflect temperature dependency of biologically 

mediated reactions. However, model calibration showed that the temperature effect was not 

significant in this dynamics modeling study. In other words, model calibration was better when 

the temperature effect was eliminated (temperature coefficient of Arrhenius equation (θ) = 1.00). 

Kadlec and Knight (1996) and Kadlec and Reddy (2001) reported little or no apparent 

temperature effect on phosphorus removal in marshes. Their findings may be due to the fact that 

annual temperature variation of subtropical wetlands is small compared to systems at higher 

latitudes. 

Phosphorus dynamics: EAV vs. SAV 

Figures 6-6 and 6-7 show schematics of phosphorus dynamics in the EAV and SAV 

system of STA 5 northern flow-way, respectively. Differences in phosphorus dynamics models 

between EAV and SAV wetland ecosystems are presented in Table 6-2 in more detail. 

Periphyton and direct SRPw uptake by macrophyte in water column are not considered in the 

EAV phosphorus model. As a result, root uptake of SRPs is dominant in EAV system. On the 

other hand, direct uptake by macrophyte in the water column is dominant in SAV system, and 

the root uptake is minimal due to the small fraction. For macrophyte decomposition processes 

(k_decay4 and k_decay6) and adsorption of SRPw into PIP, appropriate weighting factors are 

given to reflect the fact that biomass decomposition rates are generally faster in the SAV system, 

and Ca-P coprecipitation via periphyton does not occur in EAV system. For example, the 

formation rate constant of PIP from SRPw (k_form2) in SAV system is set at six times higher 
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than in the EAV system. To incorporate these processes in the model, the related parameter 

values were determined by model calibration.  

Results and Discussion 

As water enters the northern flow-way, it first flows into a cattail-dominant EAV marsh 

(Cell 1A). Farther along in the treatment cell, additional phosphorus species are removed in a 

treatment cell (Cell 1B), which primarily consists of SAV plus periphyton that attach to 

underwater stems, bringing the inlet concentrations down to lower levels. Average operating 

conditions of the northern flow-way for three years (WY 2003 to 2005) were reported by Juston 

and DeBusk (2006). Hydraulic and phosphorus loading rates are 3.5 cm/day and 2.3 g/m2/year, 

respectively. Average concentrations of input and output phosphorus are 177 and 91 ppb, 

respectively, and phosphorus removal rate is 46%. 

Ahead of running the ECO Lab phosphorus dynamics model, conservative SRPw, DOP, 

and PP transport simulations, based on the chloride transport model setup described in Chapter 5, 

were used to estimate water column phosphorus retention in STA 5 northern flow-way. This 

exercise was performed to figure out how different the reactive characteristics are with respect to 

the phosphorus species and the wetland vegetation type. Conservative phosphorus transport 

model results and implications are first presented, followed by the results and discussion of 

phosphorus dynamics model.  

Conservative Phosphorus Transport Model 

Estimation of phosphorus retention 

In general, the phosphorus budget in the water column of most constructed wetlands is as 

follows: 

ISF + P – OSF – OGW – Ret = ΔPWC         (6-1) 
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where ISF, P, OSF, OGW, Ret and ΔPWC denote the phosphorus mass of surface water inflow, 

atmospheric deposition, surface water outflow, net groundwater seepage, retention, and water 

column storage change, respectively. ISF and OSF are relatively easily monitored in the field; 

however, it is extremely difficult to measure the other terms directly. Hence, in many cases, P, 

OGW, and ΔPWC would be often omitted in estimating phosphorus retention if they are very small 

compared to ISF and OSF. In addition, phosphorus removal efficiency of a constructed wetland is 

computed in the same way and compared to similar systems.  

In this study, the annual phosphorus budget for STA 5 northern flow-way (May 1, 2003 to 

April 30, 2004) was estimated through comparison of measured and conservatively-simulated 

phosphorus concentration profiles at four monitoring points (G343B, G343C, G344A, and 

G344B). If phosphorus was conservative in the entire study area, its mass balance could be 

expressed as:  

ISF* + P* – OSF* – OGW* = ΔPWC*          (6-2) 

where each term is the same as Equation 6-1 except denotation of * to reflect conservative solute 

transport condition. To calculate ISF
* and OSF

*, daily measured surface water inflow/outflow and 

linearly-interpolated, measured inlet and simulated outlet phosphorus concentrations were 

multiplied to calculate daily-based phosphorus masses in surface water flow, which were 

summed with respect to the one-year simulation period. For P*, the annual average estimation 

shown in Table 3-5 was used. ΔPWC
* was calculated by MIKE 21 Mass Budget module, then the 

only unknown, OGW
*, was determined by Equation 6-2. 

In reality, some amount of inlet phosphorus is physically, biologically, or chemically 

retained in most constructed wetland systems, following Equation 6-1, not 6-2; otherwise, outlet 

phosphorus concentrations would be higher. ISF* and P* are the same with ISF and P because 
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they are given terms. If we assume that OGW* and ΔPWC* are approximately identical to OGW and 

ΔPWC, respectively, OSF* is divided into OSF and Ret as follows: 

OSF* = OSF + Ret          (6-3) 

where OSF is calculated by multiplying measured surface water outflow and the linearly-

interpolated, measured outlet phosphorus concentration. OSF
* is increased as much as the amount 

of phosphorus retention in the real condition, compared to OSF. Therefore, the retained 

phosphorus mass, Ret, was determined by Equation 6-3. For four phosphorus species, SRPw, 

DOP, PP, and TP, each annual phosphorus budget is summarized in the Table 6-3 and compared 

to data provided by Pietro et al. (2006) and Chimney (2007). Except for the ISF term of PP, both 

show an overall agreement for budget estimation. For SRPw and PP, 45.5% and 50.3% of inlet 

phosphorus masses were retained in the entire northern flow-way, respectively; on the other hand, 

only 8.2% of inlet DOP mass was retained in the same area. As for TP, 43.7% of inlet TP was 

removed in the northern flow-way. 

Figures 6-8, 6-9, and 6-10 present results of conservative solute transport simulation from 

May 1, 2003 to December 31, 2004 for SRPw, DOP, and PP concentration profiles at the four 

water quality measurement points in the STA 5 northern flow-way (G343B, G343C, G344A, and 

G344B), respectively. The uncertainty of estimating phosphorus retention using the conservative 

transport model is totally dependent on accuracy of phosphorus concentration profiles simulated 

at each measurement point. Therefore, the ± 1 RMSE variations of the simulated SRPw, DOP, 

and PP concentration profiles, which are based on RMSEs of chloride transport simulation 

calculated at the same measurement points, are estimated using the assumption that the 

coefficient of variation (CV = RMSE/Mean) in chloride transport simulation is the same as that 

in conservative phosphorus transport simulation as follow:  
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where RMSECL and RMSEP are RMSE values of conservative solute transport model for chloride 

and phosphorus, respectively, and MeanCL and MeanP are each simulation mean value. The only 

unknown, RMSEP, was determined from Equation 6-4. Appendix C, D, and E show the ± 1 

RMSE variations of the simulated SRPw, DOP, and PP concentration profiles, respectively. 

Implication of this modeling study 

Unlike generally expected, the dominant inlet phosphorus species is SRPw in the wet 

season and PP in the spring. It is noted that retention or loss of SRPw is minimal in Cell 1A, EAV 

dominant treatment cell (Figure 6-8A and B). Loss of SRPw occurs mainly in spring and early 

summer season and after the storm season in Cell 1B, SAV dominated treatment cell (Figure 6-

8C and D). Generally, as well-known, the SAV wetland is more efficient for phosphorus removal 

than EAV (Kadlec, 2006). It seems that the period of SRPw loss corresponds to the vegetation 

growing season. On the other hand, storm (wet) and mid-winter seasons are not likely to be good 

for SRPw uptake due to storm and temperature effects.   

For DOP, retention in Cell 1A is also negligible because there is almost no difference 

between measured and simulated DOP profiles (Figure 6-9A and B). Moreover, Cell 1B may 

have a possibility of acting as a source of DOP (Figure 6-9C and D). This suggests the possibility 

that the SAV system plays a role as a DOP source, but it has not been clearly understood. 

However, it is likely that there may be no dominant mechanisms for removal in current STA 5 

northern flow-way. Due to low retention ability, it may be difficult with the current system to 

meet extremely low effluent TP target levels such as 10 ppb. Results of the DOP conservative 

transport simulation confirm the findings of White et al. (2004 and 2006).  
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For PP, a relatively constant loss pattern is observed in both Cell 1A and 1B, except during 

the storm season (Figure 6-10). In the wet season, the flow-way may experience mechanical 

resuspension due to fast currents. Hence, it is noted that PP behavior in the water column is 

primarily regulated by phosphorus mass transfer mechanisms between water column and the floc 

layer, such as sedimentation and resuspension, rather than biomass-related biogeochemical 

processes.  

