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Abstract

Constructed wetlands are a commd@ structural treatment measure employed to remove stormwater
pollutants and forms part of the Water Sensitive Urban Design (WSUD) treatment suite. In a
constructed wetland, a range of processes such as settling, filtration, adsorption, and biological uptake
play a role in stormwater treatment. Occurrence and effectiven@s of these processes are variable and
influenced by hydraulic, chemical and biological factors. The infiff@nce of hydraulic factors on
treatment processes are of particular concem. This paper p@sents outcomes of a comprehensive
study undertaken to define the treatment characteristics of a constructed wetland highlighting the
influence of hydraulic factors. The study included field monitoring of a well established constructed
wetland for quantity and quality characteristics, development of a conceptual hydraulic model to
simulate water movement within the wetland and state-of-the-art multivariate analysis of quantity and
quality data to understand comelations and define linkages between treatment performances and
influential hydraulic factors. Total Suspended Solid (TSS), Total Nitrogen (TN) and Total Phosphorus
(TP) concentrations formed the primary parameters used in the data analysis. The outcomes of the
analysis revealed significant reduction in event mean concentrations of all the pollutants species by
the constructed wetland. However, percentage reduction of pollutant loads was moderate compared to
the expected performance targets. Treatment characteristics of the wetland were significantly different
for storm events above and below the prescribed design event. For events below design event, TSS
and TN load reduction was comparatively better and strongly influenced by increased retention time.
For events above design event, TP load reduction was comparatively better and influenced by TP
wash-off charactenistics from catchment surfaces.

1. INTRODUCTION

Constructed wetland is one of the commonly used water sensitive urban design (WSUD) measures in
Australia for stormwater quality treatment (Lloyd, 2001; Wong et al., 1999). However, its ability as a
hydraulic device t@§reduce peak flows and runoff volumes is also considered important. Stormwater
quality treatment in a constructed wetland is primarily achieved by processes such as settling,
filtration, adsorption and biclogical uptake (Wong et al., 1999). These pr@Besses are complex and
significantly influenced by the hydraulic, chemical and biological factors. The influence of hydraulic
factors on treatment processes are of particular concem as they indirectly links to the chemical and
biological factors (Guardo, 1999, Ronkanen and Kleve, 2008). As noted in research literature, two
hydrologic parameters, namely, retention time and hydraulic loading are typically considered as the
most critical in constructed wetland design. However, a range of other parameters that hawe an
indirect influence on these two main parameters are also considered as important. For example
Holland et al. (2004) considered water depth and flow rate as influential parameters for water quality
treatment in constructed wetlands.

The understanding deweloped regarding the influence of hydraulic parameters on constructed wetland
treatment performance is inconclusive. This is due to the common use of lumped hydraulic and water
quality parameters for treatment performance analysis. Predictive models are commonly used for
performance evaluation of wetlands (for example: Bautista and Geiger, 1993; Lawrence, 1999;
Livingston, 1988). However, many of these studies hawe focused on ewaluating long term pfiformance
rather than ewent based performance (Carleton et al., 2001; Ronkanen and Kleve, 2009). In order to
understand the influence of hydraulic parameters on treatment perfomance, it is necessary to focus
on the evaluation of event based performance.
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This paper presents the outcomes of a detailed study of a constructed wetland using event based
analysis to understand the role of influential hydraulic parameters on treatment performance. For this
study, influential hydrologic and hydraulic parameters were derived by using a detailed hydraulic
conceptual model.

2. MATERIALS AND METHODS
2.1 Study site

The constructed wetland selected for the study is located at ‘Coomera Waters’ residential estate, Gold
Coast, Australia. This wetland was selected due to the awailability of historical rainfall, runoff and water
quality data. The wetland consists of an inlet pond at the upstream end of the system and two cells of
macrophyte zones as the main treatment area. The sizes of the wetland components were; inlet pond
area 149m°, Cell 1(upstream macrophyte zone) area 465m” and Cell 2 (downstream macrophyte
zone) area of 653m°. The total area is equivalent to 2.06% of the contributing catchment area of 6.15
ha. The constructed wetland receives runoff from two sub-catchments (see Figure 1). The areas of the
two sub-catchments are 5.10ha (sub-catchment A) and 1.05ha (sub-catchment B) respectively.
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Figure 1: Study site: Constructed wetland and contributing catchments (adapted from Parker
et al. 2009)

The two inlgls to the wetland and the wetland outlet and the bypass outlet have been monitored since
April 2008 using automatic monitoring stations to record rfinfall and runoff data and to capture
stormwater samples for water quality testing. Refer to Parker et al. (2009) for further details regarding
the automatic monitoring stations

2.2 Sampling and testing

Only stormwater runoff samples from rainfall events with more than five antecedent dry days were
tested. This was to allow an appreciable amount of pollutants to be built-up on catchment surfaces.
Based on the empirical build-up equations deweloped by Egodawatta et al. (2006), a minimum of five
antecedent dry days can result in more than 75% of the maximum possible build-up on road surfaces.
Collected water samples were stored under 4°C before testing. Samples were analysed for a set of
selected water quality parameters as shown in Table 1. The test methods used for the analysis are
also presented in Table 1.
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Table 1: Test parameters and methods

