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ABSTRACT
Communities are increasingly turning to “smart” water systems to address their often-competing
stormwater challenges. This begs the question “how much more effective are smart stormwater
systems?”. To address this question, we evaluated the smart stormwater system at the Brooklyn
Botanic Garden in Brooklyn, New York. The Water Garden Pond at the Brooklyn Botanic
Garden uses continuous monitoring and adaptive control (CMAC) to automatically control the
timing and rate of discharge from the pond to the downstream combined sewer system. The
objectives of this system are combined sewer overflow (CSO) reduction, potable water
conservation, and aesthetics. To evaluate the performance of this system, we monitored the
actively-controlled Water Garden Pond over a sixteen-month period for discharge to the
combined sewer during wet weather. We then simulated the hydraulics of a similar passive
stormwater systems, and compared the performance of both systems. Results of this analysis
show that the observed active system prevents 91% of stormwater runoff from discharging
during rain events, whereas the simulated passive system prevents 23% of wet weather
discharge. By using this type of real-time control, communities are able to enhance their
stormwater systems to better meet competing objectives.
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INTRODUCTION
There is an ongoing challenge in stormwater management to meet multiple disparate and often
competing objectives (water quality improvement, flood control, water conservation, aesthetics,
etc.) with limited infrastructure (Mullapudi et al., 2018). To address this challenge, we strive to
assess how stormwater infrastructure can be optimized to meet multiple competing objectives
without building additional or larger systems.
One project that addresses these stormwater challenges is the 1.27 million liter (45,000 cubic
foot) Water Garden Pond in the Brooklyn Botanic Garden, New York (Figure 1). This facility
receives stormwater runoff from the upstream Japanese Pond and surrounding area, and was
designed to reduce wet weather discharge and improve aesthetics. Reducing wet weather
discharge is important for the Water Garden Pond because this facility discharges to the
combined sewer system upstream of NYC Outfall OH-015 near Bath Beach Park. This is one of

New York’s most active outfalls, releasing approximately 4.50 billion liters (1.19 billion gallons)
of combined sewage annually to Gravesend Bay (NYC DEP, 2018). By limiting wet weather
discharge from the pond, the Water Garden mitigates part of this combined sewer overflow
(CSO) volume.

Figure 1. Concept drawing of the Brooklyn Botanic Garden site layout. The Water Garden Pond is seen
in the right-hand side of the concept. The concept was completed by Michael Van Valkenburgh
Associates and their partners.

Importantly, the Water Garden Pond is not a typical passive stormwater pond. This water feature
at the Brooklyn Botanic Garden uses continuous monitoring and adaptive control (CMAC)
technology to further enhance stormwater capture and water conservation. CMAC uses data from
field-deployed sensors (e.g., water level sensors) and the local weather forecast to automatically
control stormwater release rates in real-time to better prepare for and respond to precipitation
events (Roman et al., 2017).
CMAC technology allows infrastructure to prioritize often competing objectives depending on
current and future weather conditions (Wright and Marchese, 2018). For example, CMAC
technology has been used to optimize stormwater systems for beneficial on-site use and CSO
mitigation (Braga et al., 2018; Roman et al., 2017), and also for flood-risk mitigation and water
quality improvement (Lefkowitz, 2016). For the Water Garden Pond, CMAC is being used to
prioritize CSO-mitigation, water conservation, and aesthetics.
Herein we provide an introduction to the real-time control of Brooklyn Botanic Garden’s Water
Garden Pond, and compare the performance of the controlled system to a traditional passive
system. Results of the performance analysis show a decrease in wet weather discharge to the
combined sewer, a reduction in peak discharge rate, and a reduction in the use of on-site potable
water as a result of implementing CMAC. These outcomes align with the Brooklyn Botanic
Garden’s goal of sustainable and resilient environmental stewardship.

METHODOLOGY
Continuous Monitoring and Adaptive Control
CMAC is a combined software and hardware solution for weather forecast-integrated real-time
control of stormwater storage assets (Lefkowitz, 2016). The CMAC hardware deployed at the
Water Garden Pond includes an actuated butterfly valve to automatically release water, a
pressure transducer to report real-time water level, and a control panel for bidirectional
communication and commands between the online CMAC software platform and the on-site
hardware. The software platform evaluates site data (e.g., water level) and the local weather
forecast to make decisions about flow control through the actuated valve in real time. For the
Water Garden Pond, the control logic is configured to discharge water in advance of storm
events if necessary to create storage capacity, minimize discharge during storm events (often
zero discharge), withhold water directly after storm events to allow the downstream sewer
system to regain capacity, then release water after the post-event retention period (Figure 2).

