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4.0 INTRODUCTION 

Implementation of an effective BMP monitoring program is not a straight-forward task.  BMPs 
by definition are devices, practices, or methods used to manage stormwater runoff.  This 
umbrella term lumps widely varying techniques into a single category.  Some BMPs, especially 
nonstructural BMPs are pollution prevention techniques, such as low-impact development 
techniques (LIDs), or source control techniques, such as street sweeping.  These BMPs cannot be 
directly associated with an influent and effluent that isolates their effects.  Other BMPs are 
strictly governed by diffuse or nonpoint source concepts, such as buffer strips, while larger 
regional BMPs such as downstream detention ponds, behave more like intermittent point sources 
than traditional diffuse or nonpoint sources. Thus, a wide variety of underlying conditions may 
exist, making a one-size-fits-all approach to BMP monitoring infeasible. 

Great variability in stormwater properties and the associated runoff complicates BMP monitoring 
further. Precipitation varies in time and space. Stormwater pollutants can be carried into the 
receiving water system by the precipitation itself (wet deposition) and/or picked up as it flows 
across surfaces with or without conveyance by man-made or natural drainage channels.  Air 
quality, land use, drainage systems, and geology characteristics are all nonuniform, again leading 
to temporal and spacial variation concerning stormwater pollutant loads.  An effective BMP 
monitoring program must incorporate this variability to produce reliable data.  Given these 
difficulties, it is no surprise that a report produced by the Governmental Advisory Committee in 
2000 on current monitoring practices in the U.S. noted that data gaps are prevalent and 
“particularly serious for nonpoint sources” (U.S. EPA, 2002a).  Nonpoint sources are recognized 
as the major contributor to the pollution of the nation’s waters, particularly since regulatory 
measures made vast reductions in point source pollution.  BMPs are the primary tools used to 
mitigate the deleterious effects of nonpoint sources on receiving waters, yet there is little 
evidence that BMPs are meeting their projected goals (Strecker and Urbonas, 2001).  Therefore, 
high quality BMP monitoring programs are an important piece in completing the current picture 
of the nation’s water quality and making steps towards improvements. 

There are many types of BMP monitoring: implementation, trend, effectiveness, pre-BMP 
stormwater monitoring to establish BMP design, project validation, whole system effectiveness, 
and compliance monitoring.  The goals and objectives of a given monitoring program will dictate 
which type of monitoring is appropriate.  The focus of this section is effectiveness monitoring. 
However, pre-BMP stormwater monitoring to establish BMP design may be the most practiced 
type of BMP monitoring, therefore, important issues specific to this type of monitoring will be 
identified where applicable.  BMP implementation and trend monitoring are covered in detail in 
the U.S. EPA report Techniques for Tracking, Evaluating, and Reporting the Implementation of 
Nonpoint Source Control Measures - Urban (U.S. EPA, 2001). Although the different types of 
monitoring have their own distinct set of characteristics, there is a great deal of overlap between 
them. Accordingly, many issues discussed in this section are not exclusive to effectiveness 
monitoring. 
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4.1 CURRENT MONITORING PRACTICES 

There are four main monitoring approaches employed to assess BMP effectiveness (Strecker et 
al., 2000).  The most popular approach is input/output sampling that is used with new, existing, 
or retrofitted structural BMPs. A second BMP monitoring approach is before/after sampling. 
This approach can be used in new or retrofit BMP situations, but is most often used with 
nonstructural or other BMPs that lack an inflow/outflow. Upstream/downstream monitoring can 
be used to assess the impact of a single BMP’s effluent or an untreated stormwater input on its 
receiving stream (FHWA, 2000). The final BMP monitoring approach is control watershed 
comparison.  Although sometimes useful for evaluating nonstructural BMPs where before data 
was not collected or structural BMPs without defined inlets (e.g., vegetative filter strips), the 
control watershed comparison approach is rarely used due to the difficulty in finding a watershed 
with similar contributing factors to serve as the control. 

Thorough water and pollution loading budgets are important to a robust BMP monitoring 
program.  Stormwater flow measurements are of critical importance, yet they are often the cause 
of error in efficiency calculations (U.S. EPA, 1999; FHWA, 2001).  Dry-weather flows, 
groundwater, and direct precipitation can also contribute to both hydraulic and pollutant loading, 
although they are rarely considered (Reinelt and Horner, 1995; Rushton, 1998; GeoSyntec and 
ASCE, 2002). Long-term studies that include seasonal effects on flow and pollutant patterns are 
rare as well (Reinelt and Horner, 1995), even though rainfall/flow and pollutant build-up vary 
over time. Other problems often associated with poor quality flow data include a lack of 
equipment maintenance and calibration, and the neglect of bypass flows (Clary et al., 2001; 
GeoSyntec and ASCE, 2002).  These factors can lead to either an over or underestimation of 
actual BMP efficiencies. 

Collecting representative samples is another important component of a robust BMP monitoring 
program.  There are many techniques for stormwater sample collection.  The simplest is 
obtaining a grab sample. Composite samples include time-proportional sampling and three types 
of flow-proportional sampling: (1) constant time - volume proportional to flow; (2) constant time 
- volume proportional to flow-volume increment; and (3) constant volume - time proportional to 
flow-volume increment (GeoSyntec and ASCE, 2002).  BMPs that do not have a clearly defined 
inflow and outflow, such as biofiltration, greenroofs, and vegetated filter strips, present unique 
difficulties in collecting representative samples. Flows into and out of these systems must be 
concentrated into a single or otherwise representative outfall before collection (U.S. EPA, 1999). 

In addition to being representative in how it was collected, the sample must also be 
representative in what parameters are measured.  Most BMP monitoring studies sample for 
selected chemical and/or physical species such as total phosphorus and total suspended solids 
(TSS). However, these parameters do not always provide a representative picture of BMP 
effectiveness. Although TSS has proven useful in wastewater monitoring, it has been found 
“fundamentally unreliable” for evaluating natural waters (Rushton, 2002).  Biochemical oxygen 
demand is another traditional wastewater parameter often measured in BMP monitoring 

4 - 3




programs that has been criticized as unrepresentative for stormwater (Rushton, 2002).  A key 
parameter for evaluating BMP effectiveness that is usually neglected is gross or coarse pollutants 
such as floatables or litter debris (e.g., beverage containers, Styrofoam) and organic debris (e.g., 
leaves, grass clippings, and twigs) (England and Rushton, 2003).  Biological and physical 
indicators of the ecological health of the receiving water may provide more realistic information 
on BMP effectiveness, depending on the objectives of the BMP monitoring program, yet these 
parameters are not historically measured (U.S. EPA, 1999). 

Once data is collected during a BMP monitoring program, it must be analyzed. GeoSyntec and 
ASCE (2002) list ten different methods that have been applied to BMP monitoring data to assess 
effectiveness. Every method employs its own set of assumptions and as a result produces its own 
level of efficiency.  This alone is a significant contributor to the wide range of reported BMP 
effectiveness.  For example, an exercise that applied three of the most common data analysis 
methods to the same set of data resulted in percent removals from 48 to 66% (Strecker et al., 
2000). The most commonly used method of data analysis is event mean concentration (EMC) 
(U.S. EPA, 1999). An EMC is a statistical parameter representing the average concentration of a 
constituent over the course of a single storm event. It can be calculated by dividing the 
constituent’s flow-proportional average mass by the total runoff volume.  Alternatively, samples 
can be collected on a flow-proportional basis to build a flow-weighted composite sample for 
analysis.  Concentrations of such a composite sample are directly assumed to be EMCs.  BMP 
efficiency is often then determined based on percent removals between the influent and effluent 
EMCs on a storm-by-storm basis. This storm-by-storm pairing of influent and effluent may be 
problematic for BMPs with a permanent volume, such as retention (wet) ponds because the 
simultaneous inflow and outflow may not be related to the same storm event (Clary et al., 2001). 
It is also problematic as it weighs all storms equally.  One final reason this analysis may be 
inappropriate is that percent removals do not tell the whole picture and therefore can be 
misleading. For instance, one study of a detention pond in Florida found that the removal 
efficiency actually decreased after a modification to increase the residence time, and thus one 
could conclude that the modification resulted in worse performance (Strecker et al., 2000). 
However, a closer look at the data revealed that the effluent EMCs after the modification were 
less than before the modification, but for unknown reasons the influent EMCs were also lower. 
Thus, the comparative differences between the influent and effluent were greater before the 
modification than after, leading to the erroneous conclusion.  As shown by this example, 
emphasis on percent removal is unjustified and it cannot stand alone as a sole measure of BMP 
effectiveness (GeoSyntec and ASCE, 2002). 

Typically, data analysis of BMP monitoring programs also fail to consider statistical validation 
(Strecker et al., 2000). This point has been regarded by some as being “the most frequently 
overlooked factor” in a BMP monitoring program (GeoSyntec and ASCE, 2002).  Obtaining 
statistically valid results begins with good planning to assure that the number of storms sampled 
is sufficient to draw valid conclusions at the specified level of confidence.  As with any field 
experiments, unusual activities within the watershed or uncharacteristic rainfall events cannot be 
controlled and if there are too few sampling events, these incongruities can bias effectiveness 
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results (Taylor and Wong, 2002b).  Thus, the number of sampling events necessary to obtain 
statistical confidence may become cost prohibitive.  After data analysis is completed, the 
statistical significance of a BMP monitoring program’s conclusions should always be reported. 

A final downfall of BMP monitoring programs is that details that contribute to the observed 
effectiveness of a BMP are often overlooked (Strecker et al., 2000). Watershed characteristics 
that may affect BMP performance include watershed area, percent imperviousness, land-use 
breakdown, soil types, and rainfall characteristics.  BMP design characteristics and maintenance 
activities also effect BMP performance.  However, it is wise not to rely solely on pre-
construction/implementation design plans, as “BMPs will not necessarily be built and/or 
maintained as designed and approved” (Taylor and Wong, 2002b).  All of these variations result 
in a nearly infinite number of combinations that further complicate the evaluation and 
comparison of BMP monitoring results (U.S. EPA, 1999). 

