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A B S T R A C T

This paper presents two powerful and productive models, called VART-TP model and VART-NH4 model, for
simulating the removal processes of total phosphorus (TP) and ammonium (NH4

+), respectively, in constructed
wetlands with free water surface (FWS). A distinctive feature of the models is the incorporation of a dynamic
diffusion-dominated root-zone. The VART-TP model was tested with data collected from four small test cells of
constructed wetlands (TCW) planted with submerged aquatic vegetations in south Florida, USA. The test cells
were divided into two groups with the north test cells (N1 & N15) receiving an average phosphorus (TP) con-
centration of 71 μg/l and the south test cells receiving an average TP concentration of 27 μg/l. Testing results
showed that root mean square error (RMSE) of the VART-TP model varied in the range of 4.45-17.50 μg TP/l.,
respectively, for north test cells while the RMSE ranged between 3.58-7.63 μg TP/l for south test cells. The result
suggested that (1) the N1 and N15 test cells receiving high TP concentrations are capable of removing TP with
high efficiency and (2) the VART-TP model is capable of simulating the removal processes of TP. The VART-NH4
model was tested with data collected from Lake Manzala Engineered Wetland (LMEW), Egypt, which generally
received the influent of high ammonia concentration (average = 2.26 mg NH4/l). The testing results showed
that the NH4

+ concentrations simulated with the VART-NH4 model were in reasonable agreement with those
monitored at the wetland outlet, as indicated with the RMSE of 0.06 mg/l. The results demonstrated that the
VART-TP and VART-NH4 models are reliable and efficient modeling tools for designing constructed wetlands.

1. Introduction

Engineering wetlands have been broadly utilized for treatment of
various wastewater and stormwater. Many physicochemical and bio-
logical processes are frequently involved in the treatment, such as ad-
vection, sedimentation, filtration, precipitation, sorption, plant uptake,
microbial decomposition and nitrogen transformations. Development of
scientific models is a powerful approach to enhance the comprehension
of the processes and the design of new CWs for the removal of nu-
merous contaminants (Meyer et al., 2015; Zhang et al., 2015; Deng
et al., 2016). A large number of endeavors have been made for the
development of numerical modeling tools for constructed wetlands
(CWs) (Rousseau et al., 2004; Marsili-Libelli and Checchi, 2005; Kumar
and Zhao, 2011; Deng et al., 2016). Therefore, modeling P and N re-
moval processes is important to the design approach for CWs.

The design approach for constructed wetlands has evolved from
utilizing experimental general guidelines and first-order models to the
detailed modeling of many procedures of contamination diminishment
(Meyer et al., 2015; Zhang et al., 2015). First-order degradation

performance is known to have limitations but nevertheless has been
utilized to forecast the removal processes for most contaminants in
wetlands (Kadlec, 2000). Unlike these simple models, extremely de-
tailed models have also been well-developed to simulate removal pro-
cesses in wetlands (Kumar and Zhao, 2011). The first-order model
suggests that the treatment procedures of CWs depends highly on re-
moval rate constant (k), which is closely associated with structural and
operational requisites of CWs (Zhang et al., 2014; Zhang et al., 2015).

Most wastewaters contain phosphorus and nitrogenous compounds
that, if released without adequate treatment, can cause adverse impacts
on receiving water bodies. As water with raised P travels through a
wetland ecosystem, P is removed and a gradient of diminishing P
concentration is created along the stream course (Walker, 1995; Kadlec
and Walker, 1999). Transformations of phosphorus in wetlands are
chemical, biological and microbiological: accretion of peat or soil, ad-
sorption, desorption, fragmentation, precipitation, dissolution, plant
uptake, microbial uptake, leaching, immobilization, mineralization and
burial of phosphorus (Vymazal, 2007). Models have been created for
phosphorus transformations in Stormwater Treatment Areas (STAs)
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(HydroQual, 1998; Moustafa and Hamrick, 2002) and Everglades marsh
(Munson et al., 2002; Fitz and Trimble, 2006;). The STADM model was
applied to establishment of initial designs for about 29,000 ha of STAs
(Walker, 1995) to predict the long-term water column average P gra-
dient 50 μg L−1 along a marsh transect as a component of the average
influent volume, influent load, flow-path width, and the transfer of
substances in air to surfaces water (atmospheric deposition). The model
incorporates one P storage compartment (water column) and P influent,
P effluent, and removal efficiency. Short-term variations in P storage
and cycling in vegetation and soils are ignored. The Everglades Phos-
phorus Gradient Model (EPGM) simulates P transport and removal
processes in soils along a marsh transect downstream of an inflow with
raised P accumulation (Walker and Kadlec, 1996; Kadlec and Walker,
1999). While not required for STADM design model, predictions of soil
P variations in the marsh are useful because some ecosystem compo-
nents are more influenced by soil P concentration (vascular plants) than
by water column concentration (periphyton, algae, invertebrates). The
Dynamic Model for Stormwater Treatment Areas (DMSTA) was pro-
duced to design STAs to accomplish effluent TP concentrations close to
10 μg L−1 criterion (Walker and Kadlec, 2001, 2005; Kadlec, 2006).
Accomplishing low P levels requires designing a STA to operate within
limited ranges of influent P concentrations and loads, as well as the
most effective use of vegetation types, water depths, and hydraulics to
treat highly pulsed drainage basin. Considering these components re-
quires a dynamic model with an additional P storage component to
perform variable phosphorus accumulated in vegetation.