Parameter Test Method Comments
TSS APHA No. 2540D Filtered using 0.45um glass fibre filter
paper
TN as TKN + NO, + NO; | TKN: US EPA No. 351.2 | Smartchem 140 was used.
NO, : US EPA No. 353.2 | For TKN, samples were digested using
NO3 : US EPA No. 354.1 | AIMBO0 block digester
TP US EPA No. 365.1 and Smartchem 140 was used. Samples
US EPA No. 365.4 digested using AIM600 block digester

3. DEVELOPMENT OF WETLAND'S HYDRAULIC CONCEPTUAL MODEL

A conceptual model was dewveloped to replicate the hydraulic behaviour of the wetland in order to
obtain hydraulic parameters essential for performance evaluation of the wetland. The conceptual
model was a collection of conventional hydraulic equations representing typical devices, storages and
channels, which was amranged in such a way that they collectively mimicked the hydraulic response of
the wetland system. The model was designed so that the essential hydraulic parameters can be
obtained from simulations. Schematic diagram of the wetland is shown in Figure 2 and the following
discussion provides a brief outline to the equations embedded in the conceptual model.

)

Wetland
Cell 2

Wetland
Cell1

Figure 2: The diagram of water flow

. The three basic elements of the wetland, inlet pond, Cell 1 and Cell 2, were replicated using
water balance equations typically used for storage devices.

e Inflow from the contributing catchment and direct precipitation were considered as inputs.
Measured inflows were considered as the inflow from the contributing catchment. Measured
rainfall was used to estimate direct precipitation.

e Qutflow through the outlet structure, bypass flow, percolation and evaporation were considered
as outflows. Outlet structure was modelled as a collection of standard orifices based on its
geometric properties. The outlet structure is a PVC riser with a number of 20 mm diameter
orifices. This arrangement was modelled as standard orifices when the holes are completely
submerged. When a hole is only partially submerged, flow was assumed to be similar to flow over
a circular sharp-crested weir. Weir formula was obtained from Greve (1932) and Stevens (1957).

e The excessive amount of water entering the inlet pond is bypassed when the water level rises
above the bypass weir. This was modelled as a standard broad crested weir. Green-Ampt
equation was used to model infiltration and standard pan-evaporation data was used to replicate
evaporation. Coefficients for orifice flow and weir equation were obtained from the calibration
process.

e  Flow transfer within the wetland components were modelled as illustrated in Figure 3. Geometric
charactdfistics of each component were represented using data obtained from a hydrographic
survey. Flow from the Inlet pond to wetland Cell 1 is through a rectangular control pit (1.90m x
1.00m) and a 350mm diameter concrete pif. Flow through the pipe was determined using the
submerged flow formula, while flow through the pit was assumed as flow over a broad-crested
weir. Both flows were calculated and the lesser value was considered as the flow into Cell 2. The
disch‘ge coefficient was obtained from the calibration process.

e Flow from inlet pond to Cell 1 and Cell 2 were modelled using standard equations replicating
hydrefijlic structures. Surface elevations were used as the governing parameters in modelling.

e Flow from Cell 1 to Cell 2 was considered as the flow over a broad-crested weir. Width of the weir
was obtained from a hydrographical suney.
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The conceptual model developed to replicate the constructed wetland was calibrated using measured
data from inlet, outlet and bypass. For this purpose data from 11 storm events which occurred from 5
May 2008 to 19 July 2010 were us€fl. The calibration was performed by adjusting coefficients in all the
standard flow control equations using a tral and emor approach. An example of the model
performance is shown in Figure 3.
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Figure 3: Typical calibration hydrograph of wetland conceptual model

4. RESULTS AND DISCUSSION

Dataset obtained from the sampling and laboratory testing was used for the analysis. For the analysis,
principal component analysis (PCA) was used as the primary analytical technique. PCA is an
analytical technique popularly used in water quality data analysis (Bengraine and Marhaba, 2003).
PCA is a pattern recognition technique formed based on comelation analysis. PCA reduces a large
raw dataset into a few numbers of principal components (PCs) based on associated variances. Details
of PCS can be found elsewhere (Adams, 2004).

PCA analysis was first perfofjned to understand the pollutant treatment performance of the
constructed wetland using the event mean concentrations (EMC) of inlet and outlet water quality.
Variables used were TSS, TN as a summation of TKN, + NOy + NO3, PO, and TP. Data from eleven
storm events werefused and the formed a matrix with 33 objects due to the presence of three
sampling locations. The resulting PCA biplot is shown in Figure 4.