As the above discussion illustrates, most BMP monitoring studies reported lack the rigor required 
to compare and pool individual studies. Pooling of individual studies is necessary to make any 
definitive assessments of BMP effectiveness.  Rigorous BMP monitoring programs become 
complex quickly. Consequently many BMP monitoring programs produce insufficient or 
unsound data, in part due to poor experimental design (Marsalek and Kok, 2000).  Thus, 
extrapolation of BMP effectiveness results to unmonitored BMPs and areas under consideration 
for BMP construction/implementation is impossible or unreliable at best.  In these situations it is 
always best to perform baseline monitoring of the stormwater runoff characteristics and tailor the 
BMP design to the specifics of each individual location. 

In the past, the field of BMP effectiveness monitoring has suffered from a lack of extensive 
experience and good quality guidance.  More recently, GeoSyntec and ASCE (2002) produced a 
reasonably comprehensive guidance manual for the monitoring of urban stormwater BMP 
performance. The main goal of this manual was to assist researchers in producing robust and 
consistent BMP monitoring results to expand the National Stormwater BMP Database 
(accessible online at http://www.bmpdatabase.org/). In addition to suggesting preferred methods 
of sampling, measuring flows, and analyzing data, the manual includes many data collection 
tables covering everything from watershed characteristics to significant BMP design parameters 
individualized for the most common BMPs. 

4.2 PARAMETER SELECTION FOR STRUCTURAL BMP MONITORING PROGRAMS 

There is a wide variety of parameters that could be included in a BMP monitoring program. 
When developing a monitoring program, the number of possible parameters can be 
overwhelming. In this section, potential parameters are introduced under five major parameter 
categories. Once familiar with the parameter options, a list of key considerations used to narrow 
in on an appropriate set of monitoring parameters is presented. 
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4.2.1 Major Parameter Categories 

Five major categories of BMP monitoring parameters have been identified: (1) chemical 
parameters; (2) physical parameters; (3) biological parameters; (4) hydrological parameters; and 
(5) additional contributing factors.  Traditional BMP monitoring programs have focused mainly 
on water quality and physical parameters (U.S. EPA, 2002a).  However, a robust monitoring 
program will incorporate some measures from most or all five of the major categories. 

4.2.1.1 Chemical Parameters 

In the early 1980s, the U.S. EPA’s NURP established a set of nine water quality parameters (and 
one physical parameter, TSS, discussed in Section 4.2.1.2) thought to fully characterize urban 
stormwater (GeoSyntec and ASCE, 2002).  These parameters, listed below, are still the most 
widely applied parameters in BMP monitoring programs. 

Biochemical Oxygen Demand (BOD) Total Kjeldahl Nitrogen (TKN) 
Chemical Oxygen Demand (COD) Nitrate + Nitrite Nitrogen (NO2 + NO3 ) 
Copper (Cu) Total Phosphorus (TP) 
Lead (Pb) Soluble (or ortho-) Phosphorus (SP) 
Zinc (Zn) 

Since the 1980s, the BMP scientific community has re-evaluated this list.  In 1994, it was 
suggested by Strecker that ortho-phosphate was a more useful parameter than soluble phosphorus 
because ortho-phosphate approximated the bioavailable fraction phosphorus (Strecker, 1994). 
As discussed above, BOD has been criticized as being an inappropriate measure for stormwater. 
Individual nitrogen species recycle rapidly, thus their measurement may not be beneficial 
(Strecker, 1994; Rushton, 2002). Measurement of total metals may not provide a representative 
indication of toxicity because some metals are only toxic in their soluble or unbound states. 
Also, hardness is often used in metals standards for toxicity, and without this measurement the 
true consequence of metals concentrations cannot be fully assessed (Rushton, 2002).  After 
reviewing completed BMP monitoring studies for cost-effectiveness and the generation of 
meaningful results, Strecker updated NURP’s list of recommended water quality parameters 
(Strecker et al., 2000). The updated list reflected the issues discussed above by excluding BOD 
and TKN, and adding total organic carbon (TOC), total hardness, ammonia-nitrogen (NH3-N), 
and Cadmium (Cd). Both the total and soluble forms of each metal (Cd, Cu, Pb, and Zn) were 
recommended for analysis.  Additional chemical parameters that are measured less often but can 
be relevant in certain situations are oil and grease, polycyclic aromatic hydrocarbons (PAHs), 
potentially toxic pesticides and herbicides, and other organic chemicals (Strecker, 1994; Pitt et 
al., 1995; NJDA et al., 2000; GeoSyntec and ASCE, 2002; Rushton, 2002). 

In baseline monitoring, analyzing for a wide variety of chemical parameters from nutrients to 
organics to metals will help identify target parameters for BMP design.  It is also important, 
particularly for baseline monitoring, to evaluate particulate-associated versus dissolved fractions 
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of chemical pollutants, as their modes of removal and transformation within a BMP are often 
significantly different. 

Monitoring chemical parameters provides specific information about BMP water quality.  
Potential effects on receiving waters can be predicted by chemical concentrations and their 
quantitative nature provides for a clear method of evaluating BMP performance when inflow and 
outflow are compared. However, direct measurement of pollutants is time-specific.  Chemical 
data is highly variable and thus “100% valid only at the precise moment the sample was taken” 
(NJDA et al., 2000). Water quality trends and cumulative effects of chronic, low concentrations 
are not readily observed when monitoring chemical parameters alone. 

4.2.1.2 Physical Parameters 

The physical characteristics of runoff are key to BMP monitoring programs.  Not only are the 
physical parameters themselves, especially TSS, often the main specified management goal of 
BMPs, they also act as an indicator for, and can become carriers of, many of the chemical 
pollutants discussed in Section 4.2.1.1 (Ruby and Kayhanian, 2003).  As such, TSS is often the 
only parameter measured in BMP monitoring programs because it is believed to indicate overall 
water quality (Rushton, 2002).  However, caution must be used when making this assumption 
because the correlation between TSS and other parameters is most often not strong enough to 
eliminate the need to specifically address other significant parameters (Strecker, 1994). 
Furthermore, TSS may not be a representative measure of the physical nature of runoff because 
larger sediments settle out quickly and thus the procedure for TSS measurement will not include 
this portion of the sediment mass.  In a study supported by the U.S. Geological Survey (USGS), it 
was found that TSS measurements may underestimate the actual sediment load by an order of 
magnitude or more, particularly in the influent (GeoSyntec and ASCE, 2002).  Thus, a new 
measurement of sediments, the suspended-sediment concentration (SSC) was developed and is 
now part of the USGS policy on water monitoring.  SSC differs from TSS solely by the 
specification that SSC must use the entire sample, while TSS measurement may (and in most 
situations does) use a sub-sample of the originally collected sample.  Although SSC is considered 
by most to be a more appropriate measure for BMP monitoring programs, TSS measurement 
generally is recommended due to its historical use to enable comparison with existing data and 
development of trends (GeoSyntec and ASCE, 2002).  The freedom to use sub-samples in TSS 
measurement also lends itself more easily to the analysis of composite samples often used in 
stormwater monitoring. Further, using SSC to determine BMP performance (by percent 
removal) with respect to solids can bias the results, while TSS will provide a much more 
conservative measure of BMP performance.  This bias is less important if other measures, like 
average effluent concentrations, are used to determine BMP effectiveness. 

Gross solids, such as litter, trash, and other debris, are another significant physical parameter in 
stormwater. Although seldom measured, control of gross pollutants is principal to maintaining 
the aesthetic value of receiving waters.  Since aesthetic quality is the one effect of untreated 
stormwater that is easily identifiable and understandable by the public, the effectiveness of BMPs 
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in controlling gross pollutants should be included in a robust BMP monitoring plan. In addition 
to their direct impact on aesthetics, gross solids may also “degrade aquatic habitat, ...smother 
productive sediments, leach harmful pollutants, and cause unpleasant odors” (England and 
Rushton, 2003). Measurement of gross solids is difficult because they cannot be collected by the 
automatic samplers commonly used in stormwater monitoring (Rushton, 2002).  England and 
Rushton (2003) have developed a method of monitoring gross pollutants as part of a BMP 
maintenance program, measuring volume and dry mass of gross solids during BMP clean out. 

Other physical parameters that may be important to monitor include turbidity, particle size 
distribution, settling velocity distribution, and accumulated sediments.  Particle size distribution 
data can be useful to estimating the BMP capture efficiency of suspended solids, particularly if 
particle specific gravity is measured (GeoSyntec and ASCE, 2002).  Measurement of settling 
velocity directly is also an option which is recommended (Field and O'Connor, 1996; GeoSyntec 
and ASCE, 2002). Particle size distribution and specific gravity or settling velocity are important 
for baseline monitoring to establish BMP design and for influent samples where settleability may 
be a significant factor in performance variations between BMPs.  Monitoring accumulated 
sediments may be important in BMPs that encourage particle settling.  Typically, the sediments 
represent a sink for both physical pollutants (sediments) and their associated water quality 
pollutants. However, under some conditions, accumulated sediments can become a pollutant 
source (Kaiserli et al., 2002). In areas with high heavy metals loads, the accumulated sediments 
may actually become toxic and subject to hazardous waste regulations (WEF and ASCE, 1998). 
Accumulated sediments can be measured by coring, grab sampling, or using sedimentation traps 
that have the added benefit of allowing estimates of sedimentation rates (Pettersson, 2001). 

One final item that can be characterized as a physical parameter is physical changes to the 
receiving water channel caused by stormwater (WEF and ASCE, 1998).  Such changes include 
stream down-cutting and are primarily the result of changes in the stream hydrology that may be 
altered by the BMP.  U.S. EPA’s Rapid Bioassessment Protocols include a physical habitat 
assessment component that may be used to monitor physical changes to the receiving water 
channel over time (U.S. EPA, 1999). 