These results show that the conservative phosphorus transport model, which is based on 

calibrated HD and AD models, can provide useful information on spatio-temporal variations of 

phosphorus retention with a statistical confidence level with respect to the species and wetland 

vegetation.  

Phosphorus Dynamics Model 

Phosphorus dynamics simulation 

The ECO Lab phosphorus dynamics model was calibrated to find the best agreement 

between simulated and measured model components, SRPw, DOP, and PP, through variation of a 

number of parameters used in the model. Figures 6-11, 6-12, and 6-13 illustrate results of model 

calibration on SRPw, DOP, and PP concentration profiles at G343B, G343C, G344A, and G344B, 

respectively. During the calibration period, average phosphorus concentrations between 

measurement and simulation are almost identical (Table 6-4). The RMSE values of model 

calibration are shown in Table 6-5. There are spatial variations of model fit with respect to 

measurement points, but they are not repeated among phosphorus species. For SRPw, DOP, and 

PP, average RMSE values are 0.031 mg/L, 0.006 mg/L, and 0.015 mg/L, respectively. Annual 

variations of SRPw observed in Cell 1A (Figure 6-11 A and B) were better simulated than those 

in Cell 1B (Figure 6-11 C and D). Except for a couple months corresponding to the vegetation 

growing season in the SAV system, spatio-temporal variations of SRPw were well simulated. For 
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DOP, the simulated profiles agreed well with annually measured concentration profiles (Figure 

6-12). However, calibrated PP concentration profiles were not as good as those of SRPw and 

DOP because they are too flat to catch the fluctuation of measured concentration profiles.  

Using a temporally different data set (May 1, 2004 to December 31, 2004) at the same 

measurement points, the model was validated for SRPw, DOP, and PP concentration profiles, 

respectively (Figures 6-14, 6-15, and 6-16). During the validation period, average phosphorus 

concentrations, both measured and simulated, are presented in Table 6-6. SRPw was slightly 

overestimated on average; PP was underestimated, and similar simulation patterns with model 

calibration were observed during model validation. The RMSE values of model validation are 

shown in Table 6-7, which are not very different with those of the model calibration (Table 6-5).  

In this study, deviations between measured and simulated state variables may be caused by 

the following reasons: (1) HD and AD model errors, (2) inaccurate initial concentrations, (3) 

limitations of the transformation processes described in ECO Lab model, (4) inaccurate 

calibration of constants/parameters used in the model, and (5) measurement errors. 

The errors of ECO Lab phosphorus dynamics simulation intrinsically contain HD and AD 

model errors. The average RMSE of the HD simulation (about 0.09 m) may propagate into 

concentration errors, due to water volume discrepancies. In particular, the simulation error would 

be greater either during the dry season or at grid cells near high bathymetry elevation areas due 

to shallow water depth.  

Interpolation or assumptions made to specify initial conditions in this study may have 

caused simulation errors. Phosphorus contents of EAV and SAV cells used in the model may be 

invalid because the data were based on mesocosm scale study, not a field scale. In addition, the 
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assumption on homogeneous distribution of Pperi, Pmacro, SRPf, and SRPs without considering the 

spatial variation may contribute to generate error.  

The lack of scientific understanding on quantitative relationships among the major 

compartments in the phosphorus cycle, in particular, water column-floc layer interaction, is one 

of the most significant factors. For example, although the annual average concentrations of 

measured and simulated PP are almost the same (Table 6-4), the simulation does not effectively 

catch temporal fluctuation of PP concentration profiles. This is primarily due to the uncertainty 

of model parameters on spatio-temporal variations of mass transfer mechanisms between water 

column and floc layer. For instance, the simulation result would be better if the spatio-temporal 

variations for non-mechanical resuspension of IPf (v_resus2) and OPf (v_resus4) were 

considered rather than using constant model parameter values. Actually, it is, however, 

extremely difficult to obtain relevant information at the field scale.  

Due to the inter-dependency of state variables, the ECO Lab model calibration is not a 

simple task. For example, even though one state variable is calibrated to fit measured values, it 

may not fit well after calibrating other state variables. Therefore, the state variable with the least 

dependencies on other ones should be first calibrated. In this study, as there is no time series 

measurement data for Pmacro, Pperi, IPf, OPf, SRPf, IPs, OPs, and SRPs, it was unfortunately not 

possible to calibrate these state variables. As a result, floc/soil phosphorus components were 

calibrated to maintain almost constant concentration profiles by changing related parameters. 

There are always fluctuations of annual concentration profiles of these phosphorus species in real 

world; however, it was assumed that the extents were not dramatically changed during the one 

year simulation period, compared to water column species. Figure 6-17 presents the annual 

steady state concentration profiles of six state variables in floc and soil layers at six data 



 

164 

monitoring sites. In the case of Pmacro and Pperi, associated growth and decay parameters were 

determined, considering a general growth pattern of vegetation whose population increases 

during the wet, high temperature season and decreases during the dry, low temperature season. 

Figure 6-18 shows the annual pattern of Pmacro and Pperi concentration profiles at randomly 

selected twelve grid cells.  

It is very difficult to simulate phosphorus transport/transformation processes in constructed 

wetlands accurately largely due to: (1) lack of dynamic characteristics of measured phosphorus 

data, (2) complexity of spatio-temporal hydrodynamics and solute transport processes, and (3) 

lack of scientific understanding of quantitative relationships among major compartments in the 

phosphorus cycle.  

First, lack of spatio-temporal data measured in field and laboratory for phosphorus species 

in water column, floc, and soil layer severely limits development of more detailed phosphorus 

dynamics model. For example, the role of PIP and POP in water column in phosphorus dynamics 

is totally different; however, each portion in particulate phosphorus is rarely analyzed. The STA 

system in South Florida is one of the most well-studied constructed wetland areas in the world 

with the intensive flow and water quality monitoring effort. Nevertheless, a couple of inevitable 

assumptions on phosphorus compartmentalization, based on measurements from the adjacent 

wetlands like WCA-2A, of which vegetation and soil physicochemical conditions are similar, 

were required to develop the phosphorus dynamics model. This shows the need for spatio-

temporal monitoring of each phosphorus state variables suggested in this study for development 

of a more robust phosphorus dynamics model.  

Second, spatio-temporal heterogeneity of flow dynamics and the associated solute 

transport processes make it difficult to predict phosphorus behavior in constructed wetlands. In 
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this study, in spite of the uncertainty of seepage inflow/outflow in the STA 5, flow dynamics and 

solute transport are simulated with a relatively high accuracy (Chapter 5). However, the results 

of phosphorus dynamics simulations show that phosphorus species closely related to physical 

processes controlled by flow dynamics (i.e. PP) were partially overestimated or underestimated. 

This indicates that there may be some remaining factors that are not fully considered. Limitations 

of this modeling study are discussed in the next chapter.  

Finally, the lack of certainty of the quantitative relationships among the major 

compartments in phosphorus cycle makes it difficult to simulate phosphorus transformation 

processes in constructed wetlands accurately. In addition, each kinetic pathway in the 

phosphorus cycle is influenced by various meteorological or biogeochemical factors, which are 

still qualitatively or quantitatively unknown. For example, there were two hurricanes (Frances 

and Jeanne in September 2004) during the modeling period, but such impacts on phosphorus 

dynamics in constructed wetlands are not well known. Moreover, effects of key biogeochemical 

parameters, such as redox and pH, on phosphorus release and retention were not fully considered 

in this study.  

All these factors indicate that more extensive data collection efforts and/or additional 

studies on flow and phosphorus dynamics should be undertaken to support development of 

models that may then be used to design future systems.  

Sensitivity analysis 

After obtaining the best model fit between simulated and observed phosphorus data by 

tuning model parameters, the sensitivities of each simulated SRPw, DOP, and PP concentration 

profile at four different water quality measurement points (G343B, G343C, G344A, and G344B) 

to the key model parameters were examined. The model constant values determined by the 

model calibration process (Table 6-1) were used as baseline values. In each sensitivity model 
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run, only a single model parameter was changed within a certain range. Results of these 

sensitivity tests are expressed as ΔRMSE, which is defined in Chapter 5. 

