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Executive Summary
The Minnesota Pollution Control Agency (MPCA) is drafting statewide water quality trading (WQT) rules.
WQT is a flexible tool offering a mechanism to achieve additional economic and environment benefits
when used in conjunction with traditional command and control approaches. A permitted wastewater
treatment plant facing high costs to accommodate new growth or meet more stringent discharge
requirements can “trade” for discharge reduction credits generated by another source having lower
costs (e.g., an agricultural producer implementing conservation practices). A portion of the reductions
traded can be retired to address uncertainty or to create a net reduction of pollutants (nitrogen,
phosphorus, sediments) discharged to the receiving water. MPCA has already issued point‐point and
point‐nonpoint trading permits. These permits provide the required authority to implement WQT under
NPDES program provisions in advance of the current rule development process.
The MPCA has recognized that creating trading frameworks within each NPDES permit allows each
framework to be renegotiated. This also results in trading implementation differences from site to site
and high costs for administration. Permit renegotiation, as has been experienced in the public notice
process, expends valuable time and resources limiting the attractiveness of WQT. To simplify and
potentially streamline the WQT permit process, MPCA intends the rules to be used to both define a
credible WQT program and remove the complications of permit renegotiation.
With specific regards to defining credible program options, MPCA hired Kieser & Associates, LLC to
develop key elements of a scientifically defensible process for calculating pollutant reduction credits.
This report provides a technical foundation for these related elements of Minnesota’s WQT rule
development and related Statement of Need and Reasonableness (SONAR). The Kieser & Associates
scope of work set forth to achieve these goals included:
 Develop an example stepwise calculation process for approvable non‐point source phosphorus
credits in Minnesota.
 Demonstrate a method of determining appropriate trade ratios (including uncertainty factors)
for phosphorus. A series of statistical analyses will be conducted to examine implications of
various ratios. Results will reveal the best method to minimize redundant margins of safety.
 Create a logical decision tree transferring the stepwise crediting process for phosphorus to other
pollutants.
To address these tasks, the report describes efforts associated with:
 Benchmarking nationally accepted credit estimation methods
 Selection of credit estimation methods to use as examples for Minnesota WQT applications
 A defensible eight step process based on sound watershed science to develop MPCA’s proposed
“uncertainty factor”
 Statistical evaluations of trading program options and credit calculation methods to consider for
future WQT program rule applications
 A narrative outline and flow diagram providing guidance to WQT program managers for using
the eight step process for phosphorus, nitrogen and sediment crediting
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Eight Step Process to Assess Crediting Uncertainty
At the core of this overall evaluation was the development of an eight step process to integrate
available watershed information into WQT program design to address crediting uncertainty. The
process emphasizes environmental protection while minimizing redundant and overly conservative
safety factor assumptions. The assessment of uncertainty in each credit calculation strategy under any
WQT program option must consider cumulative assumptions (implicit) and the uncertainty factor
(explicit) that are introduced with each watershed attribute and calculation methodology. When
considering these uncertainty factors, crediting equations can be reviewed for redundancy with this
step‐wise approach to minimize the loss of realized credit value. The process assesses variability in WQT
credit estimation methods with probability statistics and systematic analyses. It uses scientifically
supported approaches and documentation of the methodology to determine the introduced variability
associated with watershed attributes and trading program options for point‐point and point‐nonpoint
trading. Included with the description of this process are example illustrations of crediting equations
and related analyses.
The eight step process is summarized as follows:
1. Select Credible Equations – This step consists of gathering and selecting existing crediting
equations already used in other established WQT programs which are preliminarily considered
appropriate for the appropriate watershed setting. (Example equations provided in this step
were derived from the benchmarking of other national programs and three Minnesota WQT
permits.) The purpose of this step is to:
 Identify WQT program crediting methods appropriate to a particular watershed setting
or pollutant source.
 Evaluate the crediting method for its possible use as a common calculation already in
use in the watershed or across multiple settings nationally.
 Inform WQT program designers of the general acceptance of the crediting equation
options.
2. Preliminarily identify the credit equation inputs – This step consists of a preliminary evaluation
of input coefficients and the expected range of these values from readily available crediting
methods selected in Step 1. A list of required inputs will be compiled according to the
practicality of determining the input, selecting a typical value for each input, and identifying the
expected range of the parameters’ variability. The introduced uncertainty of the crediting
method is, in part, derived from the cumulative contribution of individual input parameters.
The purpose of this step is to:
 Inform WQT program designers of the practicality of each method regarding the need to
compile an inventory of input parameters.
 Identify a case example (of typical values) for testing the credit calculation in Step 3.
 Identify each input parameter’s expected variability which can be compared with the
results of the simplified sensitivity analysis in Step 3, and the results of a more detailed
Monte Carlo Analysis in Step 6.
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3. Complete a sensitivity analysis – This step consists of conducting a rudimentary sensitivity
analysis whereby a 50 percent increase and then a 50 percent decrease for individual input
coefficients from Step 2 is conducted, one parameter at a time for each equation. Observed
variability will identify the sensitivity of the credit calculation to the variability in each
coefficient. This will also aid in identifying the components of the method that need greater
refinement or increased uncertainty factors. The purpose of this step is to:
 Inform WQT program designers which parameters will create the highest level of
variability in the credit value.
 Provide WQT program designers a prioritized list of input parameters when considering
methods to reduce uncertainty.
 Provide WQT program designers useful information to identify and evaluate
contributions to potential credit undervaluation. The prioritized list will assist in
targeting which conservative estimates have a high potential to undervalue a site versus
an expected higher credit value when using more intensive, watershed based modeling.
 Provide decision makers with a preliminary assessment of the need for other credit
calculation methodologies.
4. Use literature, data and best professional judgment – This detailed step builds on preliminary
evaluations from previous steps. It consists of using peer‐reviewed research, watershed‐based
data and state and local watershed stakeholder input (professional judgment) to bring the best
available science (including multiple crediting equation options) into the WQT program design.
These efforts are used to define typically expected values for input parameters and a range of
variability at a much more finite level than Step 2. This information will assist in identifying the
cumulative expected range of variability that will serve as the basis for a Monte Carlo
uncertainty analysis in Step 6 (compared to the simplistic sensitivity analysis of Step 3). Step 4
will:
 Provide references on best available science for a suite of potential crediting equations.
 Inform the Step 6 Monte Carlo analysis of each individual input parameter’s expected
value and range of variability.
5. Document expected values, variability and conservative assumptions – This step consists of
compiling documentation provided from the previous steps. It will:
 Document WQT program design decisions for public transparency of the assessment
process.
 Provide justification for decisions made regarding methods under consideration to
define implicit assumptions and an explicit uncertainty factor.
 Prioritize future research or investigation needs based on gaps in available science.
6. Conduct a Monte Carlo analysis – This step consists of using the documentation provided from
Steps 4 and 5 to complete a Monte Carlo analysis. A Monte Carlo analysis is a statistical process
that can randomly vary the input coefficients (within the established range from Step 4) in a
crediting equation over numerous simulations. Each simulation provides a mean credit value
and standard deviation of the population of model runs. This step should be conducted in an
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iterative fashion with all other steps in this process. Step 6 allows WQT program designers to
compare interim results from different methods and new information. Each iterative analysis
allows designers to target improvements in the program until they are satisfied that the credit
estimation method is justifiable. The purpose of this step is to:
 Provide a cumulative analysis of the resulting credit uncertainty based upon the entire
list of input parameter variability.
 Provide statistical documentation and support for selection of methods to regulators
and concerned parties to best address uncertainty.
 Allow comparison assessments when targeting improvements in the WQT program
design.
7. Determine a coefficient of variation – This step consists of identifying the selected credit
estimation method’s expected population mean and standard deviation from the Monte Carlo
simulations to use in determining the method uncertainty. Calculation of the coefficient of
variation (standard deviation divided by the mean) provides guidance for determining the
uncertainty factor for the crediting method. The coefficient of variation is the minimum value at
which an uncertainty factor should be established. This factor can be set by considering implicit
conservative assumptions with the remaining variability to be addressed by the explicit
uncertainty factor. The purpose of this step is to:
 Establish the coefficient of variation (and thus, the uncertainty factor) for crediting
methods.
8. Finalize documentation for the uncertainty factor – This step consists of documenting the
credit method, rationale for justifying the credit estimation process and setting the uncertainty
factor. The purpose of this step is to:
 Identify the selected credit estimation methods.
 Record the salient citations and resources.
 Identify the implicit conservative assumptions.
 Justify the selected method’s recommended uncertainty factor.
This eight step process can provide a standardized, repeatable and supportable approach to minimize
the loss of realized credit value while ensuring program integrity considering credit calculation
uncertainty and environmental variability. The process can be used to reliably inform the selection of
appropriate safety factors for WQT credits in the context of watershed goals and available data. The
process allows for useful and informative assessments at each decision point in the WQT framework
development process to understand the possible implications of uncertainty and methods to address it.
Because not all options to minimize uncertainty will be affordable, the process will help strike a balance
between minimizing uncertainty and maintaining cost‐effectiveness of water quality trades. This will
also ensure that the process to design a trading framework will not be paralyzed by uncertainty.

Findings
Three different sets of crediting equations were used to demonstrate the applicability of this eight step
process. The first set of equations provided a point‐point credit estimate example consisting of NPDES
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permit calculations for phosphorus mass discharged from a facility, baseline credit adjustments, location
and pollutant equivalence factors. The second set of equations was for crediting sheet and rill erosion
phosphorus reductions. These consisted of: a) the Revised Universal Soil Loss Equation (RUSLE); b) edge
of field delivery ratio estimates; c) CREAMS model nutrient enrichment algorithm; d) watershed yield
estimates; and, e) a bioavailable phosphorus determination used for an equivalence factor. The third
set of equations was for estimating bank or gully erosion loads. These included considerations for: a) a
volume of soil eroded calculation; b) time period of erosion; c) mass dry weight conversion; d) soil
phosphorus content; e) watershed yield estimate; and, f) a bioavailable phosphorus estimate for the
equivalency factor.
Sensitivity analysis findings from Step 3 for readily available sheet and rill phosphorus crediting
examples from other trading programs are summarized in Table E‐1. These examples utilize calculation
methods similar to those used currently in Minnesota point‐nonpoint NPDES trades. Sensitivity results
show that changes to input parameters affect credit results in a linear manner for most methods except
for those equations that include power functions (such as a nutrient enrichment algorithm).
Information in this table can be used to target refinements in: a) nutrient algorithm coefficients; or, b)
input parameters with the highest variability in field measurements. To reduce the uncertainty with the
latter group decision makers can, for example, explore costs for field testing, modeling or other
protocols to assess cost‐effectiveness in reducing uncertainty associated with nonpoint source crediting.
Monte Carlo simulations for a similar set of credit calculation methodologies under Step 6 of the eight
step process demonstrate how WQT program designers can robustly evaluate variability of each input
parameter. Monte Carlo analysis examples used expected values and the range of variability for each
input parameter to create a randomly generated set of equation results. The expected input value and
variability were used to place constraints on the allowable change that can be randomly generated for
each parameter. The number of Monte Carlo simulations for example crediting varied between 10 and
10,000 runs, representing the number of potential trades in a WQT program. Statistical tools available
with the Monte Carlo simulation software used in this effort provided the projected credit mean
compared to the expected mean, maximum and minimum values and standard deviation. The
coefficient of variation (standard deviation divided by the mean) was then calculated to describe the
variability of the equation. The coefficient of variation is used to establish a minimum value for the sum
of implicit conservative assumptions and an explicit uncertainty factor.
Table E‐2 summarizes coefficient of variation results from three different crediting equations for
different loading sources. Results indicate that for point‐point crediting, the minimum (most protective)
uncertainty factors attributable to location differences between buyers and sellers would be 33.3
percent with just ten trading participants and 29.0 percent with 100 participants. To simplify
programmatic application of these uncertainty factors for location, this could be rounded upward to
35%.
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Table E1 Step 3 Sensitivity analysis results for sheet erosion credit calculations1 (from Michigan Pollutants Controlled
calculation and Documentation for 319 Watershed Training Manual, 1999).

SEDIMENT at EDGE OF FIELD (ton/ac/yr)
Parameter

Notes

R, K, L, S, C (RUSLE)2
P (RUSLE)2
DR3
SOILP4
AP4
BP4
Bio P ratio5
Location factor6
1

RUSLE is a linear
equation; a 50%
increase in each
individual parameter
increases the result by
50%
Value change limited
to 0.5‐1.0
Calculated by equation
(default=0.324)
Default selected: 1lb
P/ton of soil
Default value: 7.4
Default value: ‐0.2
Default value: 0.68
(Max. value: 1)
Default value: 0.6

Default

+ 50%

% change

‐ 50%

% change

1.09

1.64

+50

0.55

‐50

1.09

1.56

+43

0.78

‐29

1.09

1.64

+50

0.55

‐50

N/A
N/A
N/A

1.70
1.70
1.70

2.55
2.55
3.71

+50
+50
+118

0.85
0.85
0.78

‐50
‐50
‐54

N/A
N/A

1.15
0.69

1.70
1.04

+47
+50

0.58
0.35

‐50
‐50

Sheet erosion credit calculation consists of multiple components to derive the
credit value including: Sheet and rill soil erosion estimated by using Revised
Universal Soil Loss Equation‐‐RUSLE (a mechanistic model based on empirically
derived coefficients developed by USDA Agriculture Research Service); Delivery
Ratio algorithm (edge of field ratio; empirically derived); CREAMS model nutrient
enrichment algorithm (deterministic model); Bioavailable phosphorus (BioP)
equivalence ratio (empirically derived ratio); Location factor (empirically fit
watershed
yield data)
2
RUSLE input coefficients sensitivity analysis based on combined result per
literature with the exception of the practice factor: R = rainfall factor; K = soil
erodibility factor; L = slope length factor; S= slope factor; C = cover factor; P =
practice factor (independently constrained to be at or below maximum result)
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SEDIMENT ATTACHED P (lbs/ac/yr)
%
Default
+ 50%
change
‐ 50%
% change

3

Delivery ratio = in field delivery ratio, uses contributing acres as required input
coefficient
4
CREAMS Model Nutrient Enrichment Algorithm; (also requires RUSLE output)

SOILP = soil total phosphorus content in field

AP = phosphorus enrichment coefficient
5
BP = phosphorus enrichment exponent
Bio P ratio developed by an empirical fit to data presented in the study entitled
“Detailed Assessment of Phosphorus Sources to Minnesota Watersheds”
(Barr,
2004)
6
Location Factor developed based upon watershed yield algorithm used in the
Minnesota P‐Index (Moncrief and Bloom, 2006); uses distance as required input
coefficient
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Table E2 Summary findings of Monte Carlo simulations for three pollutant source types (i.e.,
point sources and nonpoint source sheet/rill erosion and bank/gully erosion).