4.2.1.3 Biological Parameters 

Biological parameters can be divided into two main groups, those that BMPs strive to prevent 
(i.e., direct measurement of organisms associated with pollution), and those that BMPs strive to 
protect (ecological effects on receiving waters).  The former is still relatively rare in BMP 
monitoring programs (Rushton, 2002). Pathogenic microorganisms present in stormwater can 
lead to fish kills in extreme cases and more often beach closings. The impact of BMPs on 
pathogenic microorganism such as bacteria, viruses, Cryptosporidium and Giardia, are not well 
characterized at present due to limited monitoring data. Indicator organisms such as fecal 
coliform, which are traditionally used in the wastewater industry, may not be representative for 
stormwater applications (O'Shea and Field, 1992; Rushton, 2002).  However, total and fecal 
coliform remain the basis of most permits and state water quality standards, and are the reasoning 
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behind most beach closings. Thus, measurement of these indicator organisms provides practical 
information. 

The overall goal of any BMP implementation is ultimately to preserve or restore the health of the 
nations’s waterways.  Therefore, monitoring ecological effects downstream of a BMP is 
considered by some a better indicator of BMP effectiveness than water quality parameters alone 
(Clary et al., 2001). This is especially true when monitoring for a long-term response since 
ecological effects generally reflect trends in water quality, barring acute effects of obvious 
catastrophic events (NJDA et al., 2000). Ecological effects on receiving waters can be assessed 
in two ways, toxicity testing of the BMP effluent and in-stream indices.  Both provide 
information for assessing the combined impact of multiple stressors (U.S. EPA, 1996). 

Whole water toxicity testing for BMPs removes a sample of a BMP effluent stream, places many 
organisms of a single species directly into the sample and monitors the mortality rates, growth 
rates, and other changes in behavior or overall health.  The intermittent nature and variability in 
flow rates and concentrations unique to wet-weather flows requires special protocols for a true 
assessment of toxicity potential.  Herricks (1996) has developed toxicity protocols for wet-
weather flows that take into consideration the timescale issues associated with pulsed inputs of 
stormwater runoff.  The Microtox® toxicity-screening procedure has also been used to evaluate 
stormwater (Pitt et al., 1995). Toxicity testing has the advantage over in-stream indices of being 
performed in a controlled laboratory environment using indicator organisms whose growth 
characteristics are well known, such as Daphnia pulex or Pimephales promelas (NJDA et al., 
2000). The test usually will show negative effects, if present, within 24 to 72 hours.  When 
combined with water quality parameter concentrations, toxicity testing can provide an indication 
of pollutant bioavailablity (Marsalek and Kok, 2000).  However, the tests can be costly and their 
results may be highly variable (Marsalek and Kok, 2000; NJDA et al., 2000). 

In-stream indices can be developed from analysis of fish, benthic macroinvertebrates, and plant 
communities (U.S. EPA, 2002a). Fish are useful long-term indicators because their longer life 
span (3 to 4 yrs) allow for bioaccumulation of toxins in the organism’s tissue (NJDA et al., 
2000). Fish communities can be monitored for individual species abundance, indication of 
deformities or illness, such as discoloration, and pathologic parameters, like presence of tumors 
or bioaccumulated toxin concentrations. Fish of the highest trophic level are particularly useful 
because “they tend to integrate changes in lower trophic levels, ...[thus reflecting] overall 
ecosystem condition” (U.S. EPA, 2002a).  Including fish in a BMP monitoring program also can 
be a good way to muster public interest and support.  Unlike other biological indices, fish are an 
organism the public can easily identify as beneficial to the watershed, especially in areas where 
sportfishing is popular. However, in some cases the receiving water may be too small to support 
a fish community. Benthic macroinvertebrates, such as snails and insect larvae, have limited 
mobility and shorter life spans than fish. Thus, they provide better site specific information 
which may enable source location and their reaction times are faster (NJDA et al., 2000). 
Identification of macroinvertebrates is more difficult and time consuming.  In addition there are 
seasonal trends in species types that can vary from year to year.  These issues limit its 

4 - 9




applicability.  Methods for assessing fish and benthic communities, detailed in U.S. EPA’s Rapid 
Bioassessment Protocols, may be suitable for assessing BMP effectiveness (U.S. EPA, 1999). 
Finally, plants, being at the bottom of the food chain, can provide a direct link to pollutant levels. 
An example of a plant indicator is the presence/amount of algae attached to rocks (U.S. EPA, 
2002a). 

All three in-stream indicators (fish, benthic macroinvertebrates, and plant communities) share 
several disadvantages. First, in-stream indices are not specific to the effects of BMPs.  Many 
other urban stressors contribute to a stream’s biological condition, including “disruption of 
physical habitat, alteration of hydrologic patterns, introduction of non-indigenous biota, and 
widespread alteration of the landscape” (U.S. EPA, 2002a).  Depending on the size of the stream 
as compared to the volume of BMP effluent, simple dilution effects may obscure any BMP 
effects.  Additional factors, such as fish harvesting/stocking, rainfall or drought patterns, 
interfering upstream conditions, or possible groundwater interferences, can overshadow the 
effects of any single BMP (Strecker and Urbonas, 2001).  Second, the lag between introduction 
(or removal) of the stressor and observed biological response is long enough that in-stream 
indices are inappropriate for evaluation on a storm-by-storm basis (U.S. EPA, 1996).  Third, in-
stream parameters exhibit a large degree of seasonality.  Lastly, results of in-stream biological 
parameters vary greatly depending upon the characteristics of the sampling location.  Streams 
may be both horizontally and vertically stratified due to primary and secondary currents.  It is 
particularly difficult to obtain a representative sample of chemically reactive or particulate 
associated pollutants whose concentration will vary with distance from the BMP outfall.  The 
pollutant’s reaction rates (chemical and settling) in relation to the stream velocity must be taken 
into account when choosing the optimum sampling location for reactive pollutants.  Other 
localized factors that may affect in-stream pollutant concentrations include riffle vs. pool and the 
percentage of area receiving full sunlight (U.S. EPA, 1996).  Resuspension of pollutants 
associated with previously settled sediments is another confounding factor.  For these reasons, 
sampling location characteristics should be well documented. 

4.2.1.4 Hydrologic and Hydraulic Parameters 

The foundation of a good BMP monitoring program, both baseline and effectiveness, is an 
accurate and representative measurement of precipitation and stormwater flow data (U.S. EPA, 
1999). The hydraulic alteration of stormwater associated with human activity such as increases 
in peak runoff rates and total runoff volumes is a problem in and of itself, causing downstream 
flooding, lower base flows, increased erosion, and habitat destruction (NJDA et al., 2000). The 
role of BMPs in mitigating these effects are a substantial and historic component of their 
intended function. 

Defining storm and runoff hydrology is not a trivial matter.  A number of hydrologic and 
hydraulic parameters such as antecedent conditions, pattern of precipitation intensities, 
precipitation durations, and total precipitation volumes, runoff rates, durations, and total volumes 
into and out of the BMP, all contribute to “make each storm a unique event”(Church et al., 
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1999). Additional parameters such as possible bypass or overflow volumes and influences of soil 
infiltration, groundwater, dry-weather flows, and evaporation add another layer of complexity. 
All this variability translates into a great deal of inconsistency in reported BMP effectiveness. 
Therefore, measurement of hydrologic and hydraulic parameters is key to interpreting BMP 
monitoring data and predicting effectiveness. 

The necessity of some hydrologic and hydraulic parameters is dependent on the BMP type.  For 
BMPs designed to encourage infiltration such as infiltration basins, flow reductions are the 
primary mechanism of stressor alleviation.  A reasonably accurate water balance including all 
inflows and outflows and antecedent conditions and precipitation intensities, both of which will 
affect infiltration capacity, are essential for these types of BMPs.  Accurate flow measurements 
are especially important since they are often used as a basis for collecting water quality samples 
and required for the calculation of pollutant loadings. Precipitation volumes and durations are 
often significant in defining storm events appropriate for monitoring, although it is optimum to 
monitor all wet-weather events continuously. 

The USGS report, Basic Requirements for Collecting, Documenting, and Reporting Precipitation 
and Stormwater-Flow Measurements prepared by Church et al. (1999), is an excellent source of 
guidance for collecting this type of data.  Information on the actual collection of hydrologic and 
hydraulic parameters is discussed further in Section 4.5.2.3. 

4.2.1.5 Contributing Factors 

In addition to chemical, physical, biological, and hydrologic/hydraulic parameters, many other 
contributing factors determine the overall performance of a BMP.  Watershed characteristics 
such as size, geographical location, land use, percent imperviousness, topography, soil 
characteristics, and upstream nonstructural BMPs should be collected during a comprehensive 
BMP monitoring program (U.S. EPA, 1996; GeoSyntec and ASCE, 2002).  BMP design 
characteristics are also important contributing factors.  Variables such as length, width, depth, 
storage volume, inlet and outlet design, vegetation, and bottom lining or soil infiltration 
characteristics should be documented.  The complete set of BMP design characteristics is 
specific to the type of BMP being monitored.  GeoSyntec and ASCE (2002), in their Urban 
Stormwater BMP Performance Monitoring: A guidance manual for meeting the national 
stormwater BMP database requirements have included detailed tables and photocopy-ready 
forms of BMP characteristics useful for evaluating effectiveness for many of the more common 
BMPs. Additional BMP characteristics include age and maintenance practices. 

Contributing environmental characteristics, such as temperature, dissolved oxygen (DO), solar 
intensity, and pH, are also useful in the analysis of monitoring data. Temperature can affect 
process reaction rates within the BMP. Also, heat is specifically mentioned as a pollutant in the 
Clean Water Act’s definition of pollutant (Parikh, 2003).  Thus, increased temperatures, 
produced by areas collecting runoff from large paved areas or by the quiescent water of retention-
type BMPs during dry periods, could be a pollutant (NJDA et al., 2000). DO concentrations may 

4 - 11




be an important parameter to monitor in detention-type systems.  Pollutants such as phosphorus 
and some metals (Cd, Cu, Pb, and Zn) that settle to the bottom with suspended solids may leach 
into the water column during periods of low DO concentrations (Rushton, 1998).  As with 
temperature, low DO can also be considered a pollutant.  The oxygen dependant organisms 
within a receiving water, such as fish, can be severely impaired or killed by prolonged low DO 
conditions. Hardness, as discussed earlier in Section 4.2.1.1, is another contributing 
environmental characteristic that is particularly useful for metals analysis. 