From Table 6-8, the most sensitive model parameters on SRPw are those related to 

phosphorus uptake by SAV (kg_macro and ks_macro). The next sensitive ones are macrophyte 

decomposition rate (k_decay4), critical velocity (v_crit), and SRPw adsorption/precipitation rate 

(k_form2). For DOP, the most sensitive parameters are critical velocity (v_crit), POP deposition 

rate (v_dep2) and mineralization rate constant (k_min) as shown in Table 6-9. Model parameters 

associated with water column-floc layer interaction, such as critical velocity (v_crit), POP 

deposition rate (v_dep2), and non-mechanical resuspension of IPf and OPf (v_resus2 and 

v_resus4), are most sensitive on PP (Table 6-10). The overall results of the sensitivity analysis 

reveal that model parameters controlling water column-floc layer interactions are most sensitive 

in this phosphorus dynamics model. 

Summary 

To simulate spatio-temporal variations of phosphorus concentrations monitored in STA 5 

northern flow-way, an ECO Lab phosphorus dynamics model incorporating differences between 

the phosphorus cycles for the EAV and SAV systems was developed and linked with the HD and 

AD models, which are accurately calibrated with the flow dynamics and solute transport 

characteristics of study area.  

Prior to phosphorus dynamics modeling, conservative SRPw, DOP, and PP transport 

simulations were attempted both to estimate water column phosphorus retention and to figure out 

how different the reactive characteristics are with respect to phosphorus species and wetland 

vegetative communities. The extent of phosphorus retention estimated through the conservative 

transport simulation and the associated phosphorus behavior in EAV and SAV treatment system 

confirm the findings of recent STA studies that the EAV system is less efficient for phosphorus 
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retention, in particular, SRPw, compared to the SAV system.  Furthermore, the current STA 

system is not sufficient for reducing DOP concentration to very low levels. 

Although phosphorus dynamics in floc and soil layers and vegetative communities were 

not verifiable due to the lack of spatio-temporal measured field data, and several assumptions for 

developing the model were adapted in this modeling study, the model results show that simulated 

phosphorus concentration profiles agree reasonably with measured data. The calibrated model 

better simulated observed annual variations in SRPw and DOP levels than those in the PP level, 

which is primarily due to uncertainty of model parameters on spatio-temporal variations of mass 

transfer mechanisms between the water column and floc layers. This shows that extensive data 

collecting efforts and more in-depth studies on flow and phosphorus dynamics are mandatory to 

develop more robust phosphorus dynamics models. Sensitivity analysis reveals that model 

parameters related to sedimentation and resuspension processes controlled by critical velocity are 

most sensitive for water column phosphorus species in the flow-way.  
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Table 6-1. Calibrated or estimated values of constants used in the ECO Lab phosphorus 
dynamics model. 

Symbol Description Unit Value 
1. f_atm1 
2. f_atm2 
3. f_atm3 
4. f_atm4 
5. k_decay1 
6. k_decay2 
7. k_decay3 
8. k_decay4 
9. k_decay5 
10. k_decay6 
11. k_decay7 
12. k_form1 
13. k_form2 
14. k_form3 
15. k_form4 
16. k_form5 
17. k_min 
18. k_deg_f 
19. k_deg_s 
20. v_crit 
21. v_dep1 
22. v_dep2 
23. v_resus1 
24. v_resus2 
25. v_resus3 
26. v_resus4 
27. kg_macro 
28. kg_root 
29. kg_peri 
30. ks_macro 
31. ks_root 
32. ks_peri 
33. D 
34. d_diff_f 
35. d_diff_s 
36. d_ave_f 
37. d_ave_s 
38. frac_root 
39. bd_f 
40. bd_s 
41. poro_f 
42. poro_s 

Atmospheric deposition flux of SRPw 
Atmospheric deposition flux of DOP 
Atmospheric deposition flux of PIP 
Atmospheric deposition flux of POP 
Decay rate constant (POP → DOP) 
Decay rate constant (PIP → SRPw) 
Decay rate constant (Pperi → POP) 
Decay rate constant (Pmacro → POP) 
Decay rate constant (IPf → SRPf) 
Root decay rate constant (Pmacro → OPs) 
Decay rate constant (IPs → SRPs) 
Formation rate constant (DOP → POP) 
Formation rate constant (SRPw → PIP) 
Formation rate constant (POP → Pperi) 
Formation rate constant (SRPf → IPf) 
Formation rate constant (SRPs → IPs) 
Mineralization rate constant (DOP → SRPw) 
Degradation rate constant (OPf → SRPf) 
Degradation rate constant (OPs → SRPs) 
Critical velocity of flow 
Deposition of PIP 
Deposition of POP 
Mechanical resuspension of IPf 
Non-mechanical (biological) resuspension of IPf 
Mechanical resuspension of OPf 
Non-mechanical (biological) resuspension of OPf 
Macrophyte max. growth rate constant 
Macrophyte root max. growth rate constant 
Periphyton max. growth rate constant 
Macrophyte uptake half saturation constant 
Macrophyte root uptake half saturation constant 
Periphyton uptake half saturation constant 
Effective diffusion coefficient 
Depth of diffusive exchange in floc layer 
Depth of diffusive exchange in upper soil layer 
Average depth of floc layer 
Average depth of upper soil layer 
Root fraction of macrophyte 
Bulk density of floc layer 
Bulk density of upper soil layer 
Floc layer porosity 
Upper soil layer porosity 

g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
1/day 
L/mg/day 
L/mg/day 
1/day 
1/day 
1/day 
m/s 
m/day 
m/day 
m/day 
m/day 
m/day 
m/day 
1/day 
1/day 
1/day 
mg/L 
mg/L 
mg/L 
m2/day 
m 
m 
m 
m 
– 
kg/L 
kg/L 
– 
– 

1.31×10-5

6.38×10-6

1.07×10-4

1.07×10-4

0.25
0.1

0/0.1
0.01/0.02

0.1
0.002/0.004

0.1
0.02

0.02/0.12
0/0.05
0.075

0.0005
0.22

0.0005
0.0005

0.05
0.4
0.4

0.001
0.00005

0.001
0.00008

0/0.06
0.015

0/0.15
0/0.1

1
0/0.05

3.41×10-5

0.044
0.05

0.088
0.1

0.667/0.05
Field data 
Field data 

0.95
0.74
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Table 6-1. Continued. 
Symbol Description Unit Value 
43. Smax_f 
44. Smax_s 
45. f_excop_f 
46. f_excop_s 
47. f_excip_f 
48. f_excip_s 
49. f_seq1 
50. f_seq2 
51. f_seq3 
52. f_seq4 
53. f_leak1 
54. f_leak2 
55. θ 
56. min_wd 

Max. adsorption capacity in floc layer 
Max. adsorption capacity in upper soil layer 
Biodegradable phosphorus fraction of OPf 
Biodegradable phosphorus fraction of OPs 
Exchangeable phosphorus fraction of IPf 
Exchangeable phosphorus fraction of IPs 
Sequestration flux of IPf into IPs 
Sequestration flux of OPf into OPs 
Sequestration flux of IPs into deep soil layer 
Sequestration flux of OPs into deep soil layer 
Leaching flux of SRPs into deep soil layer 
Leaching flux into SRPs from deep soil layer 
Temperature coefficient of Arrhenius equation 
Minimum water depth 

mg/kg 
mg/kg 
– 
– 
– 
– 
g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
g/m2/day 
– 
m 

500
250
0.25

0.1
0.5

0.01
0.0008/0.0001
0.0008/0.0001
0.0044/0.0025
0.0015/0.0003

0
0
1

0.03
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Table 6-2. Differences of phosphorus dynamics model between EAV and SAV wetland ecosystem. 