The processes that influence removal and retention of nitrogen in
CWs are diverse and incorporate chemical, biological and micro-
biological (Vymazal, 2007) reactions. The ammonia removal efficiency
has been demonstrated under anaerobic and anoxic conditions in CWs,
which could not be explained by nitrification, denitrification and other
known removal procedures alone (Kadlec et al., 2005; Dong and Sun,
2007). The previous observations of high ammonia removal efficiency
in CWs under anaerobic and anoxic conditions were referred to the
conversion of ammonium to nitrite with combining aerobic bacteria
with anaerobic ammonium oxidation (anammox). Consequent in-
vestigations proved that nitrite is the major electron acceptor rather
than oxygen (van de Graaf et al., 1995). Chemical Eq. (1) is the ob-
served stoichiometry of the reaction including the consumption of bi-
carbonate and production of biomass. Considering of this stoichio-
metry, the anammox process can mathematically achieve 89% nitrogen
removal (Strous et al., 1998).
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The overall goals of this study are to develop two separate new
modeling tools for wetlands, called VART-TP and VART-NH4, for

simulation of various TP and ammonium NH4
+ removal processes in

FWSCWs. To that end, the proven VART model is extended in this paper
to simulate TP and NH4

+ removal processes in both root zone and
water column zone and simulating the mass exchange (TP or NH4

+)
between both zones in FWSCW. Specific objectives are, therefore, (1) to
present conceptual model for describing physical processes or me-
chanisms responsible for TP transport between three vertical layers,
including vegetated water column layer and two root zone layers; upper
root layer (advection-dominated layer), and lower root layer (diffusion-
dominated) in the FWSCW, (2) to present conceptual model for de-
scribing physical processes or mechanisms responsible for NH4

+

transport between the previous three vertical layers in the FWSCW, and
(3) to advance our understanding of mechanisms responsible for the
elimination of the TP and NH4

+ by recognizing sensitive model input
parameters through sensitivity analysis.

2. Materials and methods

2.1. Mathematics of VART model

The Variable Residence Time (VART) model was initially produced
for the of imitation of longitudinal dispersion and transport of solutes in
regular streams (Deng and Jung, 2009; Deng et al., 2010; Jung and
Deng, 2010). Mathematically, VART model divides a free water surface
wetland into three vertical layers, including vegetated water column
layer and two root zone layers: an upper root layer (advection-domi-
nated layer) and a lower root layer (diffusion-dominated layer) in the
FWSCW. Deng and Jung, 2009 proposed two types of transient storage
zones. In advection-dominated layer, water is well blended. The diffu-
sion-dominated transient storage zone describes biological processes
occurring in wetland root zone. There is a gradient change in the
concentration with the greatest concentration at the interface between
the advection-dominated layer and diffusion-dominated layer and the
lowest concentration is in the lower diffusion-dominated layer. A novel
feature of the triple-layer model is the incorporation of an advection-
dominated layer into solute exchange and reaction processes (Fig. 1).

2.1.1. VART-TP model
The removal processes of TP in CWs may be influenced by a large

number of mechanisms. The major processes and mechanisms include
(1) advection of TP in the vegetated water column, dispersion of TP in
the vegetated water column due to differential advection caused by
variable vegetation density and thus flow velocity, TP decay due to P
transformations, and TP exchange between the water column zone,
advection-dominated layer and diffusion-dominated layer, as described
in Fig. 1. The root zone of FWS CWs includes about 20–40 cm sediment
and the advection-dominated layer is oxidative due to the release of

Fig. 1. Conceptual competing of VART model.
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