4.2.2 Key Considerations for Selecting Appropriate Parameters 

The number of possible parameters that may be measured in a BMP monitoring program is 
extensive. It is often impractical to measure all the parameters discussed in Section 4.2.1, and 
there is no “one-size-fits-all” set of parameters that will satisfy the objectives of every monitoring 
program. The planning phase of a BMP monitoring program must include the selection of 
appropriate parameters. The following questions are a list of key considerations that may be 
useful during the parameter selection process. 

What parameters are required to meet the monitoring program objectives and goals? 
If the monitoring program objectives are well defined, this may be the only question that needs 
asking. The objectives and goals will depend in part on the given type of monitoring program. 
Parameters that are appropriate to meet the objectives and goals of a baseline monitoring 
program to establish BMP design may be different from those of an effectiveness monitoring 
program. Further, BMPs may be implemented for many reasons, which could include regulatory 
compliance, total maximum daily load (TMDL) compliance, protection of sensitive ecosystems, 
etc. These reasons typically define the monitoring objectives and goals and, in turn, the list of 
appropriate parameters (Caltrans, 2000). For example, if a BMP is constructed to aid in the 
compliance with a TMDL for phosphorus, phosphorus must be measured.  

What resources are available for completing monitoring objectives? 
Resources include money, personnel, and time.  There is often a balance between the number of 
parameters monitored and the number of events for which they can be measured that is usually 
driven largely by available resources.  In most cases, limiting the number of parameters to those 
most significant to the monitoring objectives, will allow more storm events to be sampled, 
leading to better supported conclusions (GeoSyntec and ASCE, 2002). 

Do any regulatory or legal requirements apply to the BMP or its receiving waters? 
Those parameters specified in any regulatory requirements or court-ordered legal requirements 
must be included in the BMP monitoring program. BMP specific regulatory considerations 
include the use of the 80% reduction in TSS rule and the National Pollutant Discharge 
Elimination System (NPDES) Stormwater Phase II Regulations.  The coastal zone management 
measures guidance require an annual average reduction in TSS loadings of 80% in construction 
areas (NJDA et al., 2000). The U.S. EPA’s Phase II requirements include provisions to track the 
implementation of five minimum stormwater management measures: public education and 
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outreach, public involvement, illicit discharge detection and elimination, reduction of 
construction site and post-construction runoff, and pollution prevention/good housekeeping 
activities.  The U.S. EPA included no specific requirements for chemical (or biological) 
monitoring information. Thus, some municipalities have developed a BMP monitoring program 
that compiles qualitative data only about both structural and nonstructural BMPs to satisfy their 
permit requirements (Hillegass, 2003). A monitoring program of this type primarily tracks 
contributing factors, e.g., the type of BMP used and the size of its catchment area. 

Applicable surface water quality standards of the receiving water should be reviewed before the 
final parameter selection.  For example, if the water quality criteria specify levels for total metals 
and the monitoring plan only calls for soluble metals or vice versa, the data may not be able to 
answer key questions concerning the effectiveness of the BMP. 

Are existing monitoring data available? 
Data from previous monitoring programs or screening studies can be useful in identifying 
appropriate parameters for a successful BMP monitoring program (as well as establishing 
estimates of the number of samples need to detect desired levels of change).  Constituents 
prevalent in existing monitoring data, especially those above levels of concern and those targeted 
by the BMP should be included, whereas those constituents rarely detected generally can be 
eliminated unless other circumstances exist, such as a recent change in the catchment area, or a 
regulatory or legal requirement (Caltrans, 2000).  Selecting appropriate parameters based on 
existing data usually leads to a cost-effective BMP monitoring program.  Screening studies to 
ascertain what pollutants might be of concern/interest can be valuable during the design phase of 
a BMP monitoring program (GeoSyntec and ASCE, 2002). 

What are the prevailing land uses in the catchment area? 
Different land uses have been associated with different types of pollutants and potential pollutant 
sources. Knowledge of the prevailing land uses in the target catchment area can help identify 
parameters likely to be in the wet and dry-weather runoff.  For instance, if the catchment area 
includes a large amount of highway or industrial yard runoff, parameters such as metals, PAHs, 
and industry specific toxic substances are likely to be of concern (Caltrans, 2000).  However, if 
the catchment area is heavily influenced by construction or agricultural activities, sediment 
pollution is typical.  In catchment areas subjected to combined or sanitary sewer overflows, 
pathogens may be of importance. 

What are the beneficial uses and impairments (if any) of the receiving water? 
Beneficial uses or impairments of receiving waters are often the underlying reason behind BMP 
implementation.  Monitoring programs can be used as verification that the BMP is fulfilling its 
intended purpose.  It has been recognized that “in many instances the water quality problem will 
directly indicate what variables should be monitored” (U.S. EPA, 1996).  For instance, if the 
BMP discharges near a public beach, pathogens or bacterial indicator monitoring will be 
important. Or, if the BMP discharges to a stream that supports a healthy game fish population, 
then in-stream biological indicators may be useful. 
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Are there any parameters that are particularly useful for evaluating the type of BMP being 
monitored? 
Some parameters will be more important than others, depending on the type of BMP being 
monitored.  For example, soil permeability may be an important parameter for infiltration BMPs, 
but less important for ponds, especially those that are concrete or clay lined. Alternatively, 
settleable solids may be an important parameter for wet ponds, but less important for infiltration 
BMPs. Another example is particle settling velocity distribution for BMPs that depend on 
removal by inertial separation of suspended solids, and particle size distribution for BMPs that 
depend on filtration (Field and O'Connor, 1996). 

Are there any contributing factors that would be useful in interpreting data from the primary 
parameters selected? 
Collection of supporting data can greatly enhance the usefulness of BMP monitoring data 
(Caltrans, 2000). The most striking example is the measurement of hardness when metals have 
been selected as a primary parameter, as discussed above in Section 4.2.1.1.  Other examples of 
contributing factors are given in Section 4.2.1.5. 

Are the parameters typically monitored constituents? 
Whenever possible, the parameters selected should be typical (e.g., those typically found in urban 
stormwater runoff at levels of concern).  Typically measured parameters are most likely to have 
straightforward and reliable methods of analysis (GeoSyntec and ASCE, 2002).  Their data is 
easily comprehensible by those in the environmental profession, which gives them a broader 
usefulness. If typical parameters are measured, the data will be easily comparable to other 
studies with similar circumstances and will tend to be more economical overall. 

4.3 MONITORING NONSTRUCTURAL BMPS 

According to an international survey, the use of nonstructural BMPs is on the rise and the trend is 
expected to continue (Taylor and Wong, 2002a).  Yet, there is a paucity of high-quality studies 
on their effectiveness in improving the quantity and quality of stormwater.  This lack of 
monitoring of nonstructural BMPs has been cited on more than one occasion “as a major 
impediment to their adoption” (Taylor and Wong, 2002a).  Monitoring of nonstructural BMPs is 
inherently difficult for many reasons.  The most significant hindrance to monitoring nonstructural 
BMPs is that many of them rely on behavioral change.  Behavioral changes are difficult to 
measure for the following reasons: (1) direct observation of behavior is usually not an option for 
privacy reasons; (2) self-reported behaviors are often vastly different from the truth; (3) people’s 
attitudes toward environmental issues do not often translate into actual behaviors; (4) developing 
suitable quality controls is difficult; and (5) there is a time lag between awareness about an issue 
and actual behavioral change, which could require up to ten years (Taylor and Wong, 2002a; 
Taylor and Wong, 2002b).   
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A second reason for the difficulty monitoring nonstructural BMPs is the lack of  defined inflows 
and outflows. Therefore, the effects of nonstructural BMPs cannot be isolated for direct 
measurement.  Taylor and Wong (2002a) conceded that monitoring the effects of some 
nonstructural BMPs (e.g., public education and outreach) on stormwater quality is “virtually 
impossible...or at best can be evaluated using [long-term] trend analysis.”  A third difficulty is 
nonstructural BMP programs are often backed by substantial resources and thus, strong pressures 
to report positive results may exist. This has the potential to skew the results of any monitoring 
that has been conducted (Taylor and Wong, 2002b).  One final word of caution regarding the 
monitoring of nonstructural BMPs is that the effectiveness results collected may not be 
transferable to other communities (Taylor and Wong, 2002a).  People’s behaviors are shaped by 
social, educational, economical, and regional factors; therefore, what works in one place, may not 
be universally effective. 

Despite its difficulties, nonstructural BMP monitoring is feasible using a number of approaches. 
Taylor and Wong (2002a) identified seven approaches to evaluating nonstructural BMPs.  Many 
of the approaches identified are qualitative in nature, such as monitoring public awareness of 
target issues and monitoring self-reported behaviors.  Obtaining quantitative monitoring data on 
nonstructural BMPs can be accomplished in three ways.  The first is through modeling.  Through 
the use of models, qualitative data can be manipulated into quantitative estimates. For example, 
the percentage of people who claim to have changed their use of lawn chemicals may be 
translated into an estimated reduction of herbicides in runoff. The second way is the direct 
measurement of loads prevented from entering the stormwater.  This approach has limited 
applicability to BMPs such as street sweeping and catchbasin cleaning where pollutants are 
collected and can be weighted.  The third  way to obtain quantitative data for nonstructural BMPs 
is long-term trend monitoring of a downstream, end-of-catchment system, such as in-stream 
parameters of the receiving water (see watershed monitoring below), a structural BMP influent, 
or other end-of pipe system.  Although the effects of specific BMPs cannot be isolated, data 
collected before and after nonstructural BMPs implementation, or using a reference watershed 
can produce valuable quantitative data in support of the effectiveness of nonstructural BMPs. 