 
EAV wetland  
ecosystem 

SAV wetland 
ecosystem Source 

State variable 
Periphyton 
Macrophyte 
Average floc TP 
Average soil TP 

 
Not considered 

0.580 g/m3 

958.5 mg/kg 
466.1 mg/kg 

0.021 g/m3

0.173 g/m3 

675.8 mg/kg
510.2 mg/kg

 
Literature 
Literature 
Field 
Field 

Processes 
SRPw uptake by macrophyte in water column 
SRPs uptake by macrophyte root in soil layer 
Macrophyte root decay 
SRPw uptake by periphyton in water column 
Pperi decay (periphyton sloughing) 
Pperi form (periphyton cohesion) 
Ca-P coprecipitation via periphyton 

 
Not considered 

Dominant 
Considered 

Not considered 
Not considered 
Not considered 
Not considered 

Dominant
Minimal

Considered 
Considered 
Considered 
Considered 
Considered

 
 
 
 
 
 
 
 

Constants used in phosphorus dynamics model 
k_decay3 (Pperi → POP) 
k_decay4 (Pmacro → POP) 
k_decay6 (Pmacro → OPs) 
k_form2 (SRPw → PIP) 
k_form3 (POP → Pperi) 
kg_macro (Macrophyte max. growth rate) 
kg_peri (Periphyton max. growth rate) 
ks_macro (Macrophyte uptake half saturation constant) 
ks_peri (Periphyton uptake half saturation constant) 
frac_root (Root fraction of macrophyte) 
Average floc bulk density 
Average soil bulk density 
f_seq1 (Sequestration flux of IPf into IPs) 
f_seq2 (Sequestration flux of OPf into OPs) 
f_seq3 (Sequestration flux of IPs into deep soil) 
f_seq4 (Sequestration flux of OPs into deep soil) 

 
0 

0.01 
0.002 

0.02 
0 
0 
0 
0 
0 

0.667 
0.05 kg/L 
0.69 kg/L 

0.0008 g/m2/d 
0.0008 g/m2/d 
0.0044 g/m2/d 
0.0015 g/m2/d 

0.1
0.02

0.004
0.12
0.05
0.06
0.15

0.1
0.05
0.05

0.11 kg/L
0.40 kg/L

0.0001 g/m2/d
0.0001 g/m2/d
0.0025 g/m2/d
0.0003 g/m2/d

 
Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Calibration 
Literature 
Field 
Field 
Calibration 
Calibration 
Literature 
Literature 
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Table 6-3. Annual phosphorus budget for STA 5 northern flow-way in Water Year (WY) 2004 
(May 03-April 04) estimated through conservative phosphorus transport simulation. 

Inputs Outputs WY
04 ISF P ∑IN OSF OGW ∑OUT 

Ret ± RMSE 
[%Ret] ΔPWC 

10.088 0.039 10.127 5.054 0.345 5.399 4.609 ± 2.079 
[45.5%] 

0.118SRP 

10.098* 0.039* 10.137* 5.166* 0.721* 5.887* 4.250* 
[41.9%] 

–

1.483 0.019 1.502 1.292 0.094 1.385 0.124 ± 0.389 
[8.2%] 

-0.007DOP 

1.484* – 1.484* 1.293* 0.138* 1.431* 0.053* 
[3.6%] 

–

4.769 0.638 5.407 1.980 0.595 2.576 2.719 ± 1.427 
[50.3%] 

0.113PP 

9.433* – 9.433* 1.947* 0.428* 2.375* 7.058* 
[74.8%] 

–

16.340 0.696 17.036 8.326 1.034 9.360 7.452 
[43.7%] 

0.224TP 

21.015* 0.116** 21.131* 8.406* 1.287* 9.693* 11.361* 
[53.8%] 

–

Unit: metric ton 
Note: Ret = retention (= ∑IN-∑OUT- ΔPWC); %Ret = percent retention (= Ret/∑IN×100); ΔPWC 
= change in water column phosphorus concentration.  
* Data provided by Chimney (2007). 
** Data provided by Pietro et al. (2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

172 

Table 6-4. Comparison of the annual average phosphorus concentrations between measurement 
and simulation during the model calibration period (May 1, 2003 to April 30, 2004). 

 SRP DOP PP 
Measured 0.054 0.011  0.014  G343B 
Simulated 0.054  0.010  0.014  
Measured 0.064  0.009  0.015  G343C 
Simulated 0.058  0.011  0.014  
Measured 0.028  0.013  0.017  G344A 
Simulated 0.030  0.011  0.018  
Measured 0.044  0.014  0.020  G344B 
Simulated 0.038  0.013  0.021  
Measured 0.047  0.012  0.017  Average 
Simulated 0.045  0.011  0.017  

Unit: mg/L 
 
Table 6-5. RMSE values of the phosphorus dynamics model during the model calibration period 

(May 1, 2003 to April 30, 2004). 
 SRP DOP PP 
G343B 0.025 0.005 0.013 
G343C 0.035 0.004 0.015 
G344A 0.023 0.008 0.014 
G344B 0.041 0.006 0.019 
Average 0.031 0.006 0.015 
Unit: mg/L 
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Table 6-6. Comparison of the average phosphorus concentrations between measurement and 
simulation during the model validation period (May 1, 2004 to December 31, 2004). 

 SRP DOP PP 
Measured 0.048 0.013 0.033 G343B 
Simulated 0.059 0.012 0.015 
Measured 0.052 0.013 0.034 G343C 
Simulated 0.064 0.013 0.015 
Measured 0.019 0.012 0.014 G344A 
Simulated 0.033 0.012 0.019 
Measured 0.037 0.014 0.018 G344B 
Simulated 0.040 0.014 0.021 
Measured 0.039 0.013 0.025 Average 
Simulated 0.049 0.013 0.017 

Unit: mg/L 
 
Table 6-7. RMSE values of the phosphorus dynamics model during the model validation period 

(May 1, 2004 to December 31, 2004). 
 SRP DOP PP 
G343B 0.025 0.007 0.024 
G343C 0.026 0.005 0.026 
G344A 0.023 0.007 0.011 
G344B 0.031 0.010 0.013 
Average 0.026 0.007 0.019 
Unit: mg/L 
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Table 6-8. Results of sensitivity analysis of SRPw on major parameters used in the phosphorus dynamics model. 
Upper ΔRMSE (RMSEs**- RMSEc*) 

Parameter 
Baseline value 
(E/S)§ Range Lower G343B G343C G344A G344B Average 

0.5 day-1 0.001 0.000 0.001 0.000 0.000 k_decay1 0.25 day-1 
0.05 day-1 0.000 0.000 0.001 0.002 0.001 
0.5 day-1 0.000 0.000 0.002 0.001 0.001 k_decay2 0.1 day-1 
0.01 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.5 day-1 0.000 0.000 0.001 -0.001 0.000 k_decay3 0/0.1 day-1 
0/0.05 day-1 0.004 0.005 0.002 0.010 0.005 
0.05/0.1 day-1 0.006 0.001 0.002 0.000 0.002 k_decay4 0.01/0.02 day-1 
0.005/0.01 day-1 0.007 0.011 0.002 0.007 0.007 
0.1 day-1 0.000 0.000 0.000 0.001 0.000 k_form1 0.02 day-1 
0.005 day-1 0.000 0.000 0.000 0.000 0.000 
0.1/0.6 day-1 0.004 0.004 0.004 0.007 0.005 k_form2 0.02/0.12 day-1 
0.005/0.03 day-1 0.004 0.012 0.005 0.003 0.006 
0/0.5 day-1 0.001 0.002 0.002 0.008 0.003 k_form3 0/0.05 day-1 
0/0.01 day-1 0.000 0.001 0.001 -0.001 0.000 
0.5 day-1 0.001 0.001 0.001 0.001 0.001 k_min 0.22 day-1 
0.05 day-1 0.000 0.001 0.000 0.000 0.000 
0.5 m/s 0.000 0.000 0.000 0.000 0.000 v_crit 0.05 m/s 
0.01 m/s 0.001 0.002 0.011 0.012 0.007 
1 m/day 0.000 0.000 0.000 0.000 0.000 v_dep1 0.4 m/day 
0.1 m/day 0.001 0.000 0.002 0.001 0.001 
1 m/day 0.000 0.000 0.001 0.001 0.001 v_dep2 0.4 m/day 
0.1 m/day 0.003 0.001 0.001 0.000 0.001 

Unit: mg/L 
§ (E/S) represents the baseline value at the emergent and submerged aquatic vegetation areas, respectively. 
* RMSEc is a RMSE between the measured and simulated SRPw concentration profile generated by model calibration. 
** RMSEs is a RMSE between the measured and simulated SRPw concentration profile generated by sensitivity test. 
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Table 6-8. Continued. 
Upper ΔRMSE (RMSEs**- RMSEc*) 

