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Les zones humides de traitement des eaux pluviales sont un type d'infrastructure verte conçue pour éliminer les pollutions. Cependant, des études ont montré une incohérence dans la capacité de ces systèmes à éliminer les agents pathogènes d'un événement à l'autre. Notre travail est une première tentative d'appliquer des stratégies de contrôle en temps réel (CTR) aux zones humides. Deux stratégies CTR ont été developées et validées à l'aide d'expériences en laboratoire basées sur trois niveaux de précipitations différents. La 1 ère (exutoire fermé 24h) consiste à fermer l'exutoire pendant 24h avant de libérer l'eau visant à prolonger le temps de rétention moyen de la zone humide. La 2 ème (pré-drainage) consiste à drainer la zone humide 24h avant le début de l'événement pluvieux, ce qui vise à libérer de l'eau propre et à maximiser la capacité de traitement de la zone humide (en réduisant le volume contourné). Le volume de pré-vidange dépend de la taille des précipitations prévues et du niveau d'eau minimum. Les résultats montrent que les deux stratégies améliorent les réductions de la concentration moyenne d'événement (EMC) pour E. coli, avec une amélioration médiane de réduction de 0,66 log par rapport aux non-CTR. La performance en terme d'E. coli était variable selon les événements, et il a été constaté que l'amélioration par CTR est plus significative pour les événements plus petits que pour les événements plus importants. De plus, les performances de traitement semblent diminuer avec le temps, ce qui suggère la nécessité d'un suivi à long terme. Cette étude suggère que les contrôles actifs peuvent améliorer les conceptions de zones humides standard ou médiocres pour un meilleur traitement microbien et d'autres applications.

INTRODUCTION

Faecal organisms in stormwater runoff pose a great threat to public health risk. Stormwater constructed wetlands are widely used for stormwater control. However, researchers found that wetlands experience variable microbial removal performance, between >99% to net leaching [START_REF] Boutilier | Performance of Surface-Flow Domestic Wastewater Treatment Wetlands[END_REF][START_REF] Hathaway | Indicator Bacteria Removal by Stormwater BMPs in Coastal North Carolina[END_REF][START_REF] Meng | Stormwater constructed wetlands: A source or a sink of Campylobacter spp[END_REF]. Real-time control has been successfully applied in several stormwater management elements (e.g. detention basins, biofilters and rainwater tanks) [START_REF] Bilodeau | Real-time control of stormwater detention basins as an adaptation measure in mid-size cities[END_REF][START_REF] Schmitt | Simulation and Assessment of Long-Term Stormwater Basin Performance under Real-Time Control Retrofits[END_REF][START_REF] Shen | Real time control of biofilters delivers stormwater suitable for harvesting and reuse[END_REF][START_REF] Xu | Real-Time Control of Rainwater Harvesting Systems: The Benefits of Increasing Rainfall Forecast Window[END_REF]. However, no published study has been found in the RTC of stormwater wetlands.

This study aims to improve the effluent quality from wetlands and protect downstream by applying RTC. Escherichia coli (E. coli) is used as the indicator of faecal contamination. In this study, two different RTC strategies were developed and tested using laboratory experiments, simulating different rainfall events that were recorded in Melbourne, Australia.

METHODOLOGY

Laboratory wetland setup

The experiment was designed to mimic operational conditions of surface-flow wetlands. Six mesocosm replicates (2m×0.3m×1m) were established in the greenhouse of the living lab at the Monash University, Clayton campus (Figure 1). The inflow rate was controlled by valves on the inlet system, aiming for an average of 1L/min flow rate. The outlet orifice is 0.15m above the topsoil, aiming for a 0.15m natural water level (NWL). This orifice connects to a valve and flexible hose outside the rig to adjust the outflow rate and water level. For non-RTC wetlands, the outlet is positioned so that the water returns to the NWL at 72hr after a 1 in 3-month ARI design event [START_REF] Payne | Constructed stormwater wetlands literature review, MUSIC uncertainty assessment and study of Melbourne Water's guidelines and procedures[END_REF][START_REF] Robertson | Identifying critical inundation thresholds to maintain vegetation cover in stormwater treatment wetlands[END_REF]. Schoenoplectus Validus and Phragmites australis are commonly used in wetlands are hence used here. Low-cost sensors were installed for each wetland to monitor the system in real-time. This includes a sensor that measures depth and water temperature near the wetland outlet (Shi et al., 2021), and a 3Dprinted rain gauge to monitor the low flow rate. All data are recorded in a 6-min timestep and uploaded to the BOSL server. There is also a ruler installed inside of each wetland rig, for manual depth-sensor data quality checks. 

Control strategy development

Two simple rule-based controls were developed, as follows:

Strategy 1: Close outlet for 24 hours

Strategy 1 aims to collect as much clean effluent as possible, by achieving a minimum 24 hours retention time to ensure adequate microbial die-off. A maximum retention time was also set to 72 hours, to ensure the wetland is ready for incoming wet weather events. This strategy only requires an estimate of rainfall rates, a valve at the outlet and the use of a timer. If the rainfall in the prior hour is greater than 1mm and the water level in the wetland is < 0. (2) if the current water level is >0.22 but less than 0.36m, then open the valve to a position which is equal to a baseflow of the 3×10 -6 m/s, (3) if the water level is >0.36m and less than 0.4m, open the outlet to allow the 95 th percentile baseflow rate of the 3.9×10 -6 m/s.