Figure 2. Illustrative example of the continuous monitoring and adaptive control (CMAC) logic at
Brooklyn Botanic Garden Water Garden Pond.

Water Garden Data Analysis
To evaluate the performance of the Water Garden Pond at reducing wet weather discharge and
improving water conservation, we analyzed data collected by the CMAC-enabled system from
May 2017 through August 2018 (analysis period).
The Water Garden Pond CMAC system measures continuous real-time water level, precipitation,
and actuated valve position, which are reported to the online cloud-hosted Opti Platform. These
measured data streams are collected approximately every 60 seconds. From these measured data,
the Opti Platform derives calculated data streams. Calculated data streams used in this analysis
include continuous storage volume, low-flow orifice discharge, overflow discharge, and inflow
volume. The processes used in this work to derive calculated datastreams from measured

datastreams are detailed in Marchese et al. (2018). Storage volume is calculated using the
measured water level and surveyed stage-storage curve. Low-flow discharge through the
actuated valve is derived from measured water level, measured valve state, and an orifice
discharge equation. Overflow discharge is derived from measured water level and the Francis
weir discharge equation. Inflow volume is estimated using a mass balance function (Marchese et
al., 2018).
To determine how the site performed on a precipitation event-basis, we specified a definition for
a precipitation event. The event starts when the forecast indicates at least a 70.0 percent chance
that the site would receive 1.27 mm (0.05 in) or more of precipitation over the following 6.0
hours. The site is considered to be in a dry period after no forecasts within the previous 6.0 hours
had indicated at least a 70.0 percent chance that the site would receive at least 1.27 mm (0.05 in)
of precipitation over the following 6.0 hours. The event ends when the site has been in a dry
period that lasted at least 6.0 hours and the forecast indicates that there is less than a 70.0 percent
chance that the site will receive 1.27 mm (0.05 in) or more of precipitation over the following
24.0 hours.
Performance for the Water Garden Pond is based on three key metrics, (i) peak discharge rate
reduction, (ii) wet weather discharge volume reduction, and (iii) potable water volume use. Peak
discharge rate reduction is defined as the percent reduction in outflow from the Water Garden
Pond to the downstream sewer system, relative to inflow rate to the system, and is given by
𝑃𝑒𝑎𝑘 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑅𝑎𝑡𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (1 −

𝑄𝑜𝑢𝑡,𝑚𝑎𝑥
𝑄𝑖𝑛,𝑚𝑎𝑥

) × 100

(1)

in which Qout, max (liters per second, LPS) is the highest discharge rate which left the Water
Garden Pond during the storm event and Qin, max (LPS) is the highest inflow rate which entered
the Water Garden Pond from the upstream Japanese Pond and surrounding drainage area. Wet
weather discharge volume reduction is defined as the percent reduction in stormwater volume
discharged during the precipitation event, relative to the inflow volume received by the pond
during the precipitation event, and is given by
𝑊𝑒𝑡 𝑊𝑒𝑎𝑡ℎ𝑒𝑟 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = (1 −

∑ 𝑄𝑜𝑢𝑡,𝑛 ×𝑑𝑡
∑ 𝑄𝑖𝑛,𝑛 ×𝑑𝑡

) × 100

(2)

in which Qout,n (LPS) is discharge from the Water Garden Pond during precipitation event n, Qin,n
(LPS) is inflow that entered the Water Garden Pond during precipitation event n, and dt (sec) is
the time step. Potable water volume use was determined from on-site meters.

Passive Pond Simulation
To compare the Water Garden Pond performance with a traditional passive (i.e., no active
stormwater controls) pond, we simulated an identical passive pond and performed hydraulic
modeling using the same precipitation and inflow as were observed and calculated, respectively
at the Brooklyn Botanic Garden.

We then compared the observed pond’s performance with the simulated passive performance,
relative to peak discharge rate reduction, wet weather discharge volume reduction, and potable
water use.