Source Being Credited

Empirical Sediment
Delivery Ratio Used in
Location Factor

Deterministic Model
Sediment Delivery
Ratio Used in Location
Factor

(Number of
Simulations)

(Number of
Simulations)

Coefficient of
Variation

10

33.30%

100

29.00%

Point Source

Nonpoint Source
Sheet and Rill Erosion

10

18.30%

100

15.30%

10

24.20%

100

23.80%
10

18.40%

100

24.60%

10

54.80%

100

46.20%

10,000

43.00%

Nonpoint Source
Bank and Gully

These particular point‐point crediting examples in Table E‐2 are based on equations with empirically
derived location factors. The point‐point crediting equations with deterministic model methods to
address location factors (similar to the Minnesota River Point Source to Point Source trading program)
could safely operate with a 15.3 to 18.3 percent (rounding up to 20 percent) explicit uncertainty factor.
Likewise, sheet and rill nonpoint source crediting equations should be set at a minimum 25 percent
implicit and/or explicit safety factor for either method related to location considerations. Bank or gully
erosion calculations experience the highest uncertainty with results suggesting at least a 55 percent
implicit and explicit use of safety factors. The differences between these two nonpoint source crediting
safety factors relate to the catastrophic nature of events needed to erode streambanks or form gullies.
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The crediting approaches presented in this report can be altered for sediment estimates by simply
removing the nutrient enrichment algorithm and soil content portion of the methodology. Likewise,
with a simple adjustment in the phosphorus association rates, a total nitrogen credit value associated
with sediment attached reductions can be assessed (the total nitrogen will be in either organic or soil
bound compounds). The eight step process to determine related uncertainty factors for phosphorus
crediting equations can be similarly used for other pollutant parameters and equations. A decision tree
and step‐wise process outline has been created in this report for these purposes.

Conclusions
In summary, Kieser & Associates believes that the efforts reported herein provide supporting rationale
for a scientifically defensible process for the exchange of pollutant credits under Minnesota’s proposed
water quality trading rules. Relevant findings are as follows:
1. Using nationally accepted models or estimation processes ensures peer‐reviewed science is
integrated into even the most basic of crediting options.
2. Evaluating credit estimation method sensitivity with each input creates an environment for
debate about the cost‐effectiveness of requiring field measurements of an input parameter
versus default values.
3. Tracking of implicit and explicit factors that introduce conservative estimates minimizes the
potential for redundancy of safety factors.
4. Monte Carlo analysis allows WQT managers to forecast the minimum and maximum possible
reductions that might be expected in the field thus allowing comparison of over and under
estimates with the mean credit value with a level of statistical confidence.
5. The eight step process supports the concept that mean credit values are tradable versus setting
a program credit value at the lowest (overly conservative) reduction possible.
6. In Minnesota, the “Detailed Assessment of Phosphorus Sources to Minnesota Watersheds”
report provides sufficient documentation that can be used to appropriately justify equivalence
factors for phosphorus bioavailability.
7. The eight step evaluation process demonstrates the value of having a high number of
transactions versus programs that rely on only a few transactions requiring higher levels of site
scrutiny.
8. The eight step approach provides a documentable and defensible process to set uncertainty
factors that are protective of the environment while maximizing the value of the credit
estimation based on the specific program’s level of watershed understanding.
9. The process rewards programs with a higher understanding of watershed dynamics.
10. The process is transferable to other pollutant parameters and WQT program methods.
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Section 1 Introduction
1.0 Water Quality Trading Overview
Water Quality Trading (WQT) is a flexible tool offering a mechanism to achieve additional economic and
environment benefits when used in conjunction with traditional command and control approaches. A
permitted wastewater treatment plant facing high costs to accommodate new growth or meet more
stringent discharge requirements can “trade” for discharge reduction credits generated by another
source having lower costs (e.g., an agricultural producer implementing conservation practices). A
portion of the reductions traded can be retired to address uncertainty or to create a net reduction of
pollutants (nitrogen, phosphorus, sediments) discharged to the receiving water. WQT therefore allows
one entity, the seller, to generate excess pollutant reductions to be used by the buyer to meet
compliance requirements.
These trades must be conducted in the same watershed and in a credible manner. The outcome must
be at least as protective of water quality as an upgrade at buyer’s facility would have provided. Trade
ratios are typically used as a way to introduce safety factors to ensure this environmental protection is
achieved. Credit trading costs are directly affected by the loss of realized credit values when overly
conservative or redundant safety factors are assigned to credit calculation methods. Kieser &
Associates, LLC has prepared this report to provide the Minnesota Pollution Control Agency (MPCA) with
a scientifically defensible approach to determine appropriate safety factors for trade ratios that
adequately address uncertainties associated with credit calculations.
Trading requires program mangers to address calculation uncertainty in order to provide a credible
offset option to upgrading wastewater treatment controls. The MPCA and the United States
Environmental Protection Agency (EPA) embrace WQT as an option for compliance under the National
Pollutant Discharge Elimination System (NPDES) permit program1,2. WQT in the NPDES program allows
for an entity to discharge a pollutant level above their permitted limit when that increase is
compensated for by an equal or greater pollutant reduction made elsewhere in the same contributing
watershed. Minnesota Statutes §115.03 Powers and Duties subdivision 10 requires WQT in pre‐Total
Maximum Daily Load (TMDL) impaired waters to be done in a way that results in a net decrease in the
pollutant of concern3. In addition, NPDES permit program and TMDL post‐implementation requirements
necessitate monitoring, reporting and determination of compliance. The use of WQT can achieve these
requirements when conducted with appropriate credit calculation methods that provide for a defensible
trading program. Such a WQT program must therefore include an understanding of the potential
uncertainty introduced in pollutant load reduction calculations. Trading can then use this understanding

1

EPA issued a Water Quality Trading Policy on January 13, 2003
http://www.epa.gov/owow/watershed/trading/tradingpolicy.html
2
MPCA is developing State Rules to facilitate Water Quality Trading
http://www.pca.state.mn.us/water/wqtrading/index.html
3
Minnesota Statutes §115.03 Powers and Duties subdivision 10. “Nutrient loading offset. (a) Prior to the
completion of a total maximum daily load for an impaired water, the Pollution Control Agency may issue a permit
for a new discharger or an expanding discharger if it results in decreased loading to an impaired water. Where a
new discharger or an expanding existing discharger cannot effectively implement zero discharge options, the
agency may issue a permit if the increased loading is offset by reductions from other sources of loading to the
impaired water, so that there is a net decrease in the pollutant loading of concern…”
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to address uncertainty by introducing conservative assumptions (implicit safety factors) in calculation
methods as well as an explicit discount that the MPCA has termed an “uncertainty factor”.
A WQT program can facilitate transactions by including public access to documentation that accounts
for uncertainty, technical support, crediting documentation and results. It is necessary, however, to
recognize that each of these critical trading program features affects the direct and indirect costs of
program administration. Such costs, combined with the purchase price of the credit (or credit‐
generating practice), can reduce overall cost‐effectiveness of WQT. This suggests that each step in a
trading program be developed with a goal of optimizing program cost‐efficiencies. Thus, the
determination of the uncertainty factor should use a pragmatic method that provides not only
defensible protection of the environment, but also accounts for and removes any redundant and overly
conservative safety factors. A template to guide WQT mangers through the development process of
uncertainty factors can facilitate this integration of environmental protection and cost‐effectiveness
goals fundamental to WQT programs. Efforts reported herein provide this guidance and a suggested
template to establish a defensible uncertainty factor appropriate for credit estimation methods.

1.1 Water Quality Trading Credit Value
WQT is a watershed‐based tool that is experiencing growing acceptance in several initiatives being
undertaken across the nation. This acceptance is often based on the WQT management team realizing
that their first critical step is to bring a scientifically defensible process to a WQT program’s credit
estimation methodology. A science‐based understanding of the watershed and reliable pollutant
loading estimates are fundamental to bringing trust and comfort to participants in these programs.
Basing WQT credit values on the best available science and understanding at a pragmatic level for a
given setting provides justification to concerned observers in the watershed as well. Because any
understanding of watershed science is incomplete, it is best to use program designs that include
effectiveness monitoring and a strong commitment to validation of the methods. However, not all
watershed efforts in Minnesota are at the same level of understanding and information gathering.
Therefore, it is important that flexible tools such as WQT still be available to stakeholders attempting to
advance watershed protection.
This suggests that a higher uncertainty factor for calculating credits should be applied when watershed
understanding is limited. Inversely, the uncertainty factor can be reduced when better understanding of
the watershed justifies less discounting of credits. WQT programs can provide the desired cost‐effective
compliance option that reduces equivalent pollutant loads and improves the watershed understandings
if uncertainty is appropriately addressed. Likewise, cost savings will improve when watershed
management is operating at a higher level of understanding justifying lower uncertainty factors.
Improved watershed knowledge therefore rewards the watershed community by providing lower cost of
treatment opportunities, greater flexibility for improvements and additional room for growth (e.g., new
dischargers) with WQT.

1.2 Trading Program Options
WQT can be conducted under different NPDES permit programs and authorities such as:
 Wastewater facility to wastewater facility (point‐point): NPDES permittees trading between two
independent facilities
 Intra‐plant and interplant NPDES trading (interplant): for an entity with a facility that contains
many outfalls or an entity with many facilities in the same watershed, respectively
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Pretreatment trading (pretreatment): trading between industries discharging to a municipal
NPDES permitted system to manage user fees
Wastewater facility to nonpoint sources (point‐nonpoint): trading between a NPDES facility and
non‐permitted nonpoint sources of runoff

Non‐NPDES program schemes can include nonpoint source to nonpoint source (nonpoint‐nonpoint)
trading between two non‐NPDES entities obligated to reduce by a different governing authority or in a
voluntary setting. Examples include, a municipality that creates an ordinance allowing WQT between
landowners to fulfill a stormwater objective, or a watershed district passing a rule that provides for
trading between permitted sites under the district’s jurisdiction. Such options may only be limited by
lack of buyers or sellers. Applications discussed herein focus on point‐point and point‐nonpoint, though
considerations are likely suitable for all trading program options that could be construed.
These point‐point and point‐nonpoint program options are discussed herein in the context of “crediting”
method development and as such managers must recognize where these trading options introduce
varying levels of uncertainty. The programs that have trading occurring between different categories,
where the generated credit is less predictable than the buyers discharged loading, can expect higher
uncertainty factors to address higher variability. To specifically address crediting uncertainty, an eight
step evaluation process is provided in this report with examples for phosphorus crediting under point‐
point and point‐nonpoint trades. This step‐wise process is intended to minimize redundant, implicit or
explicit safety factors typically used to address uncertainty. The eight step evaluation can be used as a
reference guide by WQT managers as well as a guidance template for evaluating other credit estimation
methodologies. These other methods could be for nitrogen, sediment and/or different phosphorus
credit calculations.

1.3 Uncertainty in WQT
Uncertainty in WQT is primarily introduced by two characteristics: 1) variability encountered with
methods used to quantify loads and load reductions principally from nonpoint sources, but also point
sources (affecting credit generation); and, 2) location differences between buyers and sellers that
influence assimilation losses (affecting credit value). Wastewater treatment plant (WWTP) buyers
commonly discharge a daily pollutant load that is relatively predictable at the end of their pipe. WWTP
representatives monitor flow and pollutant concentrations, allowing for a reliable calculation of
discharged loads. However, WQT between different sources may introduce differences in the
discharged pollutant’s impact on the reach of concern. These differences may occur because:
 Assimilation of pollutant parameters from separate locations may vary substantially between
trading partner sites
 Nonpoint sources credits may need to be generated from numerous locations to offset one
discharge
 The pollutant of concern may be released in different forms (e.g., sediment attached versus
dissolved phosphorus)
 Timing issues vary (i.e., continuous discharges versus episodic events)
 Introduced risk occurs when using WQT credits generated from reductions in runoff‐derived
loading sources (due to climatic variability such as differences in dry and wet years)
 Heightened concern occurs when water quality impairments have shorter critical periods
(weeks or months)
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Nonpoint source sites may not have adequate resources available to monitor discharged loads
requiring the use of crediting estimation (the lack of monitoring can decrease confidence placed
on obtaining an equal or greater reduction)

Without adequate steps to address the uncertainty associated with these considerations, a WQT
program may not provide credible reductions or be so cumbersome with conservative credit discounts
that cost‐effectiveness is lost.
To alleviate these concerns, watershed managers can use a combination of three risk management
methods to provide assurance that an equal or greater reduction will be attained when applying WQT.
1. Selecting the correct WQT option for the watershed management need
2. Introducing implicit conservative factors in the credit estimation process where appropriate
3. Use of an uncertainty factor in the trade ratio to compensate for the remaining variability
In this report, scientifically defensible applications of these risk management methods are provided in
an eight step process to determine a correct uncertainty factor based on the WQT option and watershed
setting.

1.4 Purpose of Report
The MPCA is drafting Statewide WQT rules. MPCA has already issued point‐point and point‐nonpoint
trading permits. These permits obtain the required authority to implement WQT from NPDES program
provisions prior to the current rule development process. The MPCA recognized that creating trading
frameworks for each permittee under NPDES permit provisions allows each framework to be
renegotiated resulting in trading implementation differences from site to site and high cost
administration. Renegotiation often expended valuable time and resources, limiting the attractiveness
of WQT. To simplify and potentially streamline the WQT permit process, MPCA intends the rules to be
used to both define a credible WQT program and remove renegotiation complications for permits as
experienced in the permit public notice process. As such, this report provides a suggested technical
foundation for Minnesota’s WQT rule development and related Statement of Need and Reasonableness
(SONAR).
The rule development process used by MPCA included a Water Quality Trading Advisory Committee
(Advisory Committee). The Advisory Committee met from February of 2007 through December 2008 to
gather stakeholder feedback and input. To stimulate initial discussions during the Advisory Committee
meetings, the MPCA presented a potential trade ratio scenario that included explicit categories for
safety factors resulting in an increased trade ratio with the potential to be higher than 3:1 for point‐
nonpoint trades. The Advisory Committee expressed concerns that some of the categories suggested
where redundant and would provide an unwarranted reduction in the cost‐effectiveness of WQT.
Basic categories of safety factors used in trading ratios are pollutant delivery, location, pollutant equiva‐
lency, retirement, and uncertainty as provided in EPA’s Water Quality Trading Toolkit for Permit
Writers4. All of these factors combine as part of a trade ratio, or are included directly in the calculation
used to estimate pollutant reductions in order provide equivalent environmental protection. In Advisory
4