Parameter 
Baseline value 
(E/S)§ Range  Lower G343B G343C G344A G344B Average 

0.01 m/day 0.000 0.000 0.000 0.001 0.000 v_resus1, 3 0.001 m/day 
0.0001 m/day 0.000 0.000 0.000 0.000 0.000 
1×10-4/2×10-4 m/d 0.001 0.009 0.001 0.000 0.003 v_resus2, 4 5×10-5/8×10-5 

m/day 1×10-5/2×10-5 m/d 0.000 0.000 0.001 0.001 0.001 
0/0.2 day-1 0.029 0.037 0.003 0.011 0.020 kg_macro 0/0.06 day-1 
0/0.01 day-1  0.009 0.003 0.002 0.000 0.003 
0.05 day-1 0.003 0.000 0.000 0.000 0.001 kg_root 0.015 day-1 
0.005 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.3 day-1 0.007 0.011 -0.001 0.007 0.006 kg_peri 0/0.15 day-1 
0/0.03 day-1 0.000 0.000 0.001 -0.001 0.000 
0/0.5 mg/L 0.008 0.002 0.002 -0.001 0.003 ks_macro 0/0.1 mg/L 
0/0.02 mg/L 0.019 0.027 0.005 0.013 0.016 
3 mg/L 0.000 0.000 0.000 0.000 0.000 ks_root 1 mg/L 
0.1 mg/L 0.000 0.000 0.000 0.000 0.000 
0/0.25 mg/L 0.000 0.000 0.001 -0.001 0.000 ks_peri 0/0.05 mg/L 
0/0.01 mg/L 0.003 0.003 0.003 0.011 0.005 
1.1 0.005 0.010 0.000 0.002 0.004 θ 1 
−      

Unit: mg/L 
§ (E/S) represents the baseline value at the emergent and submerged aquatic vegetation areas, respectively. 
* RMSEc is a RMSE between the measured and simulated SRPw concentration profile generated by model calibration. 
** RMSEs is a RMSE between the measured and simulated SRPw concentration profile generated by sensitivity test. 
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Table 6-9. Results of sensitivity analysis of DOP on major parameters used in the phosphorus dynamics model. 
Upper ΔRMSE (RMSEs**- RMSEc*) 

Parameter 
Baseline value 
(E/S)§ Range Lower G343B G343C G344A G344B Average 

0.5 day-1 0.002 0.004 0.002 0.003 0.003 k_decay1 0.25 day-1 
0.05 day-1 0.003 0.002 0.004 0.005 0.004 
0.5 day-1 0.000 0.000 0.000 0.000 0.000 k_decay2 0.1 day-1 
0.01 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.5 day-1 0.000 0.000 0.000 0.000 0.000 k_decay3 0/0.1 day-1 
0/0.05 day-1 0.006 0.018 0.000 0.003 0.007 
0.05/0.1 day-1 0.001 0.001 0.000 0.000 0.000 k_decay4 0.01/0.02 day-1 
0.005/0.01 day-1 -0.001 0.001 -0.001 0.000 0.000 
0.1 day-1 0.000 0.000 0.000 0.001 0.001 k_form1 0.02 day-1 
0.005 day-1 0.000 0.000 0.000 0.000 0.000 
0.1/0.6 day-1 0.000 0.000 0.000 0.001 0.000 k_form2 0.02/0.12 day-1 
0.005/0.03 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.5 day-1 0.000 0.000 0.001 0.004 0.001 k_form3 0/0.05 day-1 
0/0.01 day-1 0.000 0.000 0.000 0.000 0.000 
0.5 day-1 0.001 0.001 0.003 0.004 0.002 k_min 0.22 day-1 
0.05 day-1 0.005 0.009 0.009 0.011 0.009 
0.5 m/s 0.000 0.000 0.000 0.000 0.000 v_crit 0.05 m/s 
0.01 m/s 0.007 0.009 0.032 0.039 0.022 
1 m/day 0.000 0.000 0.000 0.000 0.000 v_dep1 0.4 m/day 
0.1 m/day 0.000 0.000 0.000 0.000 0.000 
1 m/day 0.002 0.001 0.003 0.003 0.002 v_dep2 0.4 m/day 
0.1 m/day 0.007 0.012 0.009 0.012 0.010 

Unit: mg/L 
§ (E/S) represents the baseline value at the emergent and submerged aquatic vegetation areas, respectively. 
* RMSEc is a RMSE between the measured and simulated DOP concentration profile generated by model calibration. 
** RMSEs is a RMSE between the measured and simulated DOP concentration profile generated by sensitivity test. 
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Table 6-9. Continued. 
Upper ΔRMSE (RMSEs**- RMSEc*) 

Parameter 
Baseline value 
(E/S)§ Range  Lower G343B G343C G344A G344B Average 

0.01 m/day 0.000 0.000 0.000 0.001 0.001 v_resus1, 3 0.001 m/day 
0.0001 m/day 0.000 0.000 0.000 0.000 0.000 
1×10-4/2×10-4 m/d 0.001 0.004 0.003 0.004 0.003 v_resus2, 4 5×10-5/8×10-5 

m/day 1×10-5/2×10-5 m/d 0.001 0.001 0.003 0.003 0.002 
0/0.2 day-1 0.008 0.006 0.001 0.001 0.004 kg_macro 0/0.06 day-1 
0/0.01 day-1  0.001 0.000 0.000 0.000 0.000 
0.05 day-1 0.005 0.004 0.000 0.000 0.002 kg_root 0.015 day-1 
0.005 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.3 day-1 0.004 0.008 0.001 0.004 0.004 kg_peri 0/0.15 day-1 
0/0.03 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.5 mg/L 0.001 0.000 0.000 0.000 0.000 ks_macro 0/0.1 mg/L 
0/0.02 mg/L 0.006 0.006 0.000 0.001 0.003 
3 mg/L 0.000 0.000 0.000 0.000 0.000 ks_root 1 mg/L 
0.1 mg/L 0.000 0.000 0.000 0.000 0.000 
0/0.25 mg/L 0.000 0.000 0.000 0.000 0.000 ks_peri 0/0.05 mg/L 
0/0.01 mg/L 0.002 0.004 0.001 0.003 0.003 
1.1 0.001 0.002 0.003 0.005 0.003 θ 1 
−      

Unit: mg/L 
§ (E/S) represents the baseline value at the emergent and submerged aquatic vegetation areas, respectively. 
* RMSEc is a RMSE between the measured and simulated DOP concentration profile generated by model calibration. 
** RMSEs is a RMSE between the measured and simulated DOP concentration profile generated by sensitivity test. 
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Table 6-10. Results of sensitivity analysis of PP on major parameters used in the phosphorus dynamics model. 
Upper ΔRMSE (RMSEs**- RMSEc*) 

Parameter 
Baseline value 
(E/S)§ Range Lower G343B G343C G344A G344B Average 

0.5 day-1 0.000 0.000 0.000 0.000 0.000 k_decay1 0.25 day-1 
0.05 day-1 0.000 0.000 0.001 0.000 0.000 
0.5 day-1 0.000 0.000 0.000 0.000 0.000 k_decay2 0.1 day-1 
0.01 day-1 0.000 0.000 0.001 0.000 0.000 
0/0.5 day-1 0.000 0.000 0.000 0.000 0.000 k_decay3 0/0.1 day-1 
0/0.05 day-1 0.012 0.022 0.000 0.000 0.009 
0.05/0.1 day-1 0.000 0.000 -0.001 -0.001 -0.001 k_decay4 0.01/0.02 day-1 
0.005/0.01 day-1 0.000 0.000 0.000 0.000 0.000 
0.1 day-1 0.000 0.000 0.000 0.000 0.000 k_form1 0.02 day-1 
0.005 day-1 0.000 0.000 0.000 0.000 0.000 
0.1/0.6 day-1 0.001 0.001 0.002 0.002 0.002 k_form2 0.02/0.12 day-1 
0.005/0.03 day-1 -0.001 0.000 -0.001 0.000 -0.001 
0/0.5 day-1 0.000 0.000 0.001 0.001 0.001 k_form3 0/0.05 day-1 
0/0.01 day-1 0.000 0.000 0.000 0.000 0.000 
0.5 day-1 0.000 0.000 0.000 0.000 0.000 k_min 0.22 day-1 
0.05 day-1 0.000 0.000 0.000 0.000 0.000 
0.5 m/s 0.000 0.000 0.000 0.000 0.000 v_crit 0.05 m/s 
0.01 m/s 0.029 0.044 0.096 0.099 0.067 
1 m/day 0.000 0.000 0.000 0.000 0.000 v_dep1 0.4 m/day 
0.1 m/day 0.001 0.001 0.004 0.004 0.002 
1 m/day 0.001 0.002 0.001 0.001 0.001 v_dep2 0.4 m/day 
0.1 m/day 0.006 0.009 0.011 0.012 0.009 

Unit: mg/L 
§ (E/S) represents the baseline value at the emergent and submerged aquatic vegetation areas, respectively. 
* RMSEc is a RMSE between the measured and simulated PP concentration profile generated by model calibration. 
** RMSEs is a RMSE between the measured and simulated PP concentration profile generated by sensitivity test. 
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Table 6-10. Continued. 
Upper ΔRMSE (RMSEs**- RMSEc*) 