RESULTS
During the sixteen-month analysis period, the site experienced 106 precipitation events resulting
in approximately 1.47 meters (58 in) of rainfall and 30.4 million liters (1.08 million cubic feet)
of runoff to the Water Garden Pond. With CMAC, the Water Garden Pond prevented 27.8
million liters (0.98 million cubic feet) of wet weather discharge (91% of inflow) by releasing
water in advance of storms and holding water during and after precipitation events. By
comparison, the passive pond prevented 7.1 million liters (0.25 million cubic feet) of storm
runoff (23% of inflow) in the modeled simulation. Additionally, the observed CMAC pond
required 7.1 million liters (0.25 million cubic feet) of potable make-up water during this period,
as compared to 62.4 million liters (2.2 million cubic feet) of potable water used by the simulated
passive pond to maintain its permanent pool. These results are provided in Table 1.
Table 1. Key performance metrics for Water Garden Pond from May 2017 through August 2018.
CMAC

Passive

Total Inflow (million liters)

30.4

30.4

Potable Water Use (million liters)

7.2

61.4

Total Discharge (million liters)

20.1

81.6

Total Wet Weather Discharge (million liters)

2.6

23.4

Total Infiltrated Volume (million liters)

17.6

10.2

Wet Weather Flow Prevented (million liters)

27.8

7.1

Stormwater Retained (%)

91%

23%

Evaluating the system by individual precipitation event shows that the observed CMAC system
outperforms the simulated passive system for a range of storm sizes. Figure 3 shows peak
discharge rate for the observed CMAC Water Garden Pond and the simulated passive pond for a
range of storm sizes. CMAC reduced the peak discharge rate in every storm event. Figure 4
shows wet weather flow the Water Garden Pond and the simulated passive pond. For 101 of the
106 qualified precipitation events, the Water Garden Pond prevented 100% of the storm volume
from being discharged downstream during the event.

Figure 3. Plot of peak discharge rate (LPS) by event rainfall depth (mm) for the observed CMAC Water
Garden Pond (blue) and a simulated passive pond (red). There are 106 rainfall events represented.

Figure 4. Plot of wet weather discharge (liters) by event rainfall depth (mm) for the observed CMAC
Water Garden Pond (blue) and a simulated passive pond (red). There are 106 rainfall events represented.

DISCUSSION AND CONCLUSIONS
By implementing CMAC at the Brooklyn Botanic Garden Water Garden Pond, there has been a
reduction in discharge to the combined sewer for a wide range of storm events. Because CMAC
systems are configured to release water prior to rain events and after rain events, there is a
significant reduction in discharge during storms. This protects downstream infrastructure and
reduces the volume of CSOs. This type of operation is dramatically different from passive
stormwater systems, which are configured to release water at a predetermined rate based on a
single design storm (Kerkez et al., 2016).
In addition to benefits experienced at the combined sewer, implementing CMAC at the Water
Garden Pond has resulted in potable water conservation. The water savings is a result of the pond
holding water above the permanent pool elevation after storm events, termed “post-event
retention”. With passive infrastructure, this water would have been discharged during and
immediately after the storm through the open low-flow orifice, returning the pond to its
permanent pool elevation quickly and requiring more potable make-up water. When controlling
the pond, infiltration occurring during the post-event retention period (i.e., while the actuated
low-flow butterfly valve is closed) is slowly lowering the water elevation back to the permanent
pool without using potable water. Figure 5 demonstrates this behavior for an observed 58.4 mm
(2.3 in) rain event that occurred in April, 2018.

Figure 5. Comparison of Brooklyn Botanic Garden’s continuous monitoring and adaptive control
(CMAC) Water Garden Pond to a simulated passive pond during the 58.4 mm (2.3 in) precipitation event
from 4/16/2018. The CMAC pond created storage capacity by performing a pre-event drawdown on
4/15/2018. After the event, water was retained to allow the flows in the downstream combined sewer to
decrease. This action prevented approximately 0.85 million liters (30,000 cubic feet) of wet weather
runoff from entering the combined sewer.

One primary takeaway from this project is that stormwater infrastructure can be enhanced to
work smarter and meet multiple objectives by utilizing available data and technology (Wright
and Marchese, 2018). These enhancements, demonstrated in the Brooklyn Botanic Garden Water
Garden Pond, increase infrastructure resilience and are an integral component of combined sewer
communities’ approaches to achieving stormwater goals and meeting triple-bottom-line
sustainability objectives.
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