EPA. 2007. Water Quality Trading Toolkit for Permit Writers. EPA 833‐R‐07‐004.
http://www.epa.gov/waterqualitytrading/WQTToolkit.html
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Committee discussions, the quantitative estimates of these factors presented by MPCA staff were
preliminary and not based on peer‐reviewed research considered necessary by others to justify their
appropriateness.
Key feedback from the stakeholders included not only the desire to streamline the WQT process but to
also manage the trade ratio values based on available science. This is intended to help manage the
potential for increasing trade ratio factors at the expense of reducing program cost‐effectiveness. In
addition, MPCA communicated its desire to use WQT as a management and compliance tool under the
following conditions:
 Manage water quality allocations before and after approved Total Maximum Daily Load (TMDL)
requirements are in place
 Securing economic efficiencies in permittee compliance to assist in alleviating TMDL
implementation burdens
In part to address these desires, MPCA hired Kieser & Associates to develop key elements of a
scientifically defensible process for calculating pollutant reduction credits to be exchanged between
point and non‐point sources under Minnesota’s pending WQT rules. The scope tasks set forth to
achieve these goals included:
1. Develop an example stepwise calculation process for approvable non‐point source phosphorus
credits in Minnesota.
2. Demonstrate a method of determining appropriate trade ratios (including uncertainty factors)
for phosphorus. A series of statistical analyses would be conducted to examine implications of
various ratios. Results would reveal the best method to minimize redundant margins of safety.
3. Create a logical decision tree transferring the stepwise crediting process for phosphorus to other
pollutants.
The remainder of this report is divided into the following sections that address these tasks and present
results of specifically related efforts for:
 Benchmarking nationally accepted credit estimation methods
 Selection of credit estimation methods to use as examples
 A defensible eight step process based on sound science to develop MPCA’s proposed
“uncertainty factor”
 Key findings from statistical evaluations of trading program options and credit calculation
methods to consider for future trading program rule applications
 A decision tree providing WQT program manager guidance for using the eight step process for
phosphorus, nitrogen and sediment WQT programs
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Section 2 Watershed Factors Affecting Uncertainty
2.0 Background
The goal for water quality managers (regulatory, watershed, WQT administrators and concerned parties)
should be to sustain integrity in the environmental protection provided by the NPDES WQT permit. In
this context, MPCA’s vision for an explicit WQT uncertainty factor in trading ratios is intended to address
unknowns and variability introduced in the trading permit. The areas of greatest uncertainty are
typically associated with nonpoint source reduction crediting, and assessing equivalent water quality
impacts between trading partner locations. Without appropriately characterizing this uncertainty,
trading programs may either default to overly protective safety factors resulting in credit prices above
cost margins (and no trading), or lose buyer, regulator and public support if credits are considered too
questionable for meeting compliance requirements (again resulting in no trading).
To minimize the loss of realized credit value while ensuring program integrity under these conditions of
uncertainty, the design of the WQT trading framework should include a standardized, repeatable and
supportable approach. Such an approach or process can be used to reliably inform the selection of
appropriate safety factors in the context of watershed goals and available science. The process should
allow for useful and informative assessments at each decision point in the WQT framework
development process to understand the possible implications of uncertainty and methods to address it.
Not all options to minimize uncertainty will be affordable and a balance will need to be achieved
between the cost‐effective steps minimizing uncertainty and the resulting cost of a credit. However, the
reality that such an optimal solution is unavailable should not paralyze the process of trading framework
design. This report section introduces various watershed factors and considerations that will influence
uncertainty and variability in WQT program crediting. The discussion sets the stage for an eight step
evaluation process introduced in Section 3 of the report that provides a construct to facilitate the
advancement of program design in the face of these issues.

2.1 Watershed Attributes
When considering WQT program options (i.e., point‐point, pretreatment, interplant, point‐nonpoint or
nonpoint‐nonpoint trading), it is important to select an approach that best aligns with watershed
attributes and goals. In turn, the choice of program option will dictate the type of credit estimation
methods that can be used. This is where uncertainty and variability enter into the trading process. The
ability to pragmatically address this uncertainty and variability will make or break the trading program.
General watershed factors or considerations that will introduce uncertainty and variability in credit
calculations for a WQT program include:
 Type of water resource concern
 Critical period for the water quality concern
 Critical runoff events that contribute to the water quality stress
 Regulated time period of the discharge (instantaneous, monthly, seasonally or annual)
 Pollutant loading sources
 Trading between different source types (agriculture versus wastewater)
 Credit estimation methods available for each source type
 Available documentation for these methods
 Current level of watershed understanding (monitoring and modeling)
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Size or scale of the scale of the watershed
Potential buyers and generators of credits
Differences in buyer and seller regulatory requirements

To preliminarily illustrate the relevance of some of these considerations that will dictate the selection of
an appropriate trading option (particularly in the context of most appropriately addressing the water
quality need and minimizing uncertainty), the following example is provided:
 If the water quality impairment is a seasonal, dry weather low flow condition that is significantly
dominated by cumulative point source loadings from several wastewater treatment facilities,
then point‐point trading is likely the most suitable option. (The introduction of potential
nonpoint source crediting will add more uncertainty and variability in this setting with the need
to estimate unpredictable runoff event loads most relevant to the seasonal impairment.)
 If WQT program decision makers select point‐point trading, then methodology must be selected
to credit equivalent loads from various locations to ensure trades appropriately address impacts
at the impaired location.
 In watersheds without substantial modeling, WQT managers will need to determine whether to
expend resources to obtain such information or proceed by using conservative location factors.
 Using a conservative crediting method most applicable to the watershed setting should be
based on available watershed information; absent such data, additionally conservative default
values may be necessary.
 There will be a decision made regarding the tradeoff between upfront investments to minimize
uncertainty (adding modeling or monitoring) versus accepting higher uncertainty and using
conservative factors that lower credit value; both scenarios add program costs that pass on to
the buyers and sellers.
In this scenario, it is important to recognize that the assigned credit value after discounting may in fact
be underestimating the actual value when excessive uncertainty factors are applied. Funding for and
development of a model may delay decisions to trade even though information from a model can
improve the level of certainty and reduce an overly protective uncertainty factor for locations of buyers
and sellers. This requires some level of compromise that must be gauged by the savings anticipated
with participation, available data, level of acceptable uncertainty, funding and the number of expected
transactions. Having a process to assess and then assign safety factors can provide valuable information
for decision makers as to whether cost savings with trading can still be realized with conservative
default values in a trading ratio, or whether investment in modeling and/or monitoring is necessary to
refine safety factors to achieve greater credit value.
WQT decision makers will need to balance the selected WQT program options that work best within
these watershed attributes, and that satisfy their water quality goals. Commonly, program designers
have based the selection of WQT program options on political interests such as buyers seeking to reduce
costs within “comfortable” partnerships, or water quality managers attempting to bring underfunded
sources additional conservation funds. Political interests are important considerations in market‐based
structures, but WQT program decisions also need to include consideration of science constraints. All of
these tend to complicate trading programs and drive decision makers towards the most conservative
approaches for calculating credits. This will tend to undervalue credits and discourage program
participation.
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The specific details of each potential trading option should be considered in the context of watershed
attributes. When adequately evaluated, these can set a clearer direction for any particular WQT
program structure. Nonpoint source crediting has less uncertainty when longer time periods (several
months or annual) can be used to generate credits (due to the episodic nature of rainfall events and
benefits of averaging). Longer watershed times of travel can also be used to justify the ability to
generate nonpoint source credits that will reduce loading during the time frame in question. A case in
point is trading in the Chesapeake Bay with contemporaneous requirements in permits extended for use
of WQT. An EPA memorandum dated March 3, 20045 provides details of how the Chesapeake Bay
program successfully provided justification for the allowance of annual nutrient effluent limits in NPDES
permits to foster point‐nonpoint WQT. The memorandum also states that other watersheds can use
similar permit compliance requirements when adequate justification is provided.
Comparable Minnesota settings with long‐term contemporaneous periods for nutrient point‐nonpoint
WQT are when lake residence times are greater than a year, or in long river systems. An example of this
type of setting where justification has a high probability of success is offsetting any permit already
reducing total phosphorus based on an annual rolling‐average effluent limit. Another example is
reductions targeted improvements in the Lake Pepin watershed. This setting has a very large watershed
increasing the time of concentration and introducing complex opportunities for nutrient spiraling. A
longer critical period used in permitting requirements introduces less uncertainty from runoff derived
credits than would be the case for a shorter critical period.

2.2

“Weak Law of Large Numbers”

A WQT program can reduce uncertainty related to estimated credit generation at a program level by
encouraging a large volume of trading activity. The Weak Law of Large Numbers6 is a probability
theorem that describes the expected reduction in differences that exist between a given sample size
mean and the real world expected value as the sample population increases. This does not imply that as
size of the sample population increases, the probability increases for the next site to be closer to the
real world mean. Conversely, it also does not imply that the loading estimate for this next site will be
farther from the population mean. In principle, in an infinite sample population of non‐point source site
loading estimates, there exist sites that are further from the average (including extreme outliers) as well
as those site values equal to or very close to the average. Thus, the Weak Law of Large Numbers
theorem recognizes that the use of averages is more representative of larger sample populations (this
theorem is sometimes called the “law of averages”).
The larger the number of observations being recorded in a sample population generally implies the
closer the mean of that sample set will be to the population expected value. Extending this theorem to
credit estimation methods suggests that the uncertainties introduced by credit estimation processes
that use an average estimate over a large population of sites will be influenced by the ability of the
equation to predict an outcome based on the average condition and less on the variability found at any
one site. Therefore, when using an estimation method in larger volumes of WQT transactions that are
based on good science, the variability within the credit estimation method becomes less important due

5

EPA memorandum dated March 3, 20045 from James A. Hanlon, Director Office of Wastewater Management to
Jon Capacasa, Director of Water Permits Division, Chesapeake Bay Program
http://www.epa.gov/reg3wapd/npdes/pdf/ches_bay_nutrients_hanlon.pdf
6
Miller, I. and J.E. Freund. 1977. Probability and Statistics for Engineers, Prentice‐Hall; pp 75‐76.
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to randomly canceling errors. This also tends to cancel variability occurring across a large number of
sites.
Since WQT transaction volumes do not approach infinite sample sizes, this theorem can be criticized as
not applicable if used without other supporting program considerations. Hence, the initial credit
estimation system for a program with any level of watershed understanding can be optimized by
beginning with a science‐based assessment. Using the current level of watershed understanding to
underpin the selection of the calculation method, decision makers can then introduce the use of the
Weak Law of Large Numbers in the consideration process if a large volume of trades is anticipated. This
allows a statistically based determination of uncertainty factors for the mean value instead of opting for
the most conservative estimate of uncertainty based on the range of possible values at any one given
site. This approach can support the initially selected implicit conservative assumptions and explicit
safety factor to be followed by long‐term monitoring to validate assumptions. Thus, relevant WQT
program features include good science, statistical analyses, effectiveness monitoring and re‐evaluation
of the WQT program framework to minimize the occurrence of unrealized credit value.

2.3

Measurable Effect

“Measurable Effect” is a term the MPCA NPDES permit staff have applied to situations where loading
from one or more sites dominates the water quality response. When a point source has a measurable
effect, then the source participation in WQT options must be carefully considered (refer to example
illustration in Section 2.1). The ability to sustain environmental protection with a WQT program will
depend on how the program ascertains and balances the level of pollutant reduction that is allowed
using WQT credits with how much reduction is needed from the source itself. Consideration of the
range of watershed‐based WQT prerequisite evaluations to address entities with measurable effects
should therefore include:
 Development of a Market Feasibility Study that evaluates the WQT credit generation potential
and the WQT credit demand in the watershed
 Requirement of a combination of load reductions made by treatment at the site and allowance
for a portion of the pollutant load reduction to be achieved by WQT
 Not selecting the use of WQT in this setting
In summary, the assessment of uncertainty in each credit calculation strategy under any WQT program
option must consider cumulative assumptions (implicit) and the uncertainty factor (explicit) that are
introduced with each watershed attribute. When considering both implicit assumptions and the
uncertainty factor, crediting equations should be reviewed for factor redundancy in a step‐wise
approach to minimize the loss of realized credit value. Recognizing that some uncertainty will always
exist in any setting, it is possible to objectively evaluate and document areas of uncertainty and then
assess related variability in WQT credit estimation methods with probability statistics and systematic
analyses. In the following section, Kieser & Associates introduces an eight step method that builds on
these considerations such that decision makers can systematically evaluate uncertainty in crediting
equations.
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Section 3 Process to Determine Uncertainty Factors
The EPA WQT policy endorses trading programs that use credible methods for determining estimates of
credit. Nationally accepted and widely used estimation methods and/or calibrated watershed modeling
familiar to watershed decision‐makers can inform the selection and adoption of WQT uncertainty
factors. This provides advantages when implementers use methods they already understand and trust.
This section provides details on an eight step process devised by Kieser & Associates to determine the
limitations and variability of crediting methods using a range of simplistic to more complex model
examples. These steps establish appropriate factors to address the uncertainty introduced by variability
factors noted previously in Section 2. Example estimation methods are provided to illustrate how this
stepwise process can be used by watershed managers and WQT program implementers to provide a
consistent, statistical and science‐based approach for assigning uncertainty in crediting equations.
Kieser & Associates’ approach to selecting example estimation methods for use in illustrating this eight
step process began with a review of existing WQT programs in the United States and Canada. Appendix
A provides a summary of select programs that have adopted phosphorus crediting methodologies
reviewed for this report. This benchmarking of other programs was not all‐inclusive; instead it was
accomplished by selecting example WQT programs that are well‐recognized and accepted. The credit
calculation methods selected include those found in the existing Minnesota WQT permits and relate
specifically to phosphorus loading. Relevant aspects of the benchmarking process are integrated into
the discussion here as appropriate to illustrate and clarify examples for addressing uncertainty. Such
examples discuss both point‐point and point‐nonpoint trading options.
The eight step calculation process is summarized as follows (details are provided in the remainder of this
report section):
1. Select Credible Equations – This step consists of gathering and selecting the crediting equation(s) that
is appropriate for the watershed setting. Example equations provided in this step were derived from the
benchmarking other national programs and three Minnesota WQT permits. The purpose of this step is
to:
 Identify WQT program crediting methods appropriate to a particular watershed setting or
pollutant source.
 Evaluate the crediting method for its possible use as a common calculation already in use in the
watershed or across multiple settings nationally.
 Inform WQT program designers of the general acceptance of the crediting equation options.
2. Preliminarily identify the credit equation inputs – This step consists of a preliminary evaluation of
readily available crediting methods, related input coefficients and the expected range of these values. A
list of required inputs will be assessed in later steps according to the practicality of determining the
input, selecting a typical value for each input, and identifying the expected range of the parameter’s
variability. The introduced uncertainty of the crediting method in part is derived from the individual
input parameters contributing cumulatively to the overall variability associated with the final calculated
credit value. The purpose of this step is to:
 Inform WQT program designers of the practicality of each method regarding the need to
compile an inventory of input parameters.
 Identify a case example (of typical values) for testing the credit calculation in later steps.

10

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits
under Minnesota’s Proposed Water Quality Trading Rules



Identify each input parameter’s expected variability which can be compared with the results of
the simplified sensitivity analysis in Step 3, and the results of a more detailed Monte Carlo
Analysis in Step 6.