Parameter 
Baseline value 
(E/S)§ Range  Lower G343B G343C G344A G344B Average 

0.01 m/day 0.001 0.003 0.001 0.002 0.002 v_resus1, 3 0.001 m/day 
0.0001 m/day 0.000 0.000 0.000 0.000 0.000 
1×10-4/2×10-4 m/d 0.002 0.002 0.007 0.005 0.004 v_resus2, 4 5×10-5/8×10-5 

m/day 1×10-5/2×10-5 m/d 0.001 0.001 0.002 0.002 0.002 
0/0.2 day-1 0.016 0.005 0.000 0.000 0.005 kg_macro 0/0.06 day-1 
0/0.01 day-1  0.000 0.000 0.000 0.000 0.000 
0.05 day-1 0.003 0.000 0.000 0.000 0.001 kg_root 0.015 day-1 
0.005 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.3 day-1 0.016 0.018 0.000 0.000 0.009 kg_peri 0/0.15 day-1 
0/0.03 day-1 0.000 0.000 0.000 0.000 0.000 
0/0.5 mg/L 0.000 0.000 0.000 0.000 0.000 ks_macro 0/0.1 mg/L 
0/0.02 mg/L 0.011 0.005 0.000 0.000 0.004 
3 mg/L 0.000 0.000 0.000 0.000 0.000 ks_root 1 mg/L 
0.1 mg/L 0.000 0.000 0.000 0.000 0.000 
0/0.25 mg/L 0.000 0.000 0.000 0.000 0.000 ks_peri 0/0.05 mg/L 
0/0.01 mg/L 0.005 0.005 0.001 0.001 0.003 
1.1 0.002 0.003 0.003 0.001 0.002 θ 1 
−      

Unit: mg/L 
§ (E/S) represents the baseline value at the emergent and submerged aquatic vegetation areas, respectively. 
* RMSEc is a RMSE between the measured and simulated PP concentration profile generated by model calibration. 
** RMSEs is a RMSE between the measured and simulated PP concentration profile generated by sensitivity test. 
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Inlet phosphorus concentration profiles at G342A
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Relative portion of inlet phosphorus species at G342A
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Figure 6-1. Temporal variations of inlet phosphorus species at G342A. A) Time-series SRPw, 
DOP, and PP concentration profiles. B) Relative portion of inlet phosphorus species. 
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Inlet phosphorus concentration profiles at G342B
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Figure 6-2. Temporal variations of inlet phosphorus species at G342B. A) Time-series SRPw, 
DOP, and PP concentration profiles. B) Relative portion of inlet phosphorus species. 
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Inlet phosphorus concentration profiles at G349A
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Figure 6-3. Temporal variations of inlet phosphorus species at G349A. A) Time-series SRPw, 
DOP, and PP concentration profiles. B) Relative portion of inlet phosphorus species. 
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  A) 

  B) 

Figure 6-4. Raster-typed phosphorus content prediction maps in the floc and the upper soil layer of STA 5 northern flow-way used in 
the ECO Lab phosphorus dynamics model. A) IPf. B) OPf. C) IPs. D) OPs. 
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  C) 
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Figure 6-4. Continued. 
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Temperature profile at G343C
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Figure 6-5. Temperature profile used in the phosphorus dynamics model, measured at G343C. 
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Figure 6-6. A schematic of phosphorus dynamics in the EAV system of STA 5.  
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Figure 6-7. A schematic of phosphorus dynamics in the SAV system of STA 5.  
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G343B SRP Concentration Profile
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Figure 6-8. Results of conservative solute transport simulation from May 1, 2003 to December 
31, 2004 on SRPw concentration profiles at the four water quality measurement points 
in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. D) G344B.  
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G344A SRP Concentration Profile
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G344B SRP Concentration Profile
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Figure 6-8. Continued.  
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G343B DOP Concentration Profile
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G343C DOP Concentration Profile
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Figure 6-9. Results of conservative solute transport simulation from May 1, 2003 to December 
31, 2004 on DOP concentration profiles at the four water quality measurement points 
in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. D) G344B.  
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G344A DOP Concentration Profile

0.000

0.010

0.020

0.030

0.040

0.050

0.060

0.070

0.080

0.090

0.100

5/1 6/30 8/29 10/28 12/27 2/25 4/25 6/24 8/23 10/22 12/21

Time (May 1, 2003 to December 31, 2004)

C
on

ce
nt

ra
tio

n 
(m

g/
L)

Measured
Simulated (Conservative)

C) 

G344B DOP Concentration Profile
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Figure 6-9. Continued.  
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G343B PP Concentration Profile
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G343C PP Concentration Profile
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Figure 6-10. Results of conservative solute transport simulation from May 1, 2003 to December 
31, 2004 on PP concentration profiles at the four water quality measurement points in 
STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. D) G344B. 
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G344A PP Concentration Profile
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Figure 6-10. Continued. 
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G343B SRP (RMSE = 0.025 mg/L)
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G343C SRP (RMSE = 0.035 mg/L)
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Figure 6-11. Calibration results of flow and phosphorus dynamics coupled simulation from May 
1, 2003 to April 30, 2004 on SRPw concentration profiles at the four water quality 
measurement points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. 
D) G344B.  
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G344A SRP (RMSE = 0.023 mg/L)
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G344B SRP (RMSE = 0.041 mg/L)
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Figure 6-11. Continued.  
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G343B DOP (RMSE = 0.005 mg/L)
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G343C DOP (RMSE = 0.004 mg/L)
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Figure 6-12. Calibration results of flow and phosphorus dynamics coupled simulation from May 
1, 2003 to April 30, 2004 on DOP concentration profiles at the four water quality 
measurement points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. 
D) G344B.  
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G344A DOP (RMSE = 0.008 mg/L)
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Figure 6-12. Continued.  
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Figure 6-13. Calibration results of flow and phosphorus dynamics coupled simulation from May 
1, 2003 to April 30, 2004 on PP concentration profiles at the four water quality 
measurement points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. 
D) G344B.  
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Figure 6-13. Continued.  
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G343B SRP (RMSE = 0.025 mg/L)
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Figure 6-14. Validation results of flow and phosphorus dynamics coupled simulation from May 
1, 2004 to December 31, 2004 on SRPw concentration profiles at the four water 
quality measurement points in STA 5 northern flow-way. A) G343B. B) G343C. C) 
G344A. D) G344B.  
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G344A SRP (RMSE = 0.023 mg/L)
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Figure 6-14. Continued.  
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G343B DOP (RMSE = 0.007 mg/L)
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Figure 6-15. Validation results of flow and phosphorus dynamics coupled simulation from May 
1, 2004 to December 31, 2004 on DOP concentration profiles at the four water quality 
measurement points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. 
D) G344B.  
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Figure 6-15. Continued.  
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G343B PP (RMSE = 0.024 mg/L)
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Figure 6-16. Validation results of flow and phosphorus dynamics coupled simulation from May 
1, 2004 to December 31, 2004 on PP concentration profiles at the four water quality 
measurement points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. 
D) G344B.  
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G344A PP (RMSE = 0.011 mg/L)
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Figure 6-16. Continued.  
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                                                                   A)                                                                          B) 

 
                                                                   C)                                                                           D) 

 
                                                                    E)                                                                          F) 
 

Figure 6-17. Results of the ECO Lab phosphorus dynamics model on six state variables in floc 
and soil layers at six field monitoring sites. A) SRPf. B) IPf. C) OPf. D) SRPs. E) IPs. 
F) OPs. 
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A) 

B) 
 

Figure 6-18. Results of the ECO Lab phosphorus dynamics model on Pmacro and Pperi at randomly 
chosen twelve model grid cells. A) Pmacro. B) Pperi. 
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CHAPTER 7 
CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

In summary, the following conclusions are drawn in this study: 

(1) The 2-D, fully-distributed flow dynamics, solute transport, and phosphorus dynamics 

models, developed using MIKE 21 HD, AD, and ECO Lab as the basic framework with 

modifications, successfully simulated the spatio-temporal variations of water level fluctuation, 

tracer (bromide/chloride), and phosphorus concentration profiles in two constructed wetland 

systems in Florida (OEW Cell 7 and STA 5 northern flow-way). 

(2) Hydroperiods of the two constructed wetlands were accurately simulated by simply 

using a source/sink option in MIKE 21 HD model, rather than specifying flow boundary 

conditions in the constructed wetland systems surrounded by levees. 

(3) Relic ditches or other ditch-shaped landforms and the associated sparse vegetation 

along the main flow direction intensify short-circuiting flow patterns in constructed wetlands, 

considerably affecting 2-D solute transport model results.  