4.4 WATERSHED MONITORING 

A watershed provides a contained unit of receiving waters with ecologically significant 
boundaries (WEF and ASCE, 1998). It will cumulate the impacts of human activities such as 
urbanization, which has been directly linked to receiving water degradation (U.S. EPA, 1999). 
The concept of best management practices and all the related techniques and technologies were 
developed with the ultimate goal of minimizing the impacts of urban runoff (both wet and dry) 
on receiving waters. Therefore, watershed monitoring may produce a more accurate measure of 
the true value of BMPs. For some structural BMPs with no defined inflow and outflow and for 
nonstructural BMPs, watershed monitoring will be the only valid monitoring option.  Also, 
watershed monitoring has the ability to combine the effects of a wide-reaching stormwater 
management program. When these programs involve a number of nonstructural and structural 
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BMPs, it can be more economical to capture the effects of all BMPs in one watershed monitoring 
program than to attempt to monitor each BMP individually.  However, a disadvantage is that the 
effect of any one BMP becomes nearly impossible to ascertain.  Although watershed monitoring 
typically refers to in-stream monitoring of receiving waters, the same techniques may be applied 
to pipe systems or “sewersheds” when appropriate. 

Of the four BMP monitoring approaches discussed in Section 4.1, only one, the influent/effluent 
approach, truly isolates the BMP’s effects on water quality.  The remaining three effectiveness 
monitoring approaches, before/after, upstream/downstream, and control (or reference or paired) 
watershed, can be applied to the watershed as a whole.  An example of the before/after 
monitoring approach is the Englesby Brook monitoring project being conducted by the USGS in 
Burlington, Vermont (Medalie, 2000). Several BMPs were scheduled to be constructed for 
stormwater management. An in-stream monitoring program was initiated two years before 
completion of the first BMP in 2002. The monitoring is planned to continue beyond completion 
of the final BMP for a total of seven years. 

The control watershed approach is the most difficult to apply successfully because of the many 
variables involved (GeoSyntec and ASCE, 2002).  Typically, control watersheds can differ in 
total area as long as the ratio of pervious to impervious areas closely approximate that of the 
target watershed, and other watershed characteristics also correspond relatively well.  Otherwise, 
“as the characteristics of the two watersheds diverge...the noise in the data becomes greater than 
the signal” (GeoSyntec and ASCE, 2002). 

Watershed monitoring also may be used for trend or compliance monitoring where sample 
characteristics would be compared over time or with designated-use goals or water quality 
standards (GeoSyntec and ASCE, 2002).  A good example of this type of watershed monitoring 
is the U.S. EPA’s Environmental Monitoring and Assessment Program (EMAP) (U.S. EPA, 
2002a). EMAP uses a probability-based sampling design to obtain a statistically-valid picture of 
the ecological condition of statewide water bodies.  Currently, planning is underway to apply the 
key concepts of EMAP to monitor BMPs on a watershed scale.  One disadvantage to using the 
EMAP approach for BMP monitoring is the need for a large participating area to ensure a 
representative sample, which drives up the cost of implementation. 

Special attention needs to be paid to measurement location in watershed monitoring, as there are 
no fixed sampling locations as in input/output sampling (FHWA, 2000). Sensors and flow 
metering devices must be placed in a location at least twenty channel widths downstream from 
any channel bends.  The intake for automatic water sampling equipment should be located in a 
portion of the waterway that is relatively well-mixed in cross-section.  To prevent misleading 
results from bedload contamination of the samples, the intake also should be fixed at a height of 
100 to 200 mm (4 to 8 in.) above the streambed (FHWA, 2000). Even so, some biases can occur. 

Watershed monitoring has its challenges. Because receiving waters are influenced by many other 
stressors (e.g., natural weather patterns), the effects of stormwater management programs may be 
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obscured. The slow biological response to improving conditions and dilution effects that reduce 
sensitivity to chemical improvements may make detection of statistically significant changes 
impossible (GeoSyntec and ASCE, 2002). This, compounded by annual, seasonal, and even diel 
(Brick and Moore, 1996) variability, requires long-term continuous monitoring.  A minimum of 
two to three years is recommended for watershed monitoring programs (FHWA, 2000).  Finally, 
from a planning and policy point of view, watershed monitoring may not be a viable option 
because watersheds do not usually follow political boundaries, and involvement of all necessary 
municipalities may not be possible (WEF and ASCE, 1998). 

4.5 DEVELOPING A BMP EFFECTIVENESS MONITORING PROGRAM 

Developing a BMP monitoring program that produces useful results takes a great deal of effort 
before any samples are taken.  The Federal Highway Administration (FHWA) (2000) produced a 
well presented guide to the development of a BMP monitoring program.  The agency organized a 
BMP effectiveness monitoring program into four phases: 

(1) planning phase,
(2) design phase,
(3) implementation phase, and
(4) evaluation phase.

This section follows the FHWA’s organization relatively closely, but each section has been 
supplemented with information from additional sources.  The FHWA’s document is 
recommended for anyone involved in developing a BMP monitoring program because each phase 
is supported with useful examples to help conceptualize how the guidelines are put into practice.  

4.5.1 The Planning Phase 

The planning phase is a critical first step in developing an efficient BMP monitoring program.  In 
the planning phase program goals are defined, background information is collected, and 
resources are identified (FHWA, 2000). Using this information, specific project objectives can 
be formulated.  These objectives form the framework within which the remainder of the BMP 
monitoring program is designed, implemented, and evaluated.  The U.S. EPA (1996) recognizes 
that well defined goals and objectives are “the most fundamental step in the development of a 
monitoring plan.” 

4.5.1.1 Defining Program Goals 

Monitoring goals are broad statements that cover the issues of concern for a particular 
stormwater management monitoring program (FHWA, 2000).  Examples of goals for BMP 
monitoring programs include, evaluation of: (1) flood control; (2) changes in runoff volume and 
release rates; (3) pollution reduction by a specific BMP or  extended stormwater management 
program; (4) the possibilities of stormwater harvesting from the BMP; and/or (5) BMP longevity 
or maintenance requirements (Argue, 1995; FHWA, 2000; GeoSyntec and ASCE, 2002).  Each 
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goal often requires a different set of assessment methods and data needs.  This section focuses 
primarily on concerns related to the goal of evaluating the pollution reduction of a specific 
structural BMP. 

4.5.1.2 Collecting Background Information

Background information is essential to formulating appropriate objectives in a BMP 
effectiveness monitoring plan. Background information includes, site and catchment area 
characteristics, BMP design characteristics, receiving water reference conditions, site hydrologic 
assessment, and any existing data.  Site and catchment characteristics and BMP design 
characteristics also are considered critical to evaluate efficiency differences between BMPs 
(Strecker et al., 2000). As mentioned earlier in Section 4.2.1.5, thorough tables of these 
contributing factors can be found in GeoSyntec and ASCE (2002).  Upstream BMPs are an 
important component of catchment characteristics that may affect BMP performance for certain 
parameters (GeoSyntec and ASCE, 2002).  Receiving water reference conditions and existing 
data can be used as a point of comparison and for identifying areas of concern (NJDA et al., 
2000). A hydrologic assessment to determine a site’s distribution of storm size and frequency 
can help to develop an appropriate temporal scale for the BMP monitoring program (FHWA, 
2000). The hydrologic assessment also can determine the possibility of groundwater influences. 

4.5.1.3 Identifying Project Resources 

Identification of project resources is necessary to assure that the monitoring program can be 
attained realistically.  Limitations of project resources will ultimately bound the overall scope of 
the program objectives.  Modeling may be considered to fill in gaps when resources are short, 
although good field data is preferred (WEF and ASCE, 1998).  Examples of areas where 
modeling may be used in lieu of monitoring data are the use of measured BMP effluent data to 
estimate receiving water concentrations instead of monitoring the receiving waters themselves 
and flow modeling for load determination instead of actual flow monitoring.  Two additional 
solutions to limited resources suggested by GeoSyntec and ASCE (2002) are to break down the 
program goals into smaller and more manageable questions and, if possible, limit the number of 
parameters monitored before cutting the number of samples collected. 

A more creative way to help keep costs low while gathering an extensive database on BMP 
effectiveness is to enlist the help of volunteers. This option has the added benefit of counting 
toward compliance with two of the minimum control measures of the NPDES Stormwater Phase 
II Regulations, public education and outreach and public participation and involvement (Baxter, 
2002). Rhode Island and Connecticut currently boast successful volunteer monitoring programs. 
After a short training period, approximately 250 volunteers are given the supplies to perform 
weekly or biweekly monitoring at over 120 sites throughout the two states.  In Alpharetta, GA, a 
similar program relies on volunteers to collect and deliver samples to the lab, but for safety 
reasons the volunteers do not actually handle any of the chemicals used for their water quality 
monitoring assessments (Baxter, 2002). The most problematic issues with employing volunteers 
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as part of a monitoring program is quality assurance and continuity.  It is imperative that a good 
quality assurance plan is in place and that volunteers have training on the information.  However, 
even if these measures have been taken, adherence to the quality assurance procedures are likely 
to be more difficult to enforce when using volunteers.  It is also more difficult to keep a 
monitoring program operating with regularity when relying on volunteer help. 

4.5.1.4 Formulating Monitoring Objectives 

Once the first three steps of the planning phase have been completed, specific monitoring 
objectives can be set. The FHWA (2000) suggests looking at the program goals as the question 
that needs to be answered and program objectives as what needs to be done to answer that 
question.  Knowledge of background information and available resources should allow the jump 
to be made between program goals and program objectives.  Clear and specific objectives are 
important, as they will drive the program design phase. 

4.5.2 The Design Phase 

The design phase translates the objectives into an action plan.  Issues that need to be defined 
include monitoring approach, parameter selection, hydrologic data collection protocols, water 
quality data (including chemical, physical, and biological parameters) collection protocols, 
identification/selection of equipment and materials, and quality assurance/quality control 
(QA/QC) initiatives. The product of the design phase should be a quality assurance project plan 
(QAPP) that lays out these details, providing a pathway for meeting the monitoring program 
objectives.  This phase is the foundation of the project and should be given considerable 
attention. A poorly-designed monitoring program could produce misleading data and erroneous 
conclusions, resulting in great deal of wasted time and money (GeoSyntec and ASCE, 2002). 
The following subsections are brief discussions of key issues included in the design phase. 