3. Complete a sensitivity analysis – This step consists of conducting a rudimentary sensitivity analysis
whereby a 50 percent increase and then a 50 percent decrease for individual equation coefficients from
each credit equation is conducted for each input coefficient, one parameter at a time. Observed
variability will identify the sensitivity of the credit calculation to the variability in each coefficient. This
will also aid in identifying the components of the method that need greater refinement or increased
uncertainty factors. The purpose of this step is to:
 Inform WQT program designers which parameters will create the highest level of variability in
the credit value.
 Better target Step 4 comparisons based on input parameter sensitivity and the input
parameter’s expected range of variability.
 Provide WQT program designers a prioritized list of input parameters when considering
methods to reduce uncertainty. Uncertainty may be reduced by requiring actions such as
replacing default estimates with field testing.
 Provide WQT program designers information useful to identifying and evaluating contributions
to potential credit undervaluation. The prioritized list will assist in targeting which conservative
estimates have a high potential to undervalue a site versus an expected higher credit value
when using more intensive, watershed based modeling.
4. Use key literature, data and best professional judgment – This detailed step consists of using peer‐
reviewed research, watershed‐based data and state and local watershed stakeholder input (professional
judgment) to bring the best available science (including multiple crediting equation options) into the
WQT program design. These efforts are used to define typically expected values for input parameters
and a range of variability at a much more finite level than Step 2. This information will assist in
identifying the cumulative expected range of variability that will serve as the basis for the Monte Carlo
uncertainty analysis in Step 6 (compared to the simplistic sensitivity analysis of Step 3). The purpose of
Step 4 is to:
 Provide references on best available science for a suite of potential crediting equations.
 Inform the Step 6 Monte Carlo analysis of each individual input parameter’s expected value and
range of variability.
5. Document expected values, variability and conservative assumptions – This step consists of
compiling documentation provided from the previous steps. The purpose of this step is to:
 Document WQT program design for public transparency of the assessment process.
 Provide justification for decisions made regarding the methods and uncertainty factor.
 Prioritize future research or investigation needs based on gaps in available science.
6. Conduct a Monte Carlo analysis – This step consists of using the documentation provided from Steps
4 and 5 to complete a Monte Carlo analysis. A Monte Carlo analysis is a statistical process that can
randomly vary the input coefficients (within the established range from Step 5) in a crediting equation
over numerous simulations. Each simulation provides a mean credit value and standard deviation of the
population of model runs. This step should be conducted in an iterative fashion with all other steps in
this process. Step 6 allows WQT program designers to compare interim results from different methods

11

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits
under Minnesota’s Proposed Water Quality Trading Rules

or with new science. Each iterative analysis allows designers to target improvements in the program
until they are satisfied that the credit estimation method is justifiable. The purpose of this step is to:
 Provide a cumulative analysis of the resulting credit uncertainty based upon the entire list of
input parameter variability.
 Provide statistical documentation and support for selection of methods to regulators and
concerned parties to best address uncertainty.
 Allow comparison assessments used when targeting improvements in the WQT program design.
7. Determine a coefficient of variation – This step consists of identifying the selected credit estimation
method’s expected population mean and standard deviation from the Monte Carlo simulations to use in
determining the method’s uncertainty. Calculation of the coefficient of variation (standard deviation
divided by the mean) provides guidance for determining the crediting method’s uncertainty factor. The
coefficient of variation is the minimum value at which an uncertainty factor should be established. This
factor can be set by considering implicit conservative assumptions with the remaining variability to be
addressed by the explicit uncertainty factor. The purpose of this step is to:
 Establish the crediting methods coefficient of variation (and thus, the uncertainty factor).
8. Finalize the documentation for the uncertainty factor – This step consists of documenting the credit
method, applied science and analysis findings for justifying the credit estimation process and setting the
uncertainty factor. This purpose of this step is to:
 Identify the select credit estimation methods.
 Record the salient citations and resources.
 Identify the implicit conservative assumptions.
 Justify the selected method’s recommended uncertainty factor.
This eight step process is intended to be used in an iterative fashion. In this report, the steps are
explained in a linear manner for instructive purposes. However, mention of findings of later steps still
occurs in the narrative to re‐emphasize the iterative nature of this process (especially in the case of the
Monte Carlo analysis). The Monte Carlo process details can be found in Step 6; related simulation
results are presented in Appendix B.
This stepwise process applies to equations for crediting in point‐point and point‐nonpoint trading.
Trading application examples (related to actual programs and/or calculation methods are interspersed
throughout each step to further illustrate how this process can be used by trading program designers
and managers. Though there are no specific recommendations for credit calculations methods, the
range of options presented provides a substantial basis for early WQT program considerations.
The eight step process suggested here is one method to define the statistical basis for the uncertainty
factor and is readily adaptable to assessing many different methodologies (see Section 4 of this report).
The process is very adaptable, in part because the eight steps can be done in an iterative fashion. It
should be noted that at times, new discoveries may require program designers to revisit earlier steps in
the process. This recommended eight step process is detailed as follows.
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Step 1: Selecting Credible Equations
This step consists of gathering and selecting the crediting equation that is appropriate for the
watershed setting. The purpose of this step is to:




Identify WQT program crediting method options appropriate to a particular watershed
setting or pollutant source.
Evaluate the crediting method for its possible use as a common calculation already in
use in the watershed or across multiple settings nationally.
Inform WQT program designers of the general acceptance of the crediting equation
options.

This step is illustrated using examples from point‐point WQT equations based on Discharge Monitoring
Reports (DMRs), and nonpoint source crediting equations from the Michigan Pollutants Controlled
Calculation and Documentation for Section 319 Watersheds Training Manual (MDEQ 1999)7
methodology. The basis for point‐point trading is found in existing programs such as the Long Island
Sound in Connecticut and the Minnesota River Basin. The nonpoint source credit estimation
methodology selected is core to trading programs in Michigan, Ohio and Minnesota. Notable, however,
is that each program has accepted or modified this methodology according to their needs. The WQT
adaptation of the nonpoint source methodology first appeared in the Minnesota Rahr Malting permit8.
Heidtke (1999)9 as seen in Kieser (2000)10 reviewed the Rahr Malting permit along with other available
options. The author concluded that:
“Review of available methods for calculating non‐point source sediment and phosphorus loads
indicates that those presented in the Section 319 Watersheds Training Manual (MDNR, 1999
{sic, currently MDEQ, 1999}) are suitable for application in water quality trading assessments…
“Perhaps the most controversial aspect of non‐point source load calculations obtained from
methods presented in the MDNR’s Section 319 Watersheds Training Manual is the application of
a representative sediment delivery ratio (SDR) to convert from eroded to delivered sediment
and sediment‐based nutrient loading…”
Heidtke (1999) provides a final thought regarding SDR, speaking specifically about Minnesota’s Rahr
Malting permit equations:

7

MDEQ. 1999. Pollutants Controlled Calculation and Documentation for Section 319 Watersheds Training Manual
http://www.michigan.gov/documents/deq/deq‐wb‐nps‐POLCNTRL_250921_7.pdf. 1999.
8
MPCA. 1997. Rahr Malting Company NPDES permit number MN 0031917, issued by Minnesota Pollution Control
Agency.
9
Heidtke, T. M. 1999. Review of Models/Methods for Estimating Phosphorus Loads and Load Reductions from
Non‐point Sources: Applications for Water Quality Trading Assessment (as it appears in Kieser, 2000).
10
Kieser, M. 2000. “Phosphorus Credit Trading in the Kalamazoo River Basin: Forging Nontraditional Partnerships.”
Final Report, Water Environment Research Foundation, Project 97‐IRM‐5C.
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“It may be argued that the aforementioned method lacks sufficient detail to provide precise
estimates of sediment delivery ratios for water quality trading purposes. However, given the
inherent strengths of the approach (i.e., analytical simplicity, minimal data requirements,
reasonable accuracy at relatively low cost, effective communication of methods and results to
involved parties), the MPCA method may be applicable in most water quality trading
assessments.”
It was this author’s opinion that WQT program managers can use this credit estimation method in many
other programs.
Simplified equations and discounting factors can be used in WQT when managers acknowledge the
methods’ uncertainties and then adequately address these with conservative implicit assumptions and
an appropriate uncertainty factor in the trade ratio. More sophisticated methods can be used that
introduce less uncertainty, but at an increased program cost in not already available. These costs
include financial and assessment resources. Use of sophisticated approaches may impede transferability
to the field technicians applying the credit estimation process in the field.

Equation Selection
The review of national programs resulted in the selection of the following point‐point and point‐
nonpoint credit equations for estimating pollutant loading. The site loading estimates were modified to
address other aspects required in establishing a water quality credit that are equivalent to those being
bought or sold at other locations. These factors include addressing equivalence in form and location,
net benefits, and addressing introduced uncertainty.
PointPoint Credit Estimation
The use of DMRs to calculate discharge loading is the most accurate portion of any crediting formula
used in WQT. The site’s (in this case, the discharger’s) credits are based on measurements; the same
measurements used for tracking compliance limits in NPDES permits. The amount of credits needed by
the buyer (or the number of credits generated for sale) equals the amount above or below the site’s
baseline, and can be calculated by multiplying the Average Monthly Flow by the Average Monthly
Phosphorus Concentration (in kilograms) and a mass conversion constant. Ratios are applied to the
transaction value such that predicting the range of credits needed for future transactions would be:
Buyer’s Total = Credits Needed x Net Benefit x Location Factor
x Equivalence Factor x Uncertainty Factor

[EQ 1]

Where:
Credits Needed = (Average Monthly Flow x Average Monthly Concentration x mass conversion
factor) – baseline
Net Benefit Factor: a retirement portion of the transaction to provide for additional water
quality improvement. Usually given as a percentage and included only in the buyer’s trade ratio,
the amount is determined by WQT program policy. (Does not introduce any uncertainty or
provide protection against uncertainty.)
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Location Factor: accounts for watershed assimilation between the discharge location and the
reach of concern. The factor is determined by watershed modeling, use of generalized
estimation equations or empirically. A conservative estimate to use without modeling results is
100 percent for the buyer.
Equivalence Factor: adjusts the value of the site credit to address differences in form of the
pollutant; phosphorus adjustments are based on differences in bioavailability between sources.
For domestic WWTPs trading amongst themselves, the phosphorus equivalence factor would be
1.0. (Other phosphorus equivalence factors are provided later in this report.)
Uncertainty Factor: adjusts the value of the credit to address the unknowns and variability in
the methodology including errors in the method itself, and those potentially from stochastic
processes and analytics. The factor is determined by understanding the range of variability
expected in the calculation. In the case of point‐point trading, uncertainty can be with the
method itself (as within location and equivalence factors), with the stochastic variability (as
when a WWTP’s loading is highly variable), and/or with analytics such as monitoring errors
made taking the sample or processing it in the laboratory.
Seller’s Total = Credits Generated x Location Factor x Uncertainty Factor [EQ 2]
Where:
Credits Generated = Baseline ‐ (Average Monthly Flow x Average Monthly Concentration x mass
conversion factor)
Location Factor: accounts for watershed assimilation between the discharge location and the
reach of concern. The factor is determined by watershed modeling, use of generalized
estimation equations or empirically.
Uncertainty Factor: adjusts the value of the credit to address the variability and unknowns in
the method.
Actual transactions and compliance determinations are based on the month’s actual average flow and
concentration.
Nonpoint Credit Estimation Equations
The selected agricultural nonpoint source phosphorus credit estimation methods divide the source load
into two types of equations. The first type determines sheet and rill erosion predictions and the second
type determines gully and stream bank erosion. Both are cited in the Michigan Pollutants Controlled
Calculation and Documentation for 319 Watersheds Training Manual by MDEQ. The equation sets are
selected because they are currently used in trading programs located in Michigan, Ohio and Minnesota.
Other national efforts to utilize new equations are underway11.
11

The Federal USDA, Agricultural Research Service is charged with issuing a set of standardized methods such as
the Nutrient Trading Tool for sheet erosion and dissolved forms. The purpose is to establish a uniform field
estimation method to use in all WQT programs crediting agricultural runoff reductions. The support of this tool
and its documentation should also be sufficient to develop an understanding of the range of variability and
standardize the field estimation uncertainty factors.
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Sheet and Rill Erosion Equation
Nonpoint source runoff estimations for agricultural field conservation practices require the use of
before and after sheet and rill sediment erosion values calculated by the Revised Universal Soil Loss
Equation (RUSLE)12. These also need an edge of field delivery ratio determined by the size of the
contributing area to calculate contributions reaching surface water. A nutrient enrichment algorithm
from Chemicals, Runoff and Erosion from Agricultural Management Systems (CREAMS, 1980)13 is
additionally used to adjust the sediment attached phosphorus fraction which accounts for increases in
phosphorus (in pounds per ton). The increase in phosphorus is due to the bonding of ions associated
with clay particles and the fact that eroded material is preferentially sorted so that more sand is left
behind and a higher fraction of clay is delivered to the waterbody. Filter strip calculations use the same
RUSLE‐based equation but a percent efficiency factor is applied to the calculation after the sheet‐and rill
erosion values are determined.
Sediment Reduction Calculation
The phosphorus reduction being credited in this method is the sediment attached fraction. The
equation selected uses a RUSLE estimate of the whole contributing area minus the soils re‐deposited in
the field prior to reaching the surface water.
Sediment reduced = (B‐A)  DR  CA

[EQ 3]

Where:
B=
sheet and rill erosion before treatment (in ton/ac/yr) calculated by RUSLE
A=
sheet and rill erosion after treatment (in ton/ac/yr) calculated by RUSLE
DR = delivery ratio (a dimensionless fraction used to determine how much sediment reaches
the first water body encountered)
CA = contributing area (in acres)
Sediment reduced = tons/acre/year
The delivery ratio in Equation 3 can be determined using the graph provided in the MDEQ (1999)
document or the related Equation 4.
DR = (CA/640)‐0.125) x 0.42

[EQ 4]

To include channel assimilation losses, several alternatives are available depending upon the WQT
program. In Minnesota, the edge of field delivery ratio in the Rahr permit and the Southern Minnesota
Beet Sugar Cooperative14 permit is replaced with a combination edge of field delivery ratio combined
with a watershed yield for use as a WQT Location Factor. This is a conservative factor of 5 or 15 percent
determined by distance. Other alternatives exist such as watershed model based determinations, and
one developed by the authors of the Minnesota P‐index. The P‐index uses a method that is also
12

For more information, the RUSLE manual is available at:
http://www.ars.usda.gov/Research/docs.htm?docid=5978
13
Kinsel, W. G., et. al. 1980. CREAMS : Chemicals, Runoff, and Erosion from Agricultural Management Systems.
Volume 1 Model Documentation.
14
MPCA. 1999. Southern Minnesota Beet Sugar Cooperative Processing Plant NPDES permit number MN 0040665,
issued by Minnesota Pollution Control Agency.
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commonly called a Sediment Delivery Ratio (SDR). The SDR derived by the Minnesota P‐Index
methodology was determined by fitting the results of several watershed studies in a linear regression. It
is discussed further under the location factor in the Step 1 process.
RUSLE is a method to fit the characteristics of the site using the expertise that is commonly used by field
staff at federal, state and local agencies to estimate soil loss from agricultural operations. The RUSLE
equation is:
(Before or After = B or A) Soil Loss = R x K x L x S x C x P