Strategy 2: Pre-drain

Strategy 2 aims to maximize the wetland treatment capacity and extend the retention time. This strategy requires weather forecast and outlet to be able to drain down to the minimum water level which still avoids resuspension, which is considered as 0.1m in this study [START_REF] Water | Wetland Design Manual Part A2: Deemed to comply design criteria[END_REF]. If there is a predicted rainfall event in the next 24 hours, the wetland is pre-drained based on the predicted rainfall volume (multiplied by the impervious catchment area), to a minimum 0.1m water level. The draining rate is a maximum of 3×10 -5 m/s, estimated from the wetland representing catchment pre-development flow.

After the draining, wetlands operate as normal when the next event happens.

Experimental design and procedure

Both RTC strategies were assessed using the 3 RTC wetland replicates, compared with 3 non-RTC wetland replicates. Semi-natural stormwater was used for event dosing spiking with E. coli [START_REF] Chandrasena | Stormwater biofilters as barriers against Campylobacter jejuni, Cryptosporidium Oocysts and adenoviruses; results from a laboratory trial[END_REF][START_REF] Shen | Real time control of biofilters delivers stormwater suitable for harvesting and reuse[END_REF]. Three typical event sizes (17.68mm as a large event, 6mm as a medium event and 4.16mm as a small event) were selected based on Melbourne historical rainfall records and typical ARIs with different concentration levels [START_REF] Meng | Stormwater constructed wetlands: A source or a sink of Campylobacter spp[END_REF][START_REF] Shen | Real time control of biofilters delivers stormwater suitable for harvesting and reuse[END_REF].

To investigate the effeteness of RTC of the short dry period, two event series (Series1: Large + 4-hour dry + Small event, and Series 2: Large + 24-hour + small event) were designed for both RTC strategies.

After allowing the wetlands to mature for 6 months, a total of 18 events/event series were conducted between May 2021 and September 2022. During each dosing event, inflow samples were taken at the beginning, middle and end of the dosing period and mixed as a composite inflow sample. The outflow samples were taken at the outflow container every 24 hours, and then the outflow containers were emptied and ready for the next 24 hours collection.

Data analysis

All inflow and outflow volumes were recorded and samples were enumerated of E. coli using the Colilert method™ (IDEXX-Laboratories, 2007). Log reduction of Event Mean Concentrations (EMCs) and loads were calculated to evaluate wetland treatment performance [START_REF] Meng | Stormwater constructed wetlands: A source or a sink of Campylobacter spp[END_REF][START_REF] Shen | Real time control of biofilters delivers stormwater suitable for harvesting and reuse[END_REF].

RESULTS AND DISCUSSION

The two proposed RTC strategies had a statistically higher median E. coli EMC removal rates as compared to non-RTC (RTC1: 2.43 and RTC2: 2.56 vs non-RTC 1.21 in Round 1, RTC1: 0.92 and RTC2: 0.96 vs non-RTC 0.65 in Round 2; Figure 2). The differences between the two strategies in terms of EMC removal was not statistically significant in both Round 1 (p = 0.52) and Round 2 (p =0.12). Strategy 1 is consistently useful for all three event sizes' outflow EMC reduction, as it keeps a minimum 24-hour retention time for all events, and this represents the highest volume proportions over the 72hour outflow. Strategy 2 is more useful in small and medium events, not improving large event outflow EMC, as the pre-drain volume is just 18% of the large event inflow volumes.

Similarly, the two proposed strategies also can improve wetland E. coli effluent load removal and increase a median of 1 log reduction compared to non-RTC (Figure 2). RTC strategy 2 is better at E. coli load removal compared to Strategy 1, particularly for large event series with short dry periods in between scenarios. This is mainly due to pre-draining the wetland before the first large event, which prevents the bypass directly to the outlet from occurring in the second large event.

Wetland E. coli removal rates appeared to decrease in Round 2 for all RTC and non-RTC wetlands, in most cases at least one order of magnitude less than Round 1 for the same event. This match the yearto-year wastewater wetland studies from [START_REF] Boutilier | Performance of Surface-Flow Domestic Wastewater Treatment Wetlands[END_REF] and [START_REF] Hench | Fate of physical , chemical , and microbial contaminants in domestic wastewater following treatment by small constructed wetlands[END_REF]. The possible reasons could be decreased vegetation vigour and climatic condition changes. Even so, the performance of the RTC wetlands were still higher than that of the non-RTC wetlands. 

CONCLUSIONS AND FUTURE WORK

This work is the first reported RTC study on stormwater wetlands. Both RTC strategies were effective in reducing the E. coli effluent levels, each favouring different weather conditions and treatment purposes. For small and medium events, both RTC Strategies were more effective than large events. Pre-drain strategy is found to be useful to mitigate the detrimental effects after short dry weather. In future work, more event series and different RTC strategies will be explored.

Figure 1

 1 Figure 1 Experimental set up. The left figure shows the schematic view of the wetland mesocosm (not to scale), and Circle 1 and 2 are the inflow and outflow sampling locations. The right figure shows the photo taken in the greenhouse.

  36m, then the control algorithm closes the outlet for 24 hours. During the 24 hours closure, if the water level reaches 0.36m, open the outlet with 3.9×10 -6 m/s flowrate to prevent a substantial-high water level. When the water level < 0.36m, keep outlet open with 3 ×10 -6 m/s flowrate until the next rainfall happen. After 24 hours, the valve is opened based on different water levels: (1) if the current water level< 0.22m, keep the outlet opened to what would exist without real time control,

Figure 2

 2 Figure 2 Log removal of E. coli EMC and load summary. The left figure is the EMC reduction and the right figure is the load reduction.
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