4.5.2.1 Monitoring Approach

The four main monitoring approaches have already been discussed in Sections 4.1 and 4.4.  The 
influent/effluent approach to BMP monitoring is used most often.  It has the advantage of being a 
straightforward approach, isolating the effects of the BMP, usually costing substantially less than 
other approaches, and having a short time requirement to reach significant findings (FHWA, 
2000). However, receiving water response has been indicated as “a better gauge of long-term 
BMP effectiveness...” (Clary et al., 2001). Three so-called watershed approaches monitor the 
receiving water response. These approaches, upstream/downstream, before/after, and control (or 
reference or paired) watershed, are discussed in length in Section 4.4.  Typically, the 
influent/effluent approach is the optimum choice, with watershed approaches reserved for BMPs 
that do not have a defined input and output, or for cases in which receiving water quality is part 
of the monitoring program objectives. 
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4.5.2.2 Parameter and Methods Selection

Selection of appropriate parameters is an important step. As such, parameter selection has been 
expanded into its own section (4.2), and therefore will not be covered here in detail.  A few 
additional issues regarding methods selection should be addressed.  First, the selected methods 
should be standard. Using unconventional methods makes comparisons between monitoring 
programs unreliable, diminishing the value of the data collected (Ruby and Kayhanian, 2003). 
Second, methods that require pre-acidification of sample bottles can be problematic, especially 
when using automatic samplers (Rushton, 2002). Experience with these methods showed that 
the preservatives were prone to evaporation and sample size estimation was difficult.  Third, the 
detention limits of the methods chosen should reflect the expected ranges of the pollutants of 
concern. Although a data set of mostly non-detects is not completely useless, actual numbers are 
always more desirable. 

4.5.2.3 Hydrologic and Hydraulic Data Collection

A robust BMP monitoring program begins with hydrologic monitoring.  Rainfall intensity, 
duration, and total precipitation volume per storm can be monitored with recording precipitation 
gauges (Church et al., 1999). Non-recording precipitation gauges are not recommended as they 
do not provide the intensity-duration timing necessary to obtain a clear picture of the pollutant 
mobilization energy of the storm.  Three types of precipitation gauges are generally acceptable, 
weighting, float, and tipping-bucket for rainfall (Church et al., 1999). Weighting gauges and 
heated tipping-buckets are the acceptable methods for snow, which may be an important issue for 
BMP monitoring studies in northern climates. Precipitation gauges are most useful when located 
near the water quality monitoring stations, especially when used to initiate autosamplers.  Using 
precipitation to initiate autosamplers is somewhat problematic because of the spacial variability 
inherent in rainfall. Also, depending on land-use and seasonal conditions (e.g., snow event), 
precipitation does not always guarantee runoff.  For these reasons, an increase in flow rate is 
usually a better trigger for autosamplers.  Care should be taken so that the gauge is not under 
trees or other vegetation that will intercept the rainfall (GeoSyntec and ASCE, 2002).  It also may 
be advantageous to collect a precipitation sample for water quality monitoring.  This becomes 
especially important if nitrogen species are of concern because “much of the ammonia and nitrate 
in stormwater are deposited directly in rainfall” (Rushton, 1998).  For BMPs with a large surface 
area, the input of precipitation falling directly on the surface of the BMP may be significant. 

Hydraulic data is essential for accurate determination of pollutant loadings (GeoSyntec and 
ASCE, 2002).  Concentration data alone does not convey the full impact of stormwater or BMP 
effluent impact on the receiving water.  A complete hydraulic picture includes flow rates and 
volumes of BMP inflow and outflow during a storm event, as well as dry-weather flows, 
bypasses or overflows, and groundwater flows.  Flow rates can be estimated in a number of ways, 
but the method recommended by GeoSyntec and ASCE (2002) for BMP monitoring programs, is 
through the combination of a primary control device (flume or weir) and a secondary control 
device (float gauge, bubbler, pressure transducer, ultrasonic level sensor, ultrasonic uplooking, 
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radar/microwave sensor, and pressure probe).  Primary control devices have channel geometries 
that have been calibrated against the depth of the water flowing through (flume) or over (weir) 
the device to develop a relationship between water depth and flow.  The secondary device 
measures the water depth. GeoSyntec and ASCE (2002) contend that the accuracy of primary 
control devices makes any additional costs associated with installing the devices worthwhile 
because errors in flow measurements will propagate through data analysis (GeoSyntec and 
ASCE, 2002). Weirs are generally more accurate and easier to construct and install than flumes 
(GeoSyntec and ASCE, 2002).  Primary devices do have some difficulties.  By constricting flow, 
they cause water to backup, allowing for sedimentation (Church et al., 1999).  This will change 
the physical and chemical characteristics of the samples, leading to inaccurate conclusions. 
Flumes are less likely to cause this problem, due to their self-flushing design, and although they 
may be more difficult to construct and install, when done correctly, accuracies are on par with or 
greater than weirs (Church et al., 1999). Therefore, if a primary device is to be used, Church et 
al. (1999) recommends flumes. Guidelines for selecting an appropriate secondary device can be 
found in GeoSyntec and ASCE (GeoSyntec and ASCE, 2002). 

Regardless of how flow is measured, caution should be taken when comparing results collected 
using different methods.  Individual flow measurement methods can have considerable variability 
and bias (Church et al., 1999). Flow devices should be calibrated frequently to ensure 
measurements are as accurate as possible. 

Measurement of inflow and outflow data during a storm event is typical, but dry-weather flows 
not associated with hydrologic monitoring can be important, as well.  It had been recognized that 
over the long-term, dry-weather pollutant loads often dominate those resulting from wet-weather 
flows for many pollutant types (Pitt et al., 1993). Therefore, flow records should be inspected 
for the frequency and volume of dry-weather flows.  If dry-weather flows are a significant part of 
total flow through the BMP, water quality samples of dry-weather flows should be taken.  Flow 
through bypasses or overflows must also be considered.  Bypasses and overflows can 
significantly affect the efficiency of a BMP system as a whole (GeoSyntec and ASCE, 2002). 
Disregarding these flows during data analysis will result in misleading conclusions.  If direct 
flow measurements are not possible, accurate measurements of inflow and outflow data may be 
used to estimate bypass or overflow volumes through mass balance calculations.  Pollutant 
loadings, instead of concentrations, will provide more accurate efficiency evaluations in these 
situations. 

In addition to surface hydraulics, subsurface hydraulics also may be necessary.  Groundwater 
contributions are especially important for BMPs located at or near the groundwater table (U.S. 
EPA, 1999). Groundwater contributions can be directional and, thus, may require the installation 
of both shallow and deep piezometers to estimate horizontal and vertical flow, respectively 
(Reinelt and Horner, 1995).  If groundwater is found to have significant inflow to the BMP, 
water quality samples of the groundwater should be taken.  Reinelt and Honer (1995) found that 
80% of the total phosphorus loading to a wetland BMP was attributable to groundwater inflow. 
Had groundwater sampling not been conducted, efficiency calculations would have erroneously 
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concluded that the wetland itself was releasing phosphorus when in fact it was reducing 
groundwater concentrations. This example indicates the importance of comprehensive flow and 
pollutant budgets in BMP monitoring programs. 

4.5.2.4 Water Quality Data Collection Protocols 

Water quality data in this section refers to all chemical, physical, and biological parameters that 
are used to characterize the quality of water.  This data is generally the heart of the BMP 
monitoring program. It has been suggested that differences in sample collection may be the 
largest source of variation in BMP performance and as such thoughtful design of water quality 
data collection protocols is imperative (Strecker, 1994). The sampling location, sampling 
method, sampling frequency, and sample representativeness all need to be considered in the BMP 
monitoring design. Each of these four elements will be discussed briefly below. 

Sampling Location. Sampling equipment must be fixed in a location that is easily and safely 
accessible. If a primary control device is used, inflow and outflow samples should be taken a 
short distance upstream of the device in a well-mixed section of such flow.  If automatic 
samplers are being used, the location of the intake tubing should not be significantly lower in 
elevation than the autosampler unit. It was recommended that the difference between the intake 
elevation and the sampler unit should be no more that 20 feet and preferably less (FHWA, 2001). 
Studies have found that sample volumes became unacceptably variable at high lift heights 
(FHWA, 2001).  Also, in theory the representativeness of the collected sample with respect to 
larger sediments may be compromised at high lift heights.  Although some research shows that 
this may not be as much of a problem as one may expect (FHWA, 2001).  For BMP systems that 
are arranged in a “treatment train”, sampling at intermediate locations within the system may be 
useful to evaluate the significance of each individual component.  Some special considerations 
regarding selection of an in-stream sampling location are discussed in Section 4.4. 

Sampling Method. Samples can be discrete, composite, or specialty.  Discrete or grab samples 
can be taken at a single point during the storm or sequentially throughout the storm.  A discrete 
sample taken at the onset of inflow can be used to characterize first-flush phenomenon 
(GeoSyntec and ASCE, 2002).  Discrete samples are required for some parameters like volatile 
organic carbons that degrade if the sample is left exposed.  Sequential discrete samples can be 
used to create a “pollutograph” of pollutant concentration verses flow or time (depending on how 
the series is weighted).  A pollutograph can provide “insight into the performance of a BMP 
[over time or] under various hydraulic loadings” (U.S. EPA, 1999).  Peak concentrations and the 
time during which water quality standards were exceeded (when applicable), also can be 
determined from discrete sequential sampling (GeoSyntec and ASCE, 2002).  Synchronizing the 
times at which the discrete samples are pulled with flow measurements allows for accurate 
calculation of loading rates and flow-weighted averages (i.e., event mean concentrations).  

Composite sampling can be implemented in several ways.  The simplest way, constant time-
constant volume composite, is not common and generally not  acceptable for compliance with 
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stormwater regulations (FHWA, 2000). Time-weighted composites are not reliable for 
estimation of mean storm concentrations or pollutant loads, and thus are not recommended for a 
BMP monitoring program (GeoSyntec and ASCE, 2002).  There are three flow-weighted ways to 
collect composite samples that are considered suitable: (1) constant time-volume proportional to 
flow rate; (2) constant time-volume proportional to flow-volume increment; and (3) constant 
volume-time proportional to flow-volume increment (GeoSyntec and ASCE, 2002).  For manual 
sampling, the first option is most practical. For automatic samplers the third option is preferred 
because it is generally more accurate than the other two flow-weighted sampling methods. 
(GeoSyntec and ASCE, 2002).  The increased accuracy is due to the combination of continuous 
flow measurements (the first option is based on a single flow measurement) and the elimination 
of sample splitting, which could introduce contamination (the varying volumes in second option 
will require sample splitting). 