[EQ 5]

Where:
B or A = estimated average soil loss Before BMP or After BMP in tons/acre/year
R = rainfall‐runoff erosivity factor
K = soil erodibility factor (reflecting soil properties)
L = slope length factor
S = slope steepness factor
C = cover‐management factor
P = support practice factor
Nutrient Reduction Calculation
The sediment attached phosphorus loading is estimated for the before or after BMP scenario by the
following CREAMS model algorithm.
SEDP(before/after) = SOILP * SED * ERP

[EQ 6]

Where:
SEDPbefore:
SEDPafter:
SOILP:
SED:
ERP:

Sediment associated phosphorus before the BMP
Sediment associated phosphorus after the BMP is implemented
Soil phosphorus
Sediment erosion rate RUSLE adjusted by SDR
Phosphorus Enrichment Ratio

With:
ERP = AP * SEDBP

[EQ 7]

Where:
AP (coefficient) = 7.4 (default)
BP (exponential value) = ‐0.2 (default)
A WQT phosphorus credit is derived by subtracting the post‐implementation BMP loading from the
calculated load before the BMP was installed. The site baseline (the required conservation that must be
in place prior to being able to generate a credit) is commonly determined by considering historic
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practices, TMDL load allocation requirements, or related regulatory requirements placed on the site
(State, County or district rules, ordinances or policies).
Site Credit = (SEDPbefore – SEDPafter) – baseline

[EQ 8]

(Note: this equation only credits sediment‐attached phosphorus.)
Another advantage to using a credit estimation methodology that is based on modeling platforms
developed for national use (such as RUSLE and CREAMS), is the wealth of documentation that is
available from the authors of the models and peer‐reviewed critiques of actual applications. Nationally
developed models typically provide the authors’ calibration and validation documentation which can be
used to determine the method’s variability. In addition, local watershed models may be used to
generate location factors that are in turn, limited by the model’s tolerance requirements. An example
would be using a combination of RUSLE and a watershed model like SWAT (Soil and Water Assessment
Tool)15. Local conservation district staff can run RUSLE and then add WQT factors derived by SWAT
modeling (such as equivalence and location). Model results can be summarized in tables for the field
staff use. In both cases, these methods provide some assurance to managers that the input factors will
be applied within the limitations identified for the credit estimation method.
Gully and Channel Erosion Equations
The Gully Erosion Equation (GEE)16 uses physical and soil parameters to calculate annual sediment and
nutrient loads (Equations 9 and 10) assuming 95 or 100 percent delivery into the waterbody. BMPs are
applied to the gully area and assumed to control all of this type of erosion.
GEE = (Top Width + Bottom Width)/2  Depth  Length  Soil Weight /
Number of Years (that a gully took to form)

[EQ 9]

Where:
Width, Depth, and Length of the gully are in feet
Dry density soil weight is in ton/ft3; default values are provided in a table
GEE = sediment load from gully (in tons/yr), and sediment reduction value after BMP
implementation.
Nutrient Reduced = Sediment (GEE)  Nutrient conc.  2000 lb/T  Correction Factor

[EQ 10]

Where:
Nutrient Reduced is in lbs per year
Sediment reduced (in tons/year) corresponds to the value calculated using EQ 9
Nutrient concentration (in lbs per lb of soil) uses estimates from a USDA‐ARS research (for TP,
nutrient concentration = 0.0005 lb P/lb, for TN, nutrient concentration = 0.001 lb N/lb)
Correction Factor is based on soil texture; values are provided in an appendix
15

More documentation on SWAT including the SWAT theoretical documentation manual can be found at
http://www.brc.tamus.edu/swat/
16
Note that in Minnesota, this equation is sometimes referred to as the Volume Voided Equation.

18

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits
under Minnesota’s Proposed Water Quality Trading Rules

The Channel Erosion Equation (CEE) uses the Lateral Recession Rate to calculate annual sediment load
with 100% delivery to stream.
CEE = Length x Height x LRR x Soil weight

[EQ 11]

Where:
Length and Height of the eroded section of the channel are in feet
LRR = Lateral Recession Rate (in ft/yr) – value can be selected from tables provided or calculated
from field measurement or historical records
Dry density soil weight is in ton/ft3; default values are provided in a table
Nutrient reductions can then be calculated using Equation 10.

Location Factor
The location factor adjusts the site’s estimated load reduction to address losses from potential
assimilation associated with watershed dynamics. The location factor can be developed by model runs,
empirically fit to watershed monitoring data or can use a conservative estimate based on regional,
national and/or international data and literature. The more simplistic the tools that are applied, the
more uncertainty that is introduced in calculating credits.
Regional and national based factors are not specific to local watershed characteristics contributing to
assimilation and nutrient spiraling. This creates situations where the manager must decide between
introducing potential uncertainty, or use conservative assumptions (implicit versus explicit safety
factors). To illustrate this point, Kieser & Associates requested MPCA provide the results from the
Hydrologic Simulation Program – Fortran (HSPF) model developed for the Minnesota River. The
phosphorus loading output from each subwatershed was placed into a table and then compared with
similar predictions from the SDR factor used in the Minnesota P‐Index. Table 3.1 summarizes the
subwatershed results of the HSPF model as it was calibrated in 2005. The model results indicate a wide
range of phosphorus yield from different settings across the 12,000 square mile modeled watershed.
The Minnesota P‐Index DR algorithm is an empirically‐derived equation that can also be used to
estimate a location factor. It was developed by fitting a linear regression (log‐log scale) to numerous
state data sets across different scales. The delivery ratio was developed based on professional input
gathered by the Minnesota Board of Water and Soil Resources for eLINK17, a BMP tracking program for
public funding accountability.

17

BWSR, 2004. More information on eLINK can be found at http://www.bwsr.state.mn.us/outreach/eLINK/.
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Table 3.1 Summary results of Minnesota River HSPF 7year average phosphorus yield by
subwatersheds.
8-Digit
Hydrologic Unit
Code Watershed
Name
Lower Minnesota
River

Long-term
Average
Annual
CFS

Number of
Subwatersheds

Minimum
Subwatershed
Yield

Maximum
Subwatershed
Yield

Average
Subwatershed
Yield

2,200

8

78.80%

85.60%

82.20%

Middle Minnesota
River

1,610

10

43.70%

81.30%

65.60%

Blue Earth River

1,076

10

23.00%

79.60%

37.50%

Le Sueur River

549

10

51.50%

82.20%

67.90%

Watonwan River

391

8

28.90%

46.00%

38.80%

Cottonwood River

381

5

31.00%

47.40%

40.60%

Redwood River

153

8

27.50%

61.00%

46.70%

3

43.10%

61.60%

43.10%

Hawk Creek
Yellow Medicine
River

142

2

14.00%

14.70%

14.30%

Chippewa River

219

8

45.30%

86.80%

45.30%

Board staff gathered input from staff of the USGS, University of Minnesota, NRCS, MPCA and Minnesota
Department of Agriculture for development of the SDR used in eLINK. That information was then
reviewed by the University of Minnesota and their team for the P‐Index18 SDR factor development. The
P‐Index recommends using the power equation in Equation 12 to estimate field sediment delivery ratios
up to 5,000 feet, and to use the 5,000 foot value for fields with a greater distance. The P‐Index
development team forced the trendline fit through an 8 percent value at 200,000 feet based on
Minnesota River Basin assessments.
SDR = D ‐0.2069

[EQ 12]

Where:
SDR = sediment delivery ratio (percent)
D = distance in feet
During development another SDR equation that was discussed also fits the local data but predicts 4
percent of the sediment being delivered at a distance of 200,000 feet. This equation results in the final
result being approximately half of the Michigan DEQ document SDR equation and half of the MN P‐Index
18

Moncrief and Bloom. 2006. Minnesota Phosphorus Site Risk Index Technical Guide
(http://www.mnpi.umn.edu/).
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equation. Use of this SDR equation provides a greater implicit conservative assumption for protection of
the environment. In Step 4 of the eight step process, the SDR options are revisited running Monte Carlo
simulations for the different SDR factors to compare the introduced variability. The equation selected
for the Step 4 comparison is Equation 13, the P‐Index developed using the 4 percent/200,000 foot fit:
SDR = D

‐0.2637

[EQ 13]

Equivalence Factor
The phosphorus equivalence factor adjusts the credit value of two different sources by considering the
bioavailable phosphorus differences. The State of Minnesota recently requested from MPCA a report
entitled, “Detailed Assessment of Phosphorus Sources to Minnesota Watersheds” (Barr, 2004)19.
Section 2 of this study examined the bioavailability of Particulate Phosphorus (PP) and Dissolved
Phosphorus (DP) recommending “Most Likely” estimated values for bioavailable TP fractions for specific
source categories. These are summarized here in Table 3.2.
According to Mark Tomasek20, the MPCA Minnesota Phosphorus Study project manager, the consultant
team selected these values based on the expected bioavailability after an approximate one month
exposure in a water environment. The fraction of bioavailable phosphorus is expected to increase over
time as the phosphorus undergoes fate and transport which expose it to other potential biological,
chemical and physical interactions. Since phosphorus in water environments experiences continuous
change, switching between particulate attached and dissolved fractions, the total phosphorus
bioavailability value is appropriate to represent conditions in the water environment. The equivalence
factor is derived using this “Most Likely” value.
The Minnesota study found TP in municipal WWTP effluent had a value of approximately 85.5 percent
bioavailable phosphorus. Industrial sources (such as food processing plants and metal finishing facilities)
have 88 percent of their discharged TP in bioavailable forms. Cropland runoff estimates of bioavailable
TP are 58 percent of the TP. Improperly managed manure has a higher percentage of its TP in
bioavailable forms at approximately 80 percent. As such, equivalence factors can be developed using
these coefficients by dividing the seller’s source of bioavailable phosphorus percent by the buyer’s
percent to develop a ratio that can be inserted into the WQT crediting equations, for example:
 The equivalence factor in point‐point domestic WWTPs trades is 85.5 / 85.5 or 1.0
 The equivalence factor in point‐point domestic WWTP selling to industrial WWTP trades
is 85.5 / 88 or 0.97
 The equivalence factor in point‐nonpoint domestic WWTPs is 58 / 85.5 or 0.68
 The equivalence factor in point‐nonpoint industrial WWTPs is 58 / 88 or 0.66
 When using sites improving improperly managed manure these same factors become
o Point‐nonpoint domestic WWTPs; 80 / 85.5 or 0.94
o Point‐nonpoint industrial WWTPs; 80 / 88 or 0.91

19
20

Barr Engineering. 2004. Detailed Assessment of Phosphorus Sources to Minnesota Watersheds.
Personal conversation with Mark Tomasek, November 7, 2008.
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Table 3.2 Estimates of phosphorus bioavailability fractions for specific source categories
(Barr, 2004).
Fraction of
Fraction of Estimate of
Fraction of
Fraction of
PP that is
TP that is
TP that is
PP that is
DP that is
Phosphorus Sources
Bioavailable
Particulate Bioavailable
Bioavailable
Bioavailable
(Most
(Most
(Most
(Range)
(Most Likely)
Likely)
Likely)
Likely)
Publicly Owned WWTP for
domestic use (effluent)

0.6 ‐ 0.8

0.7

1.0

0.5

0.855

Privately Owned WWTP for
domestic use (effluent)

0.6 ‐0.9

0.8

1.0

0.3

0.94

Commercial/Industrial
WWTPs (effluent)

0.2 ‐ 0.8

0.6

1.0

0.3

0.88

Improperly
Managed
Manure

0.5 ‐0.7

0.6

1.0

0.5

0.8

Cropland
Runoff

0.2 ‐ 0.7

0.4

1.0

0.7

0.58

Turfed
Surfaces

0.2 ‐ 0.7

0.4

1.0

0.7

0.58

Impervious
Surfaces

0.10 ‐ 0.5

0.2

1.0

0.5

0.6

0.2 ‐ 0.8

0.3

1.0

0.8

0.44

Agricultural Runoff

Urban Runoff

Forested Land

Roadway and Sidewalk Deicing Chemicals
Salt

0.2 ‐ 0.8

0.6

1.0

0.2

0.92

Sand

0.1 ‐ 0.3

0.2

1.0

0.8

0.36

0.1 ‐ 0.5

0.3

1.0

0.8

0.44

Stream Bank Erosion
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Step 2: Preliminary Identification of Equation Inputs and Sources of
Variability
This step consists of a preliminary evaluation of input coefficients and the expected range of these
values from readily available crediting methods selected in Step 1. A list of required inputs will be
compiled according to the practicality of determining the input, selecting a typical value for each
input, and identifying the expected range of the parameters’ variability. The introduced uncertainty
of the crediting method is, in part, derived from the cumulative contribution of individual input
parameters towards the overall variability associated with the final calculated credit value. The
purpose of this step is to:




Inform WQT program designers of the practicality of each method regarding the need
to compile an inventory of input parameters.
Identify a case example (of typical values) for testing the credit calculation in later steps.
Identify each input parameter’s expected variability which can be compared with the
results of the simplified sensitivity analysis in Step 3, and the results of a more detailed
l
l

Step 2 of this process targets preliminary characterization of credit calculation uncertainty, calculation
input parameters and method components of commonly used, nationally‐derived crediting methods.
During this step, it is important to consider the variability of the selected method, stochastic variability
and analytical uncertainty associated with each input variable. These potential sources of uncertainty
can be derived from readily available literature and local data. This is considered a preliminary step in
order to generally define relevant considerations for point‐point and point‐nonpoint trading that will
likely affect uncertainty. This will help avoid sinking significant program resources into one equation or
methodology prior to first examining a mix of high potential, readily available candidate equations from
national examples.

PointPoint Equation
The point‐point credit calculation methodology for a site credit is relatively simple. However, the
techniques used to adjust the site credit for location and equivalence factors contain inherent
uncertainty. Analytical mistakes made during sampling or laboratory procedures can add to the range of
uncertainty; though this is not introduced by WQT since it already exists in typical NPDES permitting
conditions. In cases where the WWTP loading is extremely variable, a stochastic uncertainty can be
introduced. Slight differences in domestic loading of phosphorus forms from different sources may also
introduce uncertainty due to the methodology for determining the equivalence factor.

PointNonpoint Equation
The point‐nonpoint WQT credit calculation methodology used as an example in this step generates
uncertainty in the following areas for all three equations examined. Expected uncertainty is associated
with each of the following pollutant sources: (a) point source measurements, (b) nonpoint sheet and rill,
and (c) Nonpoint gully or bank). Such uncertainty includes:
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Uncertainty due to methodology
o RUSLE equation results variability (b)
o CREAMS model equation variability (b)
o Soil Test TP when estimated by regression or averaging (b & c)
o SDR modeling tolerance (HSPF), or regression uncertainty (a, b & c)
o Equivalence Factor uncertainty due to methodology (a, b & c)
o Gully and channel erosion equation rate estimates (c)
o Dry weight estimation (c)
Uncertainty due to stochastic variability
o Soil Test TP in the field from year to year (b & c)
o Precipitation, runoff loading variability from year to year or event to
event (a, b, c)
o Equivalence factor uncertainty from nutrient spiraling (a, b & c)
o WWTP concentration (a, b & c)
o Gully or bank erosion rates (c)
Analytic uncertainty
o WWTP concentration (a, b & c)
o Soil Test P sampling and laboratory errors (b & c)
o WWTP flow measurement errors (a, b & c)
o Gully and bank erosion volume voided measurements (b & c)
o Dry weight soil measurements, if made (c)

All of these sources of uncertainty may not apply to every program or be of significance considered
relevant to a WQT program. However, each should be reviewed in this step before discarding there
potential application or relevance.