(4) In terms of hydraulic efficiency, the effect of bathymetry on short-circuiting flow is 

more sensitive than the vegetation effect.  

(5) The Manning’s roughness coefficients as metrics of hydraulic resistance, estimated as a 

function of vegetation type and density and calibrated by the models, ranged from 0.022 to 0.045 

s/m1/3 for no or sparse vegetation regions (short-circuiting flow zones), from 0.67 to 1.0 s/m1/3 

for dense EAV regions, and from 0.12 to 0.15 s/m1/3 for dense SAV regions, respectively. 

(6) Dispersivity, determined by chloride transport model calibration for STA 5 northern 

flow-way, was anisotropic. Longitudinal dispersivity, estimated to be 2 m, was over an order of 
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magnitude higher than the transverse one. The sensitivity test showed that longitudinal 

dispersivity is a more important parameter than the transverse one.  

(7) Results of the conservative phosphorus transport model for STA 5 northern flow-way 

confirm findings of recent STA studies that the EAV system is less efficient for phosphorus 

retention, in particular, SRPw, compared to the SAV system and that the current STA system is 

not sufficient for reducing DOP concentration to very low levels.  

(8) The STA 5 northern flow-way flow and phosphorus dynamics integrated model 

incorporating differences of phosphorus cycle between the EAV and SAV systems, entirely 

better simulated observed annual variations in SRP and DOP levels than those in the PP level, 

which is primarily due to uncertainty of model parameters on spatio-temporal variations of mass 

transfer mechanisms between water column and floc layer.  

(9) Model parameters related to sedimentation and resuspension processes, including 

critical velocity, were most sensitive for water column phosphorus species in the flow-way.  

Recommendations 

Results of this study leave more to be investigated and answered. This section discusses 

what remains to be determined by future research. Before reviewing topics for further study, 

some technical shortcomings and model limitations found in this study to improve modeling of 

flow and phosphorus dynamics are discussed as follows: 

(1) In the current MIKE 21 HD model, there is no option to describe hydraulic resistance 

as a function of water depth. As a result, it is not possible to give temporal variation of hydraulic 

roughness coefficients due to the transient flow and stage pattern in most stormwater treatment 

wetlands. It was reported by Sutron Corp. (2005) that water depth-dependency on Manning’s n 

values has an obvious impact on flow distribution. Comprehensive research to address selection 
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of Manning’s coefficient values as a function of vegetation type, density, and water depth has not 

been performed to date.  

(2) Hydraulic structures, such as culverts and weirs, are not explicitly represented in the 

current MIKE 21 HD model. Although this study showed that a point source and sink option can 

be relatively successfully applied in replacement of inlet and outlet hydraulic structures, it was 

still not possible to express the hydraulic structures at the middle levee located between 

treatment cells. This may be one of the most critical reasons that higher simulation deviations 

from the measured hydroperiod, tracer and phosphorus concentration profiles were observed in 

Cell 1B than in Cell 1A.  

(3) The hydraulic relationship between treatment cells and surrounding canals is not 

considered in this study. Water flow in STA 5 basically relies on a hydraulic gradient formed by 

stages in the L-2 Canal (upstream) and those in the Discharge Canal (downstream). According to 

Liyanage and Huebner (2005), the design of current STA 5 gated culverts is susceptible to 

backflow or reverse flow under certain uncommon operation conditions like the storm season. 

Although the time series water level profiles at several internal measurement points were 

relatively accurately simulated through the HD model, the change of short-term flow velocity, 

affected directly by the relationship and hydraulic structure manipulations for a management 

purpose, is not fully verified in this study. Therefore, if the relationships are appropriately 

incorporated in the current HD model, the simulation results of phosphorus transfer mechanisms 

between water column and floc layer (sedimentation and resuspension), as well as the HD 

simulation itself, may be improved.  

(4) Some discrepancies between measured and simulated SRP and PP concentration 

profiles in this study, particularly in SAV system, indicate the possibility of existence of 
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unknown factors affecting the dynamics. For example, mechanical resuspension or solute 

transport by wind (hurricane) is not considered in this study; however, their impact may be 

significant in open water or open water areas with SAV. Systematic studies on wind effects and 

the difference between EAV and SAV are rarely accomplished in constructed wetland systems, 

compared to other aquatic bodies such as lakes and estuaries (Chen, 1994).  

(5) Historically, the main focus of treatment wetland modeling, even in dynamics 

modeling studies, has been on the behavior and removal of phosphorus species in the water 

column. In this study, due to the lack of time series field data sufficient to calibrate the 

phosphorus species in floc and upper soil layer, porewater and soil phosphorus species in the 

layers were set almost constant level during the model calibration period through the 

manipulation of the related parameter values. In addition, it is impossible to calibrate vegetation-

related phosphorus dynamics parameters without field data to show the annual change in 

population density (concentration) and distribution. For example, although periphyton is found in 

only 20% of all SAV areas, but it was assumed in this study that periphyton exists on all SAV 

areas in Cell 1B because there are no data for the distribution. As a result, the role of periphyton 

may be overestimated in this study. Therefore, it is necessary to develop submodels for floc/soil 

and vegetation (EAV, SAV, and periphyton) phosphorus dynamics, which are precisely 

calibrated and validated based on time series field and laboratory data collected at several 

locations in a constructed wetland. When these submodels are coupled together, a phosphorus 

cycle among water column-soil-vegetation will be more quantitatively understood with smaller 

uncertainties. 

(6) In this study, two phosphorus dynamics models for EAV- and SAV-dominant treatment 

wetland cell are suggested. However, research on quantitative estimation of key model 
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parameters in each kinetic pathway, particularly in SAV and periphyton dominant systems, is 

still required because of the lack of complete understanding of all processes involved in 

phosphorus cycles in constructed wetlands. The more information on phosphorus dynamics in 

constructed wetlands is developed, the more quantitative understanding of the roles of various 

kinetic pathways in the cycle is increased.  

Numerical modeling approaches for flow and phosphorus dynamics in constructed 

wetlands are still in their infancy. None of the existing numerical models for phosphorus 

dynamics has the real ability to predict an episodic event, particularly a short-term event 

generated by storm or drought. Mainly due to the limitations and shortcomings mentioned above, 

the integrated model presented in this study is also not fully satisfactory for its forecasting ability. 

Based on achievements and complements of this modeling study, two future research topics for 

model applications are briefly suggested:  

(1) The hydrodynamics-based phosphorus dynamics model presented in this study can 

provide a useful tool to test various hypotheses for best management of constructed wetlands like 

the South Florida STAs. For example, effective management of both desirable and non-desirable 

vegetation within the STAs plays a key role in achieving and sustaining long-term phosphorus 

reduction goals for the Everglades (Goforth, 2005). A variety of management scenarios can be 

tested to fulfill a goal for outflow phosphorus levels or to increase treatment efficiency (i.e. 

hydraulic/phosphorus loading rate reduction, change of vegetation type and distribution, and 

internal bathymetry manipulations to reduce short-circuiting flow).  

(2) Regarding applicability of the flow and phosphorus dynamics model, the role as a 

predictive model is one of the most critical concerns in constructed wetland systems. To make 

predictions for long-term treatment efficiency or longevity, more systematic understanding of 



 

213 

phosphorus dynamics in floc/soil layer and phosphorus kinetic pathways between water column 

and floc/soil layer, which are related to the internal loading of phosphorus, is mandatory. For 

this, a unit HD model, based on long-term historical hydrological data (i.e. inflow, rainfall, and 

evapotranspiration), may be necessary to be linked with a phosphorus dynamics model, which 

will be improved by more in-depth scientific knowledge on physical and biogeochemical 

processes taking place in a constructed wetland ecosystem, particularly in the floc and top soil 

layer. 

 



 

214 

APPENDIX A 
RECALIBRATION RESULTS OF HYDRODYNAMICS SIMULATION FROM MAY 1, 2003 

TO DECEMBER 31, 2004 

G343B_H Water Level (RMSE = 0.084 m)
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Figure A-1. Recalibration results of hydrodynamics simulation from May 1, 2003 to December 
31, 2004 on hydroperiod fluctuation at the six water level measurement points in STA 
5 northern flow-way. A) G343B_H. B) G343B_T. C) G343C_H. D) G343C_T. E) 
G344A_H. F) G344B_H. 
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Figure A-1. Continued. 
 