The constant volume-time proportional sampling method adds individual aliquots to the 
composite at a greater frequency when flows are high.  Determining the exact autosampler 
parameters, such as volume of aliquots and flow triggers, can be difficult.  Low flows of smaller 
storms can lead to insufficient sample volume, whereas, larger storms may fill the composite 
sample bottle too quickly, truncating the later part of the storm.  The resulting sample will not be 
representative of the entire storm, thus calculation of an event mean concentration will be invalid 
(Rushton, 2002). Problems may also arise when a large aliquot volume is combined with periods 
of very high flows.  Under these circumstances the flow-weighted sampler may be triggered to 
collect the next sample while the previous sample is still being drawn. Thus, fixed autosampler 
parameters are not appropriate for all storms.  As a targeted storm approaches, estimates of storm 
size and peak intensities should be made so that autosampler parameters may be adjusted as 
necessary. 

Sampling Frequency. The sampling frequency is the number of dry-weather samples taken or 
storm events sampled.  Given the great temporal and spacial variability of storm events, “a small 
number of samples are not likely to provide reliable indication of stormwater quality at a given 
site or the effect of a given BMP” (GeoSyntec and ASCE, 2002).  Estimates of the sampling 
frequency necessary to provide a reasonable average event mean concentration for a particular 
location are eight to ten events (WEF and ASCE, 1998), however, statistical methods should be 
used to determine an appropriate number of samples.  These methods require an initial estimate 
of sample variability, which can be obtained from existing data or from the literature, a minimum 
level of detectable change, and a desired confidence level and power.  Typically, calculations are 
performed with a 95% confidence level at 80% power (GeoSyntec and ASCE, 2002).  This 
means that there is a 5% chance of finding significant change where none exists (type I error) and 
a 20% chance of overlooking a significant change that does exist (type II error).  The chosen 
minimum level of detectable change makes a large difference in the necessary sampling 
frequency.  For example, the minimum number of samples required to detect a 5, 20, and 50% 
change in mean EMCs for three key parameters at two monitoring locations are shown in Table 
4-1. 
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Table 4-1. Minimum Sampling Frequency Necessary to Detect Significant Changes in 
Mean Concentrations for Key Parameters at Two Sites in Portland, Oregon1 

Site Parameter Minimum Number of Samples to Detect the Indicated 
Percent Change2 

5% 20% 50% 

1 
TSS 202 14 4 

Phosphorus 224 16 4 

Copper 442 29 6 

2 
TSS 61 5 2 

Phosphorus 105 8 3 

Copper 226 15 4 

1reproduced from (Strecker et al., 2000) pg. 183

280% power of detection in the mean of the EMCs


The increase in required sampling frequency between the three parameters indicates that 
variability in percent reductions was much greater for copper compared to TSS and phosphorus 
at each site. Their analysis shows that detection of a small change may take many years of 
sampling every storm, given that some locations in the U.S., especially in the west/southwest, 
experience only 10 to 20 measurable storms per year (Driscoll et al., 1989). Some have 
estimated that at least five years are necessary to ensure important performance information is 
not missed (Urbonas, 2000).  The time of year during which these samples are taken is also 
important.  Due to the seasonality of many factors involved in BMP effectiveness, samples must 
be collected covering all seasons, yet rarely is data collected in the winter in cold regions. 

Irrespective of the above discussion, for the most representative analysis samples should be taken 
as frequently as economically possible.  Ideally, the sampling period should be continuous, 
covering all seasons, in dry as well as wet weather.  Synchronizing the samples with flow 
measurements will produce accurate long-term pollutant mass reductions (Field and O'Connor, 
1996). 

Sample Representativeness. The NPDES permit requirements identify key characteristics that 
result in a representative storm. The total precipitation and duration of a representative storm 
should be within 50% of the average event for a given location, produce equal to or greater than 
0.1 inches of precipitation, and have an antecedent dry period (i.e., less than 0.1 inches) of at 
least 72 hours (GeoSyntec and ASCE, 2002).  The antecedent dry period will set up a worst-case 
scenario, allowing for build up of pollutants to be washed away with runoff.  For BMP 
monitoring purposes outside of a NPDES permitting application, strict adherence to the 
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representative storm is not necessary or likely not desirable.  There is no truly “representative 
storm” and monitoring only under these guidelines may skew the results.  It is preferred that 
monitoring be performed under a wide variety of conditions and storms (GeoSyntec and ASCE, 
2002). Seasonality is another important factor of sample representativeness.  Variation in human 
activity, temperature, and precipitation type throughout the year should be considered when 
determining the period over which the monitoring program is run. 

During each storm event, sample representativeness can be determined using a percent capture 
requirement (Caltrans, 2000). Percent capture is defined as the volume during which sampling 
occurred divided by the total event volume.  The California Department of Transportation 
(Caltrans) (2000) also developed a minimum acceptable number of aliquots per composite 
sample (when monitored on a flow-proportional basis) for an event based on the total 
precipitation of the event in inches.  Their percent capture and minimum number aliquots 
requirements for a representative storm event are presented in Table 4-2.  Once a sample has 
been collected, this table is consulted and the sample is analyzed only if it is deemed 
representative. 

Table 4-2. Caltrans Requirements for Composite Sample Representativeness† 

Total Event Precipitation 
(inches) 

Minimum Acceptable 
Number of Aliquots 

Percent Capture 
Requirement 

> 0.25 6 85 

0.25 - 0.50 8 80 

0.50 - 1.0 10 80 

< 1.0 12 75 

†reproduced from (Caltrans, 2000) pg. 10-10, Table 10-1. 

The minimum acceptable number of aliquots for Caltrans shown in Table 4-2 are lower than that 
reported elsewhere.  In order to calculate an unbiased event mean concentration, WEF and ASCE 
(1998) estimated between 15 and 30 aliquots must be taken per storm, while GeoSyntec and 
ASCE (2002) estimated a lower range of between 12 and 16 aliquots per storm.  No correlation 
with event size was made for either of their estimates. 

Sampling of dry-weather flows for baseline conditions should be less variable, but seasonal and 
meteorological conditions should be considered.  When the sampling location “is subjected to 
base flows, runoff related flows should be separated from low flows” by at least 10% (FHWA, 
2000). 
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4.5.2.5 Selection of Equipment and Materials 

The two major types of equipment for a monitoring program are flow equipment and automatic 
sampling equipment.  A variety of secondary flow devices are available.  GeoSyntec and ASCE 
(2002) describes the different devices for measuring flow depth and considerations for their use. 
Although not recommended, flow velocity equipment may be used with secondary devices to 
determine flow volume in place of primary devices.  If used, electromagnetic and ultrasonic 
equipment for measuring flow velocity is preferred (GeoSyntec and ASCE, 2002). 

Automatic samplers are usually well worth their capital expense because of the difficulty of 
predicting weather. Paying a manual monitoring crew to be ready to start sampling as soon as 
the runoff begins can result in wasted time and money (GeoSyntec and ASCE, 2002).  However, 
automatic samplers can be a significant source of variability. Shelley and Kirkpartrick (1975) 
tested over 200 models of automatic samplers and found “marked differences in results obtained 
with different types of equipment.”  The type of pump used in the automatic sampler may affect 
the representativeness of the sample. The intake or suction velocity achieved should equal or 
exceed that of the flow being sampled (Shelley and Kirkpatrick, 1975).  Larger sediments are 
especially effected as lower capacity pumps may not be able to lift the larger solids from a lower 
elevation intake into the sample bottles.  Also, peristaltic pumps and sample transport lines with 
internal constrictions and sharp twists and bends may break up or prohibit passage of larger 
solids (Shelley and Kirkpatrick, 1975; Strecker, 1994).  Because stormwater has a tendency to 
become stratified, especially during low flows, in low velocities, or at the effluent end of a BMP 
where larger and more dense particles have begun to settle out, use of a multi-leveled intake port 
could provide a more representative sample (Field et al., 1997). Automatic sampler intake 
tubing should have a minimum inner diameter of 1.0 to 1.3 cm to assure adequate capture of 
larger particles (Shelley and Kirkpatrick, 1975).  The intake tubing should be of opaque material 
since clear plastic tubing may be subject to algae growth from exposure to sunlight, which will 
contaminate the samples and may alter sample volume (Rushton, 2002).  Also, steps may be 
necessary to ensure that the intake tubing does not freeze during the winter months in northern 
climates. 

4.5.2.6 QA/QC Initiatives 

QA/QC procedures ensure that the data collected is of reliable quality and, therefore, are an 
important part of every BMP monitoring program.  The QA/QC procedures provide a 
quantitative measure of accuracy (FHWA, 2000).  Field QA/QC initiatives include, field blanks, 
field replicates, field sample volumes (e.g., percent capture as discussed in Section 4.5.2.4), and 
chain of custody procedures that emphasize accurate labeling and other details such as legal 
issues (GeoSyntec and ASCE, 2002).  Laboratory QA/QC initiatives include, method blanks, 
laboratory replicates, matrix spikes, and external reference standards (GeoSyntec and ASCE, 
2002). Acceptable levels of variance and error should be established.  
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4.5.2.7 Quality Assurance Project Plan 

The main product of the BMP monitoring program design phase is the QAPP.  The QAPP lays 
out all the design details discussed in Sections 4.5.2.1 through 4.5.2.6. It will serve as a guide for 
all personnel involved. This will ensure consistency in technique between the program’s team 
members. Thorough review, especially in terms of quality assurance, is highly recommended for 
a QAPP before implementation.  A good source of guidance regarding the preparation of a QAPP 
is the U.S. EPA’s Guidance for Quality Assurance Project Plans (U.S. EPA, 2002b). 