As shown in Figure 4, EMC for the two inlets are clustered into two distinct regions and indicted as
Cluster A and Cluster B. This suggests different inflow quality characteristics from sub-catchment A
and sub-catchment B. Sub-catchment A is a typical urban development with a combination of roads,
roofs and grassed lands where TSS and TP concentrations are comparatively high. Sub-catchment B
is primarily a roof catchment with a minor fraction of grassed surfaces where concentrations of TN
species are comparatively high. Objects representing outflow are clustered separately (Cluster C).
Clustering of objects as shown in Figure 5 clearly indicate the proper functioning of the constructed
wetland as a stormwater pollutant treatment device. Orientation of variables (vectors) is in the direction
of inlet water quality objects indicating high pollutant concentrations of inflow water. Outlet water
quality objects are clustered opposite to the direction of most variables indicating lowered
concentration due to treatment action of the wetland. Furthemmore, outflow objects are clustered
closely together indicating no signification varation inwater quality irrespective of the inflow quality.
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Figure 4: Comparison of eventmean concentrations for two inlets and outlet using PCA

The observation of consistent outflow quality from the constructed wetland irespective of its inflow
quality and quantity led to the undertaking of detail investigations into the factors influencing treatment
under variable inflow conditions. These detailed investigations utilised pollutant load reduction as a
measure of treatment performance rather than the change in EMC. In stormwater treatment, changes
in concentration are often misleading due to storage action and the significant volume losses within
the system.

It was hypothesised that the hydraulic factors of the constructed wetland specific to each stom is
influencing treatment. Accordingly, influential hydraulic factors such as outflow peak, volume treated,
average depth of the wetland during the event and average retention time was used for the analysis.
The data matrix used is shown in Table 2 and the biplot resulting from PCA is shown in Figure 5.

As shown in Table 2, TSS load reduction varies from 7% to 92% with an awerage of 57% for the
monitored 11 storm events. Awerage load reduction for TN and TP are 29% and 30% respectiwely.
Additionally, load reductidlj for all three pollutant species show significant scatter for different storm
events indicating the high influence exerted by the hydraulic factors on treatment performance.

Figure 5 shows the correlations between the load reductions of the three pollutant types with the
influential hydraulic parameters. For the convenience of interpretation, two object clusters can be
identified in Figure 5. Cluster D represents relatively large events and cluster E represents relatively
small events in termsfbf rainfall depth. These two clusters are located a distant apart along the PC1
axis. This suggests that the treatment characteristics of the constructed wetland are significantly
different for events with high and low rainfall depths.

As shown in Figure 5, TSS-R and TN-R comelate with AD (average depth) and RT (retention time) and
the vectors also point towards objects in Cluster E. This suggests that the TSS and TN load reduction
is high for events that create longer retention time. Such hydraulic scenarios are possible for relatively
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smaller rainfall events. It can also be concluded that processes such as settling and nitrfication are
dominant treatment processes for such events.

Table 2: Pollutant load reduction and influential hydraulic parameters

Average Outflow Volume Average
Object Pollutant Reduction (%) Retention Peak (0Q) Treated Depth
ID Time (RT) | " °® (V1) (AD)
TSS-R TN-R TP-R (day) (L/sec) (m? (m)
W1 81 62 61 3.17 1.2 98 0.35
w2 92 11 71 2.93 2.3 493 0.46
w3 86 42 89 2.70 2.7 524 0.54
W4 64 3 42 6.29 1.1 168 0.25
W5 67 22 -4 6.73 0.8 44 0.27
W6 19 16 10 2.65 25 594 0.45
W7 59 23 -3 3.33 1.8 383 0.40
ws 79 32 -1 452 1.0 93 0.28
W9 62 51 4 3.87 1.5 228 0.33
W10 7 40 18 2.18 25 251 0.50
W11 13 14 50 2.42 2.2 255 0.44
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Figure 5: Biplot of the pollutant reduction and the wetland hydraulic parameters
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On the other hand, TP-R correlates with VT (wlume treated) and negatiwely correlates with RT. This
suggests that high load reduction of TP occurs when the wlume of stormwater flows into the
constructed wetland is high. This can be due to continuous wash-off of TP from contributing catchment
during larger and longer storm events. The negative correlation of TP-R with RT also suggests that a
high fraction of TP retained is associated with particles with high settling potential where relatively long
retention is not required. The fact that there is no comelation of OQ (outflow peak) with load reduction
for all three pollutant types suggests that this is not an influential factor.

5. CONCLUSIONS

The primary outcomes from the analysis of water quality and rainfall-runoff data for the study areas

are:

. Treatment characteristics of the constructed wetland show significant reduction in TSS, TN and
TP event mean concentration with respect to inflow water quality. Outflow concentration from the
constructed wetland is relatively consistent irrespective of the signification variation in inflow
water quality observed.

e Average TSS, TN and TP load reductions are appreciable but below the expected treatment
targets as specified in guidelines. Load reduction for these jree pollutant species showed
significant scattering for different storm ewvents suggesting high influence of hydraulic factors on
treatment.

e Treatment characteristics of the constructed wetland were significantly different for relatively large
and small stom events. TSS and TN load reduction strongly influences by hydraulic retention
time where performance is higher for relatively smaller rainfall events. Settling and nitrification are
that dominant treatment processes for such events.

e TP load retention was strongly influenced by the TP wash-off characteristic from catchment
surfaces. TP could be associated to particles with high settling capacity where longer retention
time is not required for better treatment
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