Step 3: Sensitivity Analysis
This step consists of conducting a rudimentary sensitivity analysis whereby a 50 percent increase
and then a 50 percent decrease for individual input coefficients in each credit equation is
conducted, one parameter at a time. Observed variability will identify the sensitivity of the credit
calculation to the variability associated with each coefficient. This will aid in identifying the
components of the method that need greater refinement or increased uncertainty factors. The
purpose of this step is to:
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Inform WQT program designers which parameters will create the highest level of
variability in the credit value.
Better target Step 4 comparisons based on input parameter sensitivity and the expected
input parameters expected range of variability.
Provide WQT program designers a prioritized list of input parameters when considering
methods to reduce uncertainty. Uncertainty may be reduced by requiring actions such
as replacing default estimates with field testing.
Provide WQT program designers information useful to identifying and evaluating
contributions to potential credit undervaluation.
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A sensitivity analysis can be used to help WQT managers identify and focus on key input parameters for
credit calculations. If an equation is relatively unresponsive to changes in an input factor, that factor can
be adequately addressed with significantly less investigation than a factor identified as one that creates
significant changes in outcome results. This step should result in a prioritized list that will assist in
targeting which conservative estimates have a high potential to undervalue a site versus an expected
higher credit value when using more intensive, watershed based modeling. Since the point‐point
Equations 1 and 2 are completely linear in nature and do not weight one factor more than another with
power functions of any kind, a sensitivity analysis is not needed. In contrast, the point‐nonpoint
crediting method has an exponential value in Equation 7. As such, it will be examined in this step.
Similarly, location and equivalence factors are discussed separately as they apply to both point‐point
and point‐nonpoint crediting.
After a credit estimation method has been identified, the next step is to review any power functions.
Linear equations will weight all parameters equally, however, for watershed models or power functions,
equations will affect the outcome according to the algorithms used. In Step 3 example equations for
nonpoint source crediting (Equations 5, 6 and 7) a sensitivity analysis was run on the input factors for
the equation with a power function. The analysis is simple in concept, changing each equation input
factor individually. The expected value factor was first raised 50 percent then lowered to 50 percent of
the expected input. Each input factor was then reset to the expected value before progressing to
variations in the next input factor. The nonpoint source credit estimation results for sensitivity of results
regarding sheet and rill erosion are provided in Table 3.3.
As seen in Table 3.3, these input factors are used in linear multiplications with one exception. Therefore,
a change up or down of 50 percent for all but one input value directly correlates to a 50 percent change
in the output result. The exception is the soil enrichment algorithm which uses an input factor, BP, and
thus, input parameter adjustments exponentially change the outcome. As demonstrated in the table, a
change to the BP coefficient adding or subtracting this value by 50 percent results in a credit change of
118 percent increase to a 54 percent decrease, respectively. All input factors are relatively equal in
significance in this set of equations; however, the BP factor should receive careful scrutiny in developing
the expected values for uncertainty as the equation is most sensitive when this factor is increased.
The gully and bank erosion credit estimation equations are linear and therefore the sensitivity analysis
results would indicate a plus or minus fifty percent change for any input parameter changed plus or
minus 50 percent in the equation.
This step is accomplished by methodically reviewing peer reviewed research, watershed monitoring and
modeling data (where available) and collecting local stakeholder input regarding the selected crediting
method options and each input parameter. A special focus should be placed on the BP factor as this is
the most sensitive factor noted.
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Step 4: Consideration of Key Literature and Local Data
This step consists of evaluating peer‐reviewed research, watershed based data and state and local
watershed stakeholder input (professional judgment) to bring the best available science into WQT
program design. This would include alternative equations not necessarily examined in prior steps.
Compiled information is used to carefully define typically expected values for input parameters and
a range of variability to identify the cumulative expected range of variability that will serve as the
basis for the Monte Carlo uncertainty analysis in Step 6. The purpose of this step is to:



Provide references on best available science and other crediting equation options.
Inform the Step 6 Monte Carlo analysis of each individual input parameter’s expected
value and range of variability.

This step focuses on a detailed assessment of previously indentified and other potential crediting
equations beyond the cursory efforts in Step. The intention here is a higher level assessment that might
be expected as program design advances and/or more sophisticated levels of crediting are desired.

Determination of Expected Values for PointPoint WQT
The point‐point Equations 1 and 2 rely heavily upon DMRs from each WWTP to determine the value for
the site level credit. This calculation uses the typical method that compliance reporting requires for
conventional WWTPs and therefore does not increase the variability or uncertainty any more than
traditional reporting. However, point‐point WQT does use equivalence factors and location factors
which may increase the uncertainty as discussed further in this step.
Point‐point credit trading can be potentially susceptible to analytical and stochastic uncertainties.
(Stochastic uncertainty is variability which appears too random for prediction of any single event, but
descriptions of larger populations and average values is possible.) These uncertainties can be managed
by WQT policies and procedures in a manner that does not increase the risk of regulatory compliance.
For example, analytical errors are a common issue routinely addressed in NPDES permits. To overcome
analytical errors in monitoring, the MPCA has the following basic requirements of WWTPs:
 Licensed operators (familiar with sample collection methodologies required)
 Use of certified laboratories
 The State routinely providing operator training and as needed
To further address stochastic uncertainties, WQT programs can require monitoring regimes that provide
larger data sets before trading commences or effluent monitoring on a more frequent basis.
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Table 3.3 Michigan Pollutants Controlled Calculation and Documentation for 319 Watershed Training Manual (MDEQ, 1999).
SEDIMENT at EDGE OF FIELD (ton/ac/yr)
Parameter

Notes

R, K, L, S, C (RUSLE)
P (RUSLE)
DR
SOILP
AP
BP
Bio P ratio
Location factor
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RUSLE is a linear
equation, a 50%
increase in each
individual parameter
increase the result by
50%
Value change limited
to 0.5‐1.0
Calculated by equation
(default=0.324)
Default selected: 1lb
P/1 ton soil
Default value: 7.4
Default value: ‐0.2
Default value: 0.68
(Max. value: 1)
Default value: 0.6

Default

+ 50%

% change

‐ 50%

% change

1.09

1.64

50

0.55

‐50

1.09

1.56

43

0.78

‐29

1.09

1.64

50

0.55

‐50

Default

SEDIMENT ATTACED P (lbs/ac/yr)
%
+ 50%
change
‐ 50%
% change

N/A
N/A
N/A

1.70
1.70
1.70

2.55
2.55
3.71

50
50
118

0.85
0.85
0.78

‐50
‐50
‐54

N/A
N/A

1.15
0.69

1.70
1.04

47
50

0.58
0.35

‐50
‐50
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Determination of Expected Values and Ranges in Nonpoint Credit Estimation
The most commonly used estimation component in sheet and rill credit calculations is RUSLE. RUSLE
and its predecessor, the Universal Soil Loss Equation, have been well‐documented and modified to fit
many watershed modeling tools and applications. This established use provides WQT program
reviewers with a large volume literature for reference. The documentation is best captured in the Yoder
(no date) documentation entitled: “Evaluation of the RUSLE Soil Erosion Model” which is a Southern
Cooperative Series bulletin21, written by the primary model authors. In the RUSLE documentation,
reviews of several critical assessments of the RUSLE model are performed. The authors themselves
determine the accuracy of the model based upon multiple assessment articles that were peer‐reviewed.
When appropriately applied in the field, RUSLE is determined to be within +/‐ 35 percent for erosion
rates between 1‐3 tons per acre and down to +/‐ 25 percent for erosion rates ranging from 3‐20
tons/acre/year. Table 3.4 lists the variability of each input parameter and the specified range of use.
Table 3.4 Estimated variability of RUSLE parameters (Source: Yoder et al., no date).
Parameter
R
K

1
2
Regularly occurring
rainfall >20 inches
per year
Medium textured
Fine‐textured soils
soils

3

4

Coarse‐textured
soils

L*

50‐300 ft

0‐50 ft

300‐600 ft

S

3‐20 %

0‐3 %
20‐35%

>35%

C

0.05‐0.4

0.4‐1.0

0.01‐0.05

600‐1000 ft

5
Possibly inaccurate
in mountainous
regions
Inaccurate for
organic soils
Over 1000 ft not
allowed

<0.01 (great
uncertainty)

0.5‐1.0
(+/‐ 35%
uncertainty)

0.5‐1.0
<0.5 (+/‐ 70%
(+/‐ 35%
uncertainty)
uncertainty)
1‐3 tons/ac/yr &
A
3‐20 tons/ac/yr
<1 ton/ac/yr
>20 tons/ac/yr
* Most experimental plot data were within the 50 ‐ 300 foot range
Rankings were based on the following description found in Yoder et al.
1‐Best accuracy
4‐ Poor accuracy
2‐Moderate accuracy
5‐ Uncertain, inaccurate or not allowed
3‐Acceptable accuracy
P

Figure 3.1 is a conceptual representation to illustrate the RUSLE model’s range of uncertainty and an
expected histogram of long‐term average expected erosion rates for Minnesota settings. In this graph
the y‐axis depicts an estimate of the number of expected acres that have erosion rates from less than a
ton to greater than 20 tons in Minnesota. The x‐axis is the tons/acre/year of erosion. The graph is
divided into categories of documented variability according to the findings found in Table 3.4.

21

Yoder et al. (No Date). Evaluation of the RUSLE Soil Erosion Model, Southern Cooperative Series bulletin. Found
on the web at: http://s1004.okstate.edu/S1004/Regional‐Bulletins/Modeling‐Bulletin/rusle‐yoder‐001016.html
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Figure 3.1: Representation of variability of RUSLE results.
CREAMS Nutrient Enrichment Documentation
The CREAMS model documentation22 on the nutrient submodel determined the range of variability with
the enrichment algorithm for sediment attached phosphorus and nitrogen to be within a factor of two
when compared to the calibration watershed. This documentation can be used to constrain the
uncertainty introduced by the BP input coefficient in Equation 7. The sensitivity analysis presented in
Step 3 indicated that the BP input coefficient had the highest level of response found in the result to a
given change in this coefficient. Dissolved nutrients predicted by similar equations were found to vary
up to a factor of ten. Therefore, this phosphorus credit method only credits projections of the sediment
attached fractions. This assumption makes any reduction of the dissolved phosphorus an implicit
conservative assumption. (Though not defined here, a specific analysis could be made for quantifying
the implicit conservative assumption.)
The regression equation for nutrient enrichment provides a good explanation for 91 percent of the
factors affecting sediment attached phosphorus loading. Figure 3.2 is the graphical representation of
the documentation results. Soil phosphorus content (SoilP input factor) for the Minnesota River Basin

22

Knisel, W.G., et al., CREAMS a Field Scale Model for Chemicals, Runoff, and Erosion From Agricultural
Management Systems. USDA SEA‐AR. 1980
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was documented by Fang et al. (2005)23. The sample results from 54 representative sites in the basin
identified a mean of 1.25 pounds per ton of total phosphorus and a coefficient of variation of 22
percent.

CREAMS Model Phosphorus Verification Results
Model Predicted Phosphorus;
Sediment Fraction or Total (kg/ha)

Modeled Versus Observed Sediment Fraction and Total
1.8
1.7
1.6
1.5
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

TP estimates: R2 = 0.48
Sediment attached P: R2 = 0.91

Area of
Overestimation

(Enrichment predicted within factor of 2)

Sediment Attached Fraction
Total
Perfect Fit of Model vs
Observed (Slope = 1)

Area of Underestimation
Observed Site Value (kg/ha)

Figure 3.2 Comparison of modeled sediment attached phosphorus versus observed using
CREAM algorithm.
Location Factor Documentation
The use of a SDR and watershed sediment yields for this example for sediment attached nutrient loading
is acceptable based on the documentation provided by the CREAMS nutrient submodel. The difference
between SDR and watershed sediment yield is usually scale. Typically SDR is field scale and can be
watershed scale; sediment yield is always both field delivery ratios and a prediction of channel
assimilation. Early work by NRCS in Michigan uses the base concepts supplied in the equation DR =
(CA/640)‐0.125) x 0.42 (where DR equals an algorithm for watershed delivered load divided the watershed
estimate of erosion adjusted by a power curve to determine a general fit). Notably, some literature

23

Fang, F., Brezonik, P.L., Mulla, D.J., Hatch, L.K. 2005. Characterization of Soil Algal Bioavailable Phosphorus in the
Minnesota River Basin, Soil Sci. Soc. of Am. J., 69:1016‐1025.
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argues that significant variability exists in this method which is overlooked when calculating generalized
watershed sediment yield results in a given watershed (Steegen, et. al., 2001)24.
Another identified issue is the time period relevant to the calculated loading. Foster (1990)25 divided the
issue into three groupings: 1) short‐term which may allow field and watershed measurements
(monitoring season); 2) medium‐term by reservoir studies (reservoir filling studies across decades); and,
3) long‐term by paleo‐hydrological studies. An additional factor to consider is that multiple contributing
sectors and diverse geomorphological settings result in differences in contributing percentages to the
generalized watershed sediment yield for a given watershed (Ouyang, et. al., 1997)26.
One approach to estimating location factors is the use of GIS spatial analysis. Working with a GIS
estimate of gross upland erosion (many are based on RUSLE estimates), decision makers can compare
spatial analysis results with the average sediment yield calculated from monitoring data. It should be
noted here, that spatial analyses may also introduce two other factors of uncertainty. The first is noted
for reservoir studies where significant volumes of delivered sediment are transported by bed load. Bed
load is not commonly monitored in a watershed. When it is, there is a large range of variability
associated with results (Chen, 2008)27.
The second source of uncertainty is that the sediment load carried out of a watershed is in dynamic
equilibrium with the available energy in the watershed. Trimble (1999)28 documented that the sediment
loading leaving Coon Creek, Wisconsin from three different periods remained significantly the same
even though there were significant changes in net upland erosion, river valley sinks and tributary
sources. River dynamics will temporarily store excessive sediment loading from upstream sources until
upland source sediment decline and sufficient energy is available to move stored sediment out of
downstream sinks. This results in a dampening of the time step one can expect to see a system respond
to the pollutant reductions being made.
The general consensus here is that watershed sediment yield is extremely complex and should be
researched further to develop more accurate prediction methods. This could leave some WQT
managers with a significant dilemma. Those without a watershed model to guide them will have to
determine what steps will be adequate to estimate SDR and provide the necessary supporting
information regarding uncertainty. The selected SDR in this example was based on Foster’s definition of
short‐term to be compatible with the contemporaneous requirements placed on credits in WQT.
Developing a watershed model will not be practical in some settings as monitoring, fiscal and human
resources may be limited. However, once a WQT program is implemented, it can be structured to
24