4.5.3 The Implementation Phase 

The implementation phase involves three main actions, equipment installation and testing, 
sample handling and processing, and preliminary review of results (FHWA, 2000).  The 
preliminary review of results compares collected data against the QA/QC initiatives established 
in the QAPP and checks that the data are reasonably close to expected ranges.  All results that 
fail the QA/QC measures should be flagged and eliminated if necessary.  Operational differences 
between the QAPP and actual practice inevitably occur during the implementation phase.  All 
changes to the QAPP should be documented. 

4.5.4 The Evaluation Phase - Quantifying BMP Efficiency 

Once a good set of quality assured data has been produced, the evaluation phase begins.  The 
evaluation phase has one main objective, data analysis.  Sample processing typically produces 
pollutant data in the form of concentrations. Pollutant loads can be calculated through the 
mathematical combination of concentration data with the associated flow data.  Loads are useful 
information when evaluating long-term impacts (GeoSyntec and ASCE, 2002).  Evaluation of 
BMP efficiency over time within a single storm event on the basis of concentration or loading 
requires the inflow and outflow data either to be matched in time or offset by the hydraulic 
residence time of the BMP. Neither approach is considered acceptable.  Generally BMPs, even 
detention-type BMPs, do not act like a completely-stirred tank reactor (i.e., there is some lag 
between the influent and the effluent concentration) nor do they act like an ideal plug flow 
reactor (Law and Band, 1998).  When it rains and a retention type BMP begins to produce 
effluent, most or all of the water leaving the BMP is the water left in the BMP from the previous 
storm.  In fact, if a BMP was designed to hold a volume of water equal to that of the average 
storm, as is often the case, 60 to70% of all storms would only displace the stagnant volume 
without ever being a major part of the effluent (Strecker, 1994).  Thus, matching influent and 
effluent in time is not accurate. Offsetting the inflow and outflow by the hydraulic residence 
time implies that the BMP acts as a perfect plug-flow reactor that is also generally not accurate 
(GeoSyntec and ASCE, 2002).  Thus, inner storm analysis is not recommended. 

Under most circumstances the most useful parameter for comparing/combining pollutant data 
between storms is the EMC (GeoSyntec and ASCE, 2002).  Formally, the EMC is the total 
pollutant load of the storm event divided by the total volume of the storm event.  More simply, 
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the EMC is the concentration of a composite sample when flow-weighed sampling is performed. 
The usefulness of the EMC diminishes when comparing pollutant data between BMPs.  In these 
cases, pollutant loads, not concentrations, are much more appropriate because loads are 
normalized by volume.  Both flow-weighted composite sampling and discrete sampling with 
synchronized flow measurements can be used to calculate loads. 

BMP pollutant removal efficiency is then calculated using any number of methods, including 
percent removal, summation of loads, regression of loads, reduction in mean concentration, 
irreducible concentration, achievable efficiency, removal relative to water quality limits, Lines of 
Comparative Performance©, various multi-variate and non-linear models, effluent probability 
method and linear regression of input versus output concentrations.  The details of all but one of 
these methods (linear regression of input versus output concentrations, discussed in detail below) 
and their strengths and weaknesses are covered in GeoSyntec and ASCE (2002).  The majority of 
the eleven methods to evaluate BMP pollutant removal efficiency listed here are rarely used or 
used only under specific circumstances.  However, three of the methods (percent removal, 
effluent probability method, and linear regression of input versus output concentrations) warrant 
further discussion. 

The most common method to evaluate the pollutant removal efficiency of a BMP is percent 
removal.  Sometimes referred to as the efficiency ratio, percent removal is defined as the average 
difference between the inlet and outlet EMCs, divided by the average inlet EMC.  This measure 
of efficiency has been faulted because: (1) BMP percent removals are typically not uniform 
across a wide range of influent water quality; and (2) a low influent EMC can result in a low 
BMP effectiveness, even if the effluent concentration is near or at the limit of detection (Clar et 
al., 2003). Current regulations or performance standards based on percent removals are ironic in 
that those installations with the worst water quality are those where the percent removal 
standards are most often met, whereas installations in areas with good upstream source controls 
often produce failing percent removals despite their superior water quality (Urbonas, 2000). 
Therefore, summary statistics on the inlet and outlet data should always be included in reports on 
BMP effectiveness (Strecker et al., 2000). Despite its possible pitfalls, anticipated percent 
removal is almost always used in selection and design of BMPs for pollution control.  Therefore, 
percent removal is a practical method of evaluating BMP monitoring data, especially when it can 
be viewed along side particle settling velocity and/or size distribution for the same data set. 
When care is taken to perform monitoring with a mass balance approach percent removal can be 
a reliable measure of pollutant removal efficiency (Field and O'Connor, 1996).  Long-term 
continuous monitoring must be performed when using such an approach to overcome the 
variability of influent and effluent characteristics with respect to dry- versus wet-weather flows, 
season, and year. 

The method recommended by GeoSyntec and ASCE (2002) for evaluating BMP effectiveness is 
the effluent probability method.  This method is statistically based. Statistical evaluation of the 
observed differences is important in terms of establishing the BMP had an effect given the great 
degree of variability inherent in stormwater monitoring (Strecker et al., 2000).  The average 
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influent and effluent EMCs are examined for a statistically valid difference, then the data 
(usually log-transformed) are plotted on a standard parallel probability plot.  Along with an 
indication of central tendency and variance, these plots will show useful information such as the 
degree of consistency of removal over the full range of observations (GeoSyntec and ASCE, 
2002). When using the probability method, care should be taken in averaging the influent and 
effluent EMCs. The time-scale across which the data is aggregated should not be more than 
seasonally based, due to the seasonality of stormwater and BMP environmental characteristics 
(Law and Band, 1998).  Such seasonal variability may mask statistically valid differences when 
averaged annually.  A limitation of the effluent probability method is the large data requirement 
necessary to form a clear and useful picture of BMP performance efficiency.  Presentation of 
standard box-and-whisker plots to summarize the log-transformed inflow and outflow data also 
have been recommended (Strecker et al., 2000). More recently, analysis of the data in the BMP 
stormwater database showed the raw inflow and outflow data was much less variable that the 
combination of this data into percent removals (Strecker et al., 2004). Average effluent water 
quality was suggested as the most useful descriptor of BMP efficiency. 

The most recent method for evaluating BMP effectiveness is linear regression of input versus 
output concentrations proposed by Barrett (2004).  This method pairs influent and effluent EMCs 
on a storm-by-storm basis. The resulting linear equation can reveal several key points about 
BMP performance. If the regression line is not statistically significant, then the influent water 
quality does not have an effect on the effluent water quality for the particular BMP and parameter 
in question. In this case, reporting the expected effluent water quality (i.e., average effluent 
EMC) will be more useful. If the regression is significant, the constant of the regression can be 
likened to the irreducible effluent concentration of the BMP.  If the constant is near zero or 
negative, then 100% efficiency may be achievable for the BMP and parameter in question.  The 
slope of the regression is an indication of percent removal.  When the influent concentration is 
sufficiently larger than the regression constant, then the expected percent removal will be 
approximately one minus the slope. If the slope is greater than one, net export of the parameter 
can be expected. The Barrett linear regression method can also be used to assess pollutant load 
reductions (Barrett, 2004). Calculation of the load reductions requires water balance 
measurements in order to determine the fraction of influent lost to infiltration and 
evapotranspiration. 

A possible disadvantage of the Barrett linear regression method is that variability between storms 
in terms of flow, intensity, antecedent periods, etc. will translate into overly variable pairings 
between influent and effluent concentrations.  Therefore, it has been asserted that matching 
average influent and effluent concentrations or loadings on a storm-by-storm basis may be of 
limited value especially for those BMPs with permanent volumes (GeoSyntec and ASCE, 2002). 
However, it is undeniable that in most cases the influent concentration will have some effect on 
the effluent concentration. By assessing the entire data set as a whole, the Barrett linear 
regression method has the advantage of allowing influent/effluent pairing while accounting for its 
variability. 
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One final issue confronted during data analysis is how to handle non-detects.  Non-detects are 
measurements that are lower than the minimum detection limit specified by a particular method. 
Traditionally data that fall below the limit of detection have been treated in one of four ways: (1) 
excluded from the analysis altogether; (2) included in the analysis as zeros; (3) included in the 
analysis as at the detection limit; and (4) included in the analysis as half the detection limit. 
Using any one of these methods will bias the results.  Option (1) will overestimate the mean, 
while the remaining three options will underestimate the mean (Strecker, 1994).  FHWA (2000) 
suggested using option (4) only if the percentage of non-detects is less than 15% of the data.  If 
the percentage of non-detects is between 15 and 50%, “it is necessary to provide adjusted 
estimates of central tendency and dispersion that account for data below the detection limit” 
(FHWA, 2000). After reviewing all available techniques, Ruby and Kayhanian (2003) 
developed a tool that imposes a log-normal probability distribution on the detected values, then 
“assigns” expected values to the non-detects using regression and probability analysis.  For data 
sets with 50 to 90% non-detects, FHWA (2000) recommends changing the statistical analysis to a 
percentile greater than the actual percentage of non-detects, while data sets above 90% non-
detects do not provide enough useful data to perform any statistical analysis.  However, even data 
sets with greater than 90% non-detects still provides useful information and should be reported. 

4.5.5 The Presumptive Approach 

A BMP monitoring program is quite complex and involves significant effort and resources, as 
can be seen from the above discussion.  Consequently many municipalities cannot afford to 
implement BMP monitoring studies. Yet at the very least, compliance with such rules as the 
80% TSS removal rule for BMPs must be addressed where required.  The presumptive approach 
to monitoring uses existing monitoring data to develop an average removal percentage for similar 
BMP types in similar geographical areas.  As long as the BMP is designed, constructed, and 
maintained properly, it is assumed that the average removal percentage is being equaled.  NJDA 
et al. (2000) has developed such a system for BMP monitoring in the state of New Jersey.  They 
composed a list of thirteen accepted BMPs and their expected average TSS percent removals. 
The 80% TSS removal rule is assumed to be met as long as a BMP or a set of BMPs has been 
properly installed such that the system has an expected average TSS percent removal equal to or 
greater than 80% according to their list.  Although the presumptive approach is simple and easily 
applied, more good quality monitoring data is necessary before the average reported percent 
removals in the literature are reliable enough for use in this manner. 
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