 

 



 

216 

G344A Water Level (RMSE = 0.133 m)
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Figure A-1. Continued. 
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APPENDIX B 
CALIBRATION OF THE CHLORIDE TRANSPORT AD MODEL ON LONGITUDINAL 

AND TRANSVERSE DISPERSIVITY 

Table B-1. Calibration results of the chloride transport AD model according to the ratio of 
longitudinal (αx) vs. transverse dispersivity (αy) in STA 5 northern flow-way.  
α (m) RMSE (mg/L) 

αx : αy x y G343B G343C G344A G344B Average 
0.01 0.01 11.82 19.30 22.52 23.50 19.28
0.1 0.1 10.41 16.16 22.21 22.43 17.80
0.5 0.5 9.77 12.88 22.00 20.84 16.37
0.8 0.8 10.16 12.35 21.81 20.55 16.22
0.9 0.9 10.30 12.30 21.74 20.51 16.21
1 1 10.43 12.28 21.66 20.48 16.21
1.1 1.1 10.56 12.28 21.59 20.46 16.22
1.2 1.2 10.68 12.30 21.52 20.45 16.24
1.3 1.3 10.79 12.33 21.46 20.44 16.25
1.5 1.5 10.99 12.40 21.33 20.44 16.29
2 2 11.39 12.60 21.06 20.49 16.39
3 3 11.88 12.97 20.70 20.67 16.56
4 4 12.17 13.24 20.50 20.90 16.70

1:1 

10 10 12.80 14.14 20.48 21.95 17.34
0.1 0.05 10.13 24.37 22.29 22.59 19.85
0.5 0.25 9.55 16.61 21.68 20.97 17.21
0.8 0.4 9.89 13.93 21.47 20.54 16.46
1 0.5 10.16 13.00 21.36 20.38 16.22
1.3 0.65 10.56 12.38 21.21 20.23 16.09
1.4 0.7 10.68 12.31 21.17 20.20 16.09
1.5 0.75 10.80 12.27 21.12 20.17 16.09
1.8 0.9 11.12 12.35 21.00 20.13 16.15
2 1 11.31 12.48 20.92 20.11 16.21
3 1.5 11.59 13.24 20.65 20.21 16.42
4 2 12.06 13.57 20.47 20.38 16.62

2:1 

10 5 13.08 14.18 20.40 21.57 17.31
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Table B-1. Continued.  
α (m) RMSE (mg/L) 

αx : αy x y G343B G343C G344A G344B Average 
0.1 0.02 10.30 24.98 22.34 22.80 20.11
0.5 0.1 9.45 17.22 21.45 21.22 17.33
0.8 0.16 9.51 14.43 21.10 20.73 16.44
1 0.2 9.54 12.98 20.98 20.55 16.01
1.3 0.26 9.71 12.77 20.80 20.32 15.90
1.5 0.3 9.85 12.74 20.71 20.21 15.88
1.6 0.32 9.92 12.74 20.68 20.17 15.88
1.7 0.34 9.99 12.76 20.64 20.13 15.88
1.8 0.36 10.06 12.79 20.61 20.09 15.89
2 0.4 10.21 12.87 20.55 20.03 15.92
2.5 0.5 10.56 13.14 20.45 19.94 16.02
4 0.8 11.42 13.95 20.28 19.94 16.40

5:1 

10 2 13.03 14.84 20.35 20.87 17.27
0.1 0.01 10.39 25.31 22.37 22.89 20.24
0.5 0.05 9.49 17.50 21.40 21.35 17.44
0.8 0.08 9.46 14.71 20.97 20.85 16.50
1 0.1 9.49 13.29 20.80 20.66 16.06
1.5 0.15 9.66 12.98 20.46 20.30 15.85
1.8 0.18 9.81 12.99 20.32 20.16 15.82
1.85 0.185 9.84 13.00 20.30 20.14 15.82
1.9 0.19 9.86 13.01 20.28 20.12 15.82
2 0.2 9.91 13.04 20.25 20.08 15.82
2.1 0.21 9.97 13.08 20.22 20.05 15.83
2.2 0.22 10.02 13.12 20.19 20.02 15.84
2.5 0.25 10.18 13.27 20.12 19.94 15.88
3 0.3 10.45 13.56 20.04 19.86 15.98
4 0.4 10.92 14.10 19.97 19.81 16.20

10:1 

10 1 12.57 15.44 20.23 20.45 17.17
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Table B-1. Continued.  
α (m) RMSE (mg/L) 

αx : αy x y G343B G343C G344A G344B Average 
0.1 0.005 10.43 25.51 22.38 22.95 20.32
0.5 0.025 9.54 17.69 21.39 21.44 17.52
1 0.05 9.52 13.49 20.74 20.74 16.12
1.5 0.075 9.64 13.17 20.33 20.39 15.88
2 0.1 9.83 13.21 20.08 20.15 15.82
2.05 0.1025 9.85 13.23 20.06 20.13 15.82
2.1 0.105 9.87 13.25 20.04 20.12 15.82
2.15 0.1075 9.89 13.27 20.02 20.10 15.82
2.2 0.11 9.91 13.29 20.00 20.08 15.82
2.5 0.125 10.04 13.43 19.91 20.00 15.84
3 0.15 10.24 13.71 19.80 19.89 15.91
4 0.2 10.62 14.25 19.68 19.79 16.09

20:1 

10 0.5 12.03 15.80 19.98 20.19 17.00
0.1 0.002 10.47 25.65 22.39 22.99 20.37
0.5 0.01 9.59 17.83 21.40 21.51 17.58
1 0.02 9.58 13.90 20.68 20.79 16.24
1.5 0.03 9.69 13.31 20.29 20.45 15.94
2 0.04 9.87 13.36 20.00 20.22 15.86
2.1 0.042 9.91 13.40 19.96 20.18 15.86
2.2 0.044 9.94 13.44 19.91 20.15 15.86
2.3 0.046 9.98 13.48 19.87 20.12 15.86
2.5 0.05 10.05 13.58 19.80 20.06 15.87
3 0.06 10.23 13.86 19.66 19.95 15.93
4 0.08 10.54 14.43 19.49 19.82 16.07

50:1 

10 0.2 11.58 16.06 19.62 20.02 16.82
 
 

 

 

 

 

 

 

 



 

220 

Table B-1. Continued. 
α (m) RMSE (mg/L) 

αx : αy x y G343B G343C G344A G344B Average 
0.1 0.001 10.48 25.70 22.40 23.00 20.39
0.5 0.005 9.61 17.89 21.40 21.53 17.61
1 0.01 9.60 13.96 20.68 20.82 16.27
1.5 0.015 9.73 13.37 20.28 20.47 15.96
2 0.02 9.91 13.42 19.99 20.25 15.89
2.1 0.021 9.95 13.46 19.94 20.21 15.89
2.2 0.022 9.99 13.50 19.90 20.17 15.89
2.3 0.023 10.03 13.54 19.86 20.14 15.89
3 0.03 10.28 13.94 19.64 19.97 15.96
4 0.04 10.59 14.52 19.45 19.84 16.10

100:1 

10 0.1 11.46 16.20 19.47 19.98 16.77
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APPENDIX C 
RESULTS OF CONSERVATIVE SOLUTE TRANSPORT SIMULATION (± 1 RMSE) FROM 

MAY 1, 2003 TO APRIL 30, 2004 ON SRP CONCENTRATION PROFILES 

G343B SRP Concentration Profile
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Figure C-1. Results of conservative solute transport simulation (± 1 RMSE) from May 1, 2003 to 
April 30, 2004 on SRPw concentration profiles at the four water quality measurement 
points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. D) G344B. 
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G344A SRP Concentration Profile
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Figure C-1. Continued. 
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APPENDIX D 
RESULTS OF CONSERVATIVE SOLUTE TRANSPORT SIMULATION (± 1 RMSE) FROM 

MAY 1, 2003 TO APRIL 30, 2004 ON DOP CONCENTRATION PROFILES 

G343B DOP Concentration Profile
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Figure D-1. Results of conservative solute transport simulation (± 1 RMSE) from May 1, 2003 to 
April 30, 2004 on DOP concentration profiles at the four water quality measurement 
points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. D) G344B. 
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G344A DOP Concentration Profile
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Figure D-1. Continued 
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APPENDIX E 
RESULTS OF CONSERVATIVE SOLUTE TRANSPORT SIMULATION (± 1 RMSE) FROM 

MAY 1, 2003 TO APRIL 30, 2004 ON PP CONCENTRATION PROFILES 

G343B PP Concentration Profile
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Figure E-1. Results of conservative solute transport simulation (± 1 RMSE) from May 1, 2003 to 
April 30, 2004 on PP concentration profiles at the four water quality measurement 
points in STA 5 northern flow-way. A) G343B. B) G343C. C) G344A. D) G344B. 
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G344A PP Concentration Profile
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Figure E-1. Continued. 
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