Steegen, A., Govers G., Takken, I., Nachtergaele, J., Poesen, J. and R. Merckx. 2001. Landscape and Watershed
Processes, Factors Controlling Sediment and Phosphorus Export from Two Belgian Agricultural Catchments, J.
Environ. Qual. 30:1249‐1258.
25
Foster, I.D.L., Dearing, J.A., Grew, R. and K. Orend. 1990. The sedimentary database: an appraisal of lake and
reservoir sediment based studies of sediment yield. IAHS Publication, n. 189, p. 19.
26
Ouyang, D. and J. Bartholic. Predicting Sediment Delivery Ratio in Saginaw Bay Watershed, The 22nd National
Association of Environmental Professionals Conference Proceedings. May 19‐23, 1997, Orlando, FL. pp 659‐671.
27
Chen, L. and M. C. Stone. 2008. Influence of bed material size heterogeneity on bedload transport uncertainty,
Water Resour. Res., 44, W01405, doi:10.1029/2006WR005483.
28
Trimble, S. 1999. Decreased Rates of Alluvial Sediment Storage in the Coon Creek Basin, Wisconsin 1975‐93.
Science: Vol. 285 p.1244‐1246.
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provide such information to assist in developing watershed models at a later time. WQT can even
provide incentives to those making transactions that take the extra step to provide needed information
(e.g., field scale or ambient water resource monitoring). For the purposes of discussing uncertainty
associated with the delivery, watershed examples presented here were derived from the following three
options:
1. Data from a channel process model (point‐point) or a watershed model (point‐nonpoint or
nonpoint‐nonpoint) that can be queried to determine SDR factors. This option, although
expensive, limits the range of uncertainty yielding greater credit value compared to using
simpler, more conservative location factors.
2. A spatial analysis using GIS that provides tracking and summing of different sources across the
landscape. Site erosion estimates from the total number of cells for which differing coverage
factors are applied can be separated by delivered load (based on commonly described methods
to incorporate RUSLE into a GIS platform). This option is not as expensive as the first option, but
still may remain out of the reach of many WQT projects. In a watershed with predominantly
upland erosion sources and/or those with strong inventories of gully, ravine and bank erosion
estimates, this can be a more plausible approach.
3. Compare the SDR equation options available and select an option in the conservative end of the
range that provides a conservative implicit safety factor. This may likely preclude the need for an
extra uncertainty factor. Alternatively, an explicit uncertainty factor could be used to cover the
variability determined by Monte Carlo simulation runs.
As an example of option 1, the Minnesota River Summer Low Flow Dissolved Oxygen TMDL was
developed using the Hydrologic Simulation Program – Fortran (HSPF) model by MPCA29. An
approximately 12,000 square mile watershed was modeled to determine the loading sources and
attributes of the Minnesota River above Jordan, MN. This TMDL spawned the Minnesota River Basin:
General Phosphorus Permit – Phase 1 Point‐Point trading NPDES permit30. To generate location factors
(referred to as Jordan Trading Units), a fictitious one million gallon per day WWTP plant was introduced
into each subwatershed one at a time. Modeled water quality results in the river at Jordan were
checked to determine before and after water quality conditions. The comparison of the discharged load
and the net increase at Jordan determines the in‐channel loss of pollutants for each subwatershed. The
model was calibrated using seven years of weather data. The entire 7‐year average is used because this
is the best data comparison for average year to year variability and nutrient spiraling in this large
watershed. The modeling summary results for “goodness of fit” for all major tributaries in the
Minnesota River are assumed for this discussion to be plus or minus 20 percent (a conservative
assumption here).
Modeling results are applicable to both point‐point and point‐nonpoint WQT as the phosphorus in the
river environment is quickly and repetitively switching between attached and dissolved fractions
(Tomesak, 2008). The results indicate that there is significant retention of phosphorus even across
seven years in the basin.
The lowest subwatershed yield occurs in the Yellow Medicine River
watershed, a western tributary that experiences the least amount of runoff (less than 1‐2 inches per
year). The Yellow Medicine River begins as an intermittent stream in its headwaters and has a
29

MPCA. 2005a. Minnesota River Basin Summer Low Flow Dissolved Oxygen TMDL.
MPCA. 2005b. Minnesota River Basin: General Phosphorus Permit – Phase 1 NPDES permit number MNG
420000, issued by Minnesota Pollution Control Agency.
30
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phosphorus yield of approximately 14‐15 percent. The maximum phosphorus yield reported was the
Lower Minnesota River, which contains the monitoring station at Jordan. This group of subwatersheds
in the Lower Minnesota River experience significantly more runoff, approximately 4‐5 inches per year,
shorter distances to travel (providing less chance for assimilation) and substantially more mainstem
flow. Thus, WQT managers addressing the phosphorus loading at Jordan for high flow regimes could use
the model results as a location factor.
In the agricultural runoff settings, the delivery ratio equation in the selected phosphorus credit
estimation method (Equation 4: DR = (CA/640)‐0.125) x 0.42) could be used to establish a site credit for
phosphorus. The next step would be to multiply the site credit result with the location factor
determined by the HSPF model subwatershed results. If the subwatershed contains a lake or large
impoundment, or is upstream of one, the WQT program would require additional assessments of
potential hot spots or the assimilation capabilities of the impoundments prior to allowing a discount
factor to be used for downstream trading. The following is a hypothetical example for agriculture.
An eighty‐acre field in Cottonwood River watershed could have both the DR and location factor applied.
SDR = field delivery ratio and Location Factor
[EQ 14]
SDR = 54.5 percent * 31.0 percent = 16.9 percent total (assuming the BMP is located in the
subwatershed with the minimum SY reported)
In the Lower Minnesota River the highest location yield would provide:
SDR = field delivery ratio and Location Factor
SDR = 54.5 percent * 85.6 percent = 46.7 percent total [EQ 15]
The field delivery ratio factors of 54.5 percent in Equations 14 and 15 would adjust the nutrient
(phosphorus) enrichment. Nutrient enrichment is influenced both by the amount of site erosion
occurring and the DR. A site crediting equation nutrient enrichment multiplier would range from 1 to
1.79 times the parent material content for eroding sites ranging from 1 to 20 tons/acre/year,
respectively. In Minnesota where the majority of the row cropped land ranges between 1 and 5
tons/acre/year, this factor adjustment ranges from 0 to 20 percent.
By contrast, the Southern Minnesota Beet Sugar Cooperative Processing Plant permit updates (MPCA,
1999) would use a 15 percent total for sites that traveled less than 1,000 feet in the field. The nutrient
enrichment for a 15 percent DR produces a multiplier of 1.27 to 2.31 for sites ranging between 1 and 20
tons/acre/year, creating a range for each BMP location that shares overlap of the projected loading
from 1 to 20 tons sediment carrying attached phosphorus.
The MN P‐Index based adjusted SDR is equal to X‐0.2637 where X is the distance in feet to the location
where the yield is being calculated. A SDR prediction selected from the MN P‐Index documentation for
a BMP site located up in the headwaters of the Cottonwood River would yield 2.4 percent of the site’s
eroded material. A SDR prediction selected from the MN P‐Index documentation for a BMP site located
four miles upstream in the Lower Minnesota River would yield 7.2 percent of the site’s eroded material.
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The SDR values stated above would generate site credits that would be further adjusted by the nutrient
enrichment calculations (Equation 7). The nutrient enrichment multiplying factors range from 1.25 for
sites eroding at 1 ton/acre/year to approximately 2.25 times the parent material content for 20
tons/acre/year sites. This factor inside the phosphorus crediting method would work to close the gap
between methods.
Without having the benefit of a sophisticated watershed model, a visual comparison of options will help
a manager select a conservative estimator. This visually based selection combined with a relatively high
variability for each option (75 percent) can be run in Monte Carlo simulations to assist with the
uncertainty determination. Based on Kieser & Associates professional determination a visual
comparison of the DR from the Michigan document (MDEQ, 1999), Rahr Malting permit’s estimation
(MPCA, 1997) and the conservative modification to the MN P‐Index (Moncrief and Bloom, 2006)
examples are provided in Figure 3.3. This figure illustrates the percent range of SDRs that are used in
different methods. This information can document a credit calculation’s implicit conservative
assumptions (for the Rahr Malting Company and Minnesota P‐Index methods).
1
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0.5
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0.4

MN P‐Index
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Rahr‐SMBSC
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0
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Contributing Acres
Figure 3.3 Comparison of different delivery ratio methodologies for varying nonpoint
source credit generating site acreages.
In summary, the comparison these SDR options indicates watershed modeling results (introducing an
assumed 20 percent variability), P‐index and Rahr‐SMBSC based conservative SDR assumption (with an
assumed 75 percent variability) demonstrate the variability of existing uncertainties. The potential to
undervalue a credit is significantly higher without applying a watershed model.
Determination of Equivalence Factor Ranges of Uncertainty
To determine a phosphorus equivalency factor and evaluate the range of uncertainty introduced in
crediting these nonpoint sources, Kieser & Associates used Section 2 of the “Detailed Assessment of
Phosphorus Sources to Minnesota Watersheds” (Barr, 2004). The document provides a significant
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literature review and determines the recommended results summarized in Table 3.5. Data presented in
the Barr report provides particulate attached phosphorus (PP) and dissolved phosphorus (DP) fractions
and their expected variability for the sources listed. Table 3.5 indicates the significant range of
variability that exists in the literature reviewed. Domestic point sources contain a potential variability of
up to 10 percent while nonpoint sources contain an even higher range of up to 55 percent. For the
phosphorus credit calculation examples developed in this report, the Step 6 Monte Carlo simulation will
use a variability of 35 percent for nonpoint source from agricultural cropland, 55 percent from
streambank and 35 and 25 percent from turfed and impervious surfaces in urban settings.
Gully and Bank Erosion Documentation
The documentation for gully and bank erosion equations is collected in the field with significant
measurement requirements to determine the volume voided, tree ring counts, pin and chain
measurements (a method to document recession rates over time) and soil type identification (visual or
with samples collected). In addition, work in the office and lab are needed where the use of aerial
photographs, soil testing information, phosphorus content and dry weight samples are analyized. To
assess uncertainty with these methods, volume voided field measurements were given a 10 percent
range of variability for assumed analytical errors. Rates of erosion also have significant variability due to
field methodology and the stochastic nature of catestorphic flow events. Bank or gully erosion does not
always occur with every rain event, but when anticiedent moisture, vegetative cover and percipitation
intensity conditons are ideal, significant mass wasting can occur.
Across a longer timeline, reduced loading with credit BMP implementation can be adequately predicted,
however, for any one event the prediction capability is very limited. In a long‐term WQT program for
lakes with large residence times or significant river basins, the crediting process remains valid. Likewise,
for turbidty TMDLs where sediments from bank failure will be carried downstream when flow energy is
available, the length of the system and timeframe where trading occurs will be important to determing
if WQT is adequate to achieve water quality standards.
The example presented for the eight step proces will work around the relatively high variability for any
one site by considering use of a credit period that is sufficient in length to be contemporanous with the
erosion (yearly crediting, with implicit protection from multiple year lake residence periods or river
nutrient transport timelines). When combined with a number of similar sites across the region, the
Weak Law of Large Numbers and use of validation monitoring begin to reduce the uncertainty as well.
Using a review of soils data, the following selected range of values for gully and bank recession rates is
selected:
 +/‐ 10 percent for all measured distance demensions
 +/‐ 25 percent for bank recession
 +/‐ 25 percent for soil dry weight
 +/‐ 50 percent for the period of time the erosion occurred in
 +/‐ 15 percent for the soil correction factor for use in determining nutrient content.
The Location and Equivalence factors are the same as those discussed above. This provides sufficient
information to complete the next steps in the eight step process.

35

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits
under Minnesota’s Proposed Water Quality Trading Rules

Table 3.5 Calculated introduced variability documented in the Minnesota Phosphorus Study (Barr, 2004).

Source Type
POTW
Privately Owned WWTP
Industry / Commercial
Agricultural Runoff
Ag manure
(Improperly Managed)
Urban NPS Turfed
Urban NPS Impervious
Stream Bank
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Most Likely
BioP PP
Fraction
70.0%
80.0%
60.0%
40.0%
60.0%
40.0%
20.0%
30.0%

50.0%
70.0%
70.0%
30.0%

Most
Likely
BioP TP
85.5%
94.0%
88.0%
58.0%

Variability
BioP TP
(as calc.)
7.1%
7.5%
20.0%
35.0%

50.0%
30.0%
50.0%
20.0%

80.0%
58.0%
60.0%
44.0%

8.3%
35.0%
25.0%
53.3%

Variability PP

Fraction
PP

Most Likely
BioP DP

Fraction
DP

14.3%
25.0%
66.7%
50.0%

50.0%
30.0%
30.0%
70.0%

100.0%
100.0%
100.0%
100.0%

16.7%
50.0%
50.0%
66.7%

50.0%
70.0%
50.0%
80.0%

100.0%
100.0%
100.0%
100.0%
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Variability
Selected
10.0%
10.0%
20.0%
35.0%
10.0%
35.0%
25.0%
55.0%

Step 5: Summary of Selected Expected Value, Range of Uncertainty, Standard
Deviation and References Used
This step consists of compiling documentation provided from the previous steps. The purpose of
this step is to:




Provide transparency during WQT program design.
Provide justification for decisions made regarding the methods and uncertainty factor.
Prioritize future research or investigation needs based on gaps in available science.

The tables provided in this step summarize the expected range of variability and source of information for the
list input factors for the crediting methods being demonstrated.

PointPoint WQT Credits
Point‐point WQT is subdivided among four categories to inform decision makers. These include:
 Category 1, the evaluation criteria for a SDR projected location factor watershed (without a model to
inform the location factors) (Table 3.6)
 Category 2, a watershed with modeled location factors (Table 3.7)
 Category 3, in a SDR projected location factor watershed, where the Caterogry 1 variability applies,
except this category only considers newly introduced uncertainty and does not include analytical errors
from NPDES monitoring (Table 3.8)
 Category 4, in a modeled location factor watershed, only considering newly introduced uncertainty and
not including analytical errors from NPDES monitoring (Table 3.9)

Nonpoint Source WQT Credits
The nonpoint WQT equation sets are divided into three Monte Carlo simulation runs including:
 Crediting sheet and rill erosion without a watershed model to determine the location factor (Table 3.10)
 Crediting sheet and rill erosion with a watershed model derived location factor (Table 3.11)
 Crediting bank and gully erosion with a watershed model derived location factor (Table 3.12)
The above referenced tables document the input parameter and its units, as well as the selected value and
estimated variability used to set up the Monte Carlo similation runs in Step 6. These tables also provide
references for the literature, watershed data and/or professional judgment applied in the WQT program design.
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Table 3.6 Selected value, range of variability and reference used for municipal PointPoint trading
without a watershed model to determine watershed yield.

