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Motivated by:

• Number and cost of urban 
stormwater control measures 
(SCMs)

• How cost effective are they?

𝐿𝑖𝑓𝑒 𝐶𝑦𝑐𝑙𝑒 𝐶𝑜𝑠𝑡

𝐿𝑏𝑠. 𝑅𝑒𝑚𝑜𝑣𝑒𝑑

• This study focuses on uncertainty 
in the denominator: pollutant 
removal performance

$1 Billion

$2 Billion

Adapted from Virginia Senate Finance 
Committee (2011) and AMEC (2012)

From Fairfax County DPWES (2015)
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Motivated by:

• Number and cost of urban 
stormwater control measures 
(SCMs)

• SCM Cost-effectiveness???

• Previous study on uncertainty 
in storm sewer flow 
measurements

From Aguilar et al. (2016)

I. Background
II. Methods
III. Results
IV. Conclusion/

Discussion

Treatment

• Stormwater Treatment 
Processes

• Study Approach: Start with 
existing regulations, work 
towards greater scientific 
validity

• Methodology: use literature 
meta-analysis to evaluate 
percent removal uncertainty

Physical 
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Taxonomy of processes from Scholes et al. (2008)
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CWP (2008)

• Current Virginia regulatory paradigm 
for pollutant removal performance:

Runoff Reduction Method – CWP (2008)

𝑅𝑢𝑛𝑜𝑓𝑓 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑅𝑅 =
𝑉𝑜𝑙𝑖𝑛 −𝑉𝑜𝑙𝑜𝑢𝑡
𝑉𝑜𝑙𝑖𝑛

𝑃𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 𝑃𝑅 =
𝐶𝑜𝑛𝑐𝑖𝑛 − 𝐶𝑜𝑛𝑐𝑜𝑢𝑡
𝐶𝑜𝑛𝑐𝑖𝑛

𝑻𝒐𝒕𝒂𝒍 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 𝑻𝑹 = 𝑹𝑹+ 𝑷𝑹 × 𝟏− 𝑷𝑹 Simpson and Weammert (2009)
CSN (2011)

VDEQ (2014)USEPA (2010)

TR values used directly
TR values used but modified
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• 15 SCM Categories (from VDEQ)

• 4 Pollutants of Concern:
• Runoff Volume
• TP, TN, TSS

• 163 Studies, 308 unique SCMs from:
• Peer-reviewed + Conference literature
• Int’l Stormwater BMP Database
• USGS and other Technical Reports

• ~6,700 individual percent removal 
values

• 2 Sources of Uncertainty
• Observation Uncertainty
• Environmental Uncertainty
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“Environmental Uncertainty”, uenv
• Environmental Variability

• Precipitation 

• Random catchment events

• Estimated as the variability in % 
removal values for a single SCM 
monitoring study

• uenv varies widely across studies:
• Field vs. lab studies

• Data reported

Ermilio (2005): Bioretention Field Study
66 storm events monitored
IQR: [-57%, 19%]

Davis et al. (2001): Bioretention Lab Study
Mean = 7%, SD = 2%

I. Background
II. Methods
III. Results
IV. Conclusion/

Discussion

Source Study Data Points

Environmental 
Uncertainty, uenv

Reference [SCM Name]

Source Study Information

n Data Reported[ulo,uhi]
VDEQ Credit

Bioretention - Total Phosphorus % EMC Reduction

L1 L2
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“Observation Uncertainty”, uobs
• Measurement Error

• Precipitation (sometimes)

• Depth and Discharge

• Autosampling, Manual Sampling

• Sample Storage and Preservation

• Laboratory Characterization

• Estimated as ± % from error studies 
in the literature Bioretention Study - Lucke and Nichols (2015)

Photo by M. Aguilar

Green Roof Study – VanWoert et al. (2005)
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“Observation Uncertainty”, uobs • Propagation of Uncertainty:

𝑢𝑐𝑜𝑚𝑏. =  

𝑖=1

𝑁

𝑢𝑥𝑖
2

• Example: Bioretention monitoring in 
Passeport et al. (2009)
• Bubblers and V-notch weirs

• Flow-paced Autosamplers

• Standard Laboratory Methods
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Source Study Data Points

Environmental 
Uncertainty, uenv

Observation 
Uncertainty, uobsTotal Study Uncertainty,

uobs + uenv

Category Uncertainty
[-60,78%]

Reference [SCM Name]

Source Study Information

n Data Reported[ulo,uhi]
VDEQ Credit

Bioretention - Total Phosphorus % EMC Reduction

𝑻𝒐𝒕𝒂𝒍 𝑴𝒂𝒔𝒔 𝑳𝒐𝒂𝒅% 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 𝑻𝑹 = 𝑹𝑹+ 𝑷𝑹 × 𝟏 − 𝑷𝑹
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• Top 3 – Infiltration, Dry Swale, 
Rainwater Harvesting

• More studies → less uncertainty

• (+) Removal of all three pollutants:
• Permeable Pavement

• Bioretention

• (+) Removal of Suspended Solids
• Filtering Practices

• Vegetated Filter Strip

• Constructed Wetland

VDEQ Credit Values
15 SCM Categories (only 4 shown)

Insufficient data VDEQ Credit Values
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• Primary Outcomes:
• SCM Uncertainty using % Removal confounds effective management decision

• Insufficiency of the metric

• Insufficiency of the SCM category paradigm

• Next Steps:
• Build framework for uobs and uenv separately in two part paper

• Further refine the combination of component uncertainties

• Use probabilistic methods: PDFs, Monte Carlo simulation instead of ± summary statistics?

• Combine two components in third paper that evaluates effects on SCM selection, 
TMDL progress, impact of uncertainty on cost/cost-effectiveness

I. Background
II. Methods
III. Results
IV. Conclusion/

Discussion
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