Input Parameter

Selected
Value

Units

Estimate of
Variability

Reference
Sample results; and error range for certified
methods and laboratories by Dr. Paul Woods, USGS
citation in the Idaho‐Oregon Snake River Hells
Canyon TMDL31
Sample results; and error range for certified
methods, Dr. Paul Woods, USGS citation in the
Idaho‐Oregon Snake River Hells Canyon TMDL
(Idaho DEQ, 2004)

Monthly Average
Concentration

3.5

mg/l

+/‐ 13 %

Monthly Average
Flow

1

MGD

+/‐ 13 %

Location Factor

4.8

ratio

+/‐ 75%

From SDR calculation BWSR and P‐Index Teams,
(BWSR, 2004), (Moncrief and Bloom, 2006)

Equivalence Factor

1.0

ratio

+/‐ 10 %

From Detailed Assessment of Phosphorus Sources
to MN Watersheds, (Barr, 2004)

Table 3.7 Selected value, range of variability and reference used for municipal PointPoint trading
with a watershed model to determine watershed yield.
Input Parameter

Monthly Average
Concentration

Selected
Value

3.5

Units

mg/l

Estimate of
Variability

Reference

+/‐ 13 %

Sample results; and error range for certified
methods and laboratories by Dr. Paul Woods,
USGS citation in the Idaho‐Oregon Snake River
Hells Canyon TMDL (Idaho DEQ, 2004)

Monthly Average
Flow

1

MGD

+/‐ 13 %

Sample results; and error range for certified
methods, Dr. Paul Woods, USGS citation in the
Idaho‐Oregon Snake River Hells Canyon TMDL
(Idaho DEQ, 2004)

Location Factor

0.6

Ratio

+/‐ 20 %

From channel process model (MPCA, 2005a)

Equivalence Factor

1.0

Ratio

+/‐ 10 %

From Detailed Assessment of Phosphorus Sources
to MN Watersheds (Barr, 2004)

31

Idaho DEQ. 2004. Snake River Hells Canyon TMDL discusses sample error on page 295.
http://www.deq.state.id.us/WATER/data_reports/surface_water/tmdls/snake_river_hells_canyon/snake_river_he
lls_canyon.cfm#SBA
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Table 3.8 Selected value, range of variability and reference used for municipal PointPoint trading
increased uncertainty only; without a watershed model to determine watershed yield.
Input Parameter

Selected
Value

Units

Estimate of
Variability

Reference

Monthly Average
Concentration

3.5

mg/l

0

No Additional Risk Assumed as WQT is Using
Current NPDES Requirements

Monthly Average
Flow

1

MGD

0

No Additional Risk Assumed as WQT is Using
Current NPDES Requirements

Location Factor

4.8

Ratio

+/‐ 75%

From SDR calculation BWSR and P‐Index Teams
(BWSR, 2004), (Moncrief and Bloom, 2006)

Equivalence Factor

1.0

Ratio

+/‐ 10 %

From Detailed Assessment of Phosphorus Sources
to MN Watersheds, (Barr, 2004)

Table 3.9 Selected value, range of variability and reference used for municipal PointPoint
trading increased uncertainty only; using a watershed model to determine watershed yield.

Input Parameter

Selected
Value

Units

Estimate of
Variability

Reference

Monthly Average
Concentration

3.5

mg/l

0

No Additional Risk Assumed as WQT is Using
Current NPDES Requirements

Monthly Average
Flow

1

MGD

0

No Additional Risk Assumed as WQT is Using
Current NPDES Requirements

Location Factor

0.6

Ratio

+/‐ 20 %

From channel process model (MPCA, 2005a)

Equivalence Factor

1.0

Ratio

+/‐ 10 %

From Detailed Assessment of Phosphorus Sources
to MN Watersheds (Barr, 2004)
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Table 3.10 Selected value, range of variability and reference used for sheet and rill erosion without
a watershed model location factor.

Input Parameter

Selected
Value

Units

Estimate of
Variability

Reference

RUSLE

3.4

Tons/Acre/Yr

+/‐ 35 %

(Yoder, no date)

Soil Phosphorus Content

0.000625

Pounds TP /
Pounds in a ton
of soil

+/‐ 22 %

(F Fang, 2005)

DR

0.16447

percent

+/‐ 85 %

eLINK & P‐Index (BWSR, 2004)
(Moncreif and Bloom, 2006)

AP

7.4

Unitless

+/‐ 15 %

Frere et. al (CREAMS,1980)

BP

‐0.2

Unitless

+/‐ 6 %

Frere et. al (CREAMS,1980)

+/‐ 35 %

From Detailed Assessment of
Phosphorus Sources to MN
Watersheds (Barr, 2004)

Equivalence Factor

0.678

ratio

Table 3.11 Selected value, range of variability and reference used for sheet and rill erosion using a
watershed model location factor.

Input Parameter

Selected Value

Units

Estimate of
Variability

Reference

RUSLE

3.4

Tons/Acre/Yr

+/‐ 35 %

(Yoder, no date)

Soil Phosphorus Content

0.000625

Pounds TP /
Pounds in a
ton of soil

+/‐ 22 %

(F Fang, 2005)

Location Factor

60

percent

+/‐ 20 %

HSPF Calibration Criteria
(MPCA, 2005a)

AP

7.4

Unitless

+/‐ 15 %

Frere et. al (CREAMS, 1980)

BP

‐0.2

Unitless

+/‐ 6 %

Frere et. al (CREAMS,1980)

Equivalence Factor

0.678

ratio

+/‐ 35 %

From Detailed Assessment of
Phosphorus Sources to MN
Watersheds(Barr,2004)

40

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits
under Minnesota’s Proposed Water Quality Trading Rules

Table 3.12 Selected value, range of variability and reference used for bank erosion (and gully)
using a watershed model to determine location factor.
Input
Parameter

Selected
Value

Units

Estimate of
Variability

Bank Height

30

Feet

+/‐ 10 %

Bank Length

750

Feet

+/‐ 10 %

Reference
Physical Measurement

Physical Measurement
Bank Recession

10

Feet

+/‐ 10 %
Physical Measurement
Physical Measurement; simulation not run
estimate of variability provided for informational
purposes

Gully top
Widths

N/A

Feet

+/‐ 10 %

Gully Bottom
Widths

N/A

Feet

+/‐ 10 %

Gully Length

N/A

Feet

+/‐ 10 %

Soil Weight

0.045

tons/foot3

+/‐ 25 %

Assumed to be field identified and using standard
dry weight table (MDEQ, 1999)

Number of
Years

3

Years

+/‐ 25 %

Can vary based on varying documentation
techniques (tree rings, photos, pins and chains)

0.00025

Pounds TP /
Pounds in a
ton of soil

+/‐ 50 %

Soil
Phosphorus
Content

Correction
Factor

1

Ratio

+/‐ 15 %

Location Factor

0.6

Ratio

+/‐ 20 %

Physical Measurement; simulation not run
estimate of variability provided for informational
purposes
Physical Measurement; simulation not run
estimate of variability provided for informational
purposes

Based on composite grid sampling of bank for each
change in soil classification
CREAMS model range of TP attachment (Sand
0.85, Silt 1.0 and Clay 1.15) this factor assumes up
to error to be limited between adjacent
classification (CREAMS, 1980)

From channel process model (MPCA, 2005a)
Equivalence
Factor
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Ratio

+/‐ 55 %
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Step 6: Conduct a Monte Carlo Analysis
This step consists of using the documentation provided from Steps 4 and 5 to complete a Monte
Carlo analysis. A Monte Carlo analysis is a statistical process that can randomly vary the input
coefficients within the established range in a crediting equation over numerous simulations. The
simulation provides a mean value and standard deviation of the population of the runs. This step
should be conducted in an iterative fashion with all other steps in this eight step process. Step 6
allows WQT program designers to compare interim results from different methods and new
information. Each iterative analysis allows designers to target improvements in the program until
they are satisfied that the credit estimation method is justifiable. The purpose of step is to:




Provide a cumulative analysis of the resulting credit uncertainty based upon the entire
list of input parameter variability.
Provide statistical documentation and support for selection of methods to regulators
and concerned parties to best address uncertainty.
Allow comparison assessments used when targeting improvements in the WQT program
design.

The MS Office Excel Add‐In Lumenaut Monte Carlo Simulation package was used to run several Monte
Carlo simulations for each set of credit estimation methods. (The use of this name brand is not an
endorsement of the software manufacturer.) The expected values recorded in Tables 3.13 through 3.19
are input into the Monte Carlo program generating seven types of simulations. To create a simulation
the entire list of input parameters was entered into a Microsoft Excel Spreadsheet. For each input
parameter the expected value and range of variability was also provided. The credit formula was also
entered referencing the cells entered for each input parameter. In each of the simulations, the
variability is assumed to be normally distributed (and a 10 percent standard deviation). For each type of
simulation an expected value (typical condition) is entered. Supporting model output in included in
Appendix B.

Monte Carlo Uncertainty Determination for Point Source Equations
For each type of simulation the number of simulations run by the Monte Carlo program can range from
10 to 10,000. For each WQT program, it is suggested that the minimum number of expected
transactions be run (the model limits this to be no less than 10) and increments up to the maximum
number expected. For example 10, 50 and 100 for a watershed wide point‐point WQT permit.
It is recommended to provide 10,000 simulations for each equation set to fully test the total range of
variability found in the equation set. For informational purposes, thirty additional simulation runs were
run using the nonpoint sheet and rill credit estimation methodology. This demonstrates the random
nature of the assessment process, how this may skew the results in very small simulation numbers and
demonstrates the reduction in uncertainty due to the Law of Large Numbers. Results of these
simulations for each population are provided in Table 3.17.
Table 3.13 demonstrates that there is a significant gain in reduced uncertainty when using a watershed
model to determine location factors over simplistic empirical model equations. In addition, there is a
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tenfold difference (increase) in this simulation credit value when a WQT manager no longer has to use
very conservative values for the location factor. Without watershed modeling or monitoring data, the
use of conservative factors remains as the primary crediting equation approach. This is the single
highest introduction of uncertainty in point‐point WQT credit estimation equations.
Table 3.14 allows a manager to compare how much of the uncertainty is related to the location and
equivalence factors, and what uncertainty is due to the analytical errors experienced in sampling. This
type of evaluation can be used in supporting information to justify eliminating consideration of the
uncertainty due to analytical errors in the trade ratio. This uncertainty is introduced as a function of
WQT, but exists in all NPDES WWTP permits. In addition, other measures are being taken to minimize
the occurrence of these errors.
The recommended uncertainty factor to include in the trade ratio would be rounding up the coefficient
to the next highest 5 percent. The 31.30 percent rounds up to 35 percent for WQT programs including
monitoring and analytical error concerns without a model to determine location factors. The
uncertainty factor drops to 20 percent when the same watershed has a model to determine location
factors. When not considering analytical errors, the uncertainty drops to 15 percent for both types of
watersheds (with and without modeling assistance for location factors).
Using the results of Table 3.14, and then applying the uncertainty factors to the equations, produces a
reduction in credit value (expected value) as compared to the mean value with the uncertainty factor.
Table 3.15 compares the increase in the margin between the credit values and mean value estimated in
the field using a simulation run with only 10 simulated transactions. The use of the uncertainty factor
raised the mean value of all the field estimated values above the credit value (by a minimum of 12
percent) even though the minimum valued sites still are below the projected credit.

Monte Carlo Uncertainty Determination for Nonpoint Source Sheet and Rill
Equations
The uncertainty determination for the nonpoint source sheet and rill equations using the input
variability data from Tables 3.10 and 3.11 is summarized below in Table 3.16. The Monte Carlo
simulation run for 10,000 applications determined a coefficient of variation of 25 percent for both types.
The four combinations of simulation type and number of runs in the table all have a mean value above
the expected credit value which may not always occur for a small number of simulation runs.
A demonstration using one type of equation and variability set providing 10 runs each for 10, 100, and
1,000 scenarios in Table 3.17 was conducted to illustrate application of the Weak Law of Large Numbers.
This required 30 simulations in total. Credit estimation equations and models use averages to generate
predicted results. An average, by definition, has a subset of its population that is over the average and
a subset of the population that is under the average. Table 3.17 demonstrates how a low number of
BMP sites may require increases in the uncertainty factor or require other methods to reduce
uncertainty such as field measurements. In a low projected population of transactions (e.g., 2 or 3) a
WQT manager may add even higher uncertainty values than the coefficient of variation to compensate
for a possible minimum value occurrence. An example of this might be the use of two times the
standard deviation determined by the 10,000 simulation run; or, comparing the difference of the lowest
possible value resulting in the 10,000 simulation run and the expected mean value and then using a
fraction (such as half of the difference) as an uncertainty factor.
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Table 3.13 PointPoint WQT uncertainty determination results using input factors selected from Tables 3.6 to 3.9.
Monte Carlo Simulation of Point‐Point WQT Options

Number of
Simulations

Monte Carlo Run
Using SY Derived
Location Factor
(EQ 1 and 14)

Monte Carlo Run
Using HSPF Derived
Location Factor (EQ 1,
with MPCA, 2005a)

SY Location Factor‐
Only considering
newly introduced
uncertainty
(EQ 1 and 14)

HSPF Location
Factor ‐ Only
considering newly
introduced
uncertainty
(EQ 1 and MPCA,
2005a)

TP (Pounds/Day)

TP (Pounds/Day)

TP (Pounds/Day)

TP (Pounds/Day)

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

10
10
10
10

1.40
1.48
2.09
0.65

17.51
17.92
23.31
13.82

1.40
1.37
1.62
1.17

17.51
18.52
20.57
15.80

Coefficient of Variation

10

33.30%

18.30%

9.90%

8.50%

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

100
100
100
100

1.40
1.37
2.31
0.57

17.51
17.48
23.81
11.54

1.40
1.41
1.85
1.03

17.51
17.31
21.88
13.81

Coefficient of Variation

100

29.00%

15.30%

10.90%

9.10%
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Table 3.14 PointPoint category results from a 10,000 simulation Monte Carlo analysis.

Expected Value
Mean Value with Uncertainty
Factor
Maximum Simulation Value
Minimum Simulation Value
Coefficient of Variance

Monte Carlo
Run Using
SDR Derived
Location
Factor
Considering
Analytical
Errors (EQ 1
and 14)
1.40

Monte
Carlo Run
Using HSPF
Location
Factor
Considering
Analytical
Errors (EQ 1
and MPCA,
2005a)
17.51

SDR Location
Factor‐ Without
Considering
Analytical Errors
(EQ 1 and 14)
1.40

HSPF Location
Factor –Without
Considering
Analytical
Errors
(EQ 1 and 14)
17.51

1.41
2.72
0.53

17.55
27.23
10.57

1.40
2.06
0.82

17.52
22.91
12.75

31.30%

15.70%

11.40%

10.30%

Table 3.15 PointPoint category uncertainty adjusted credit results from a 10 simulation
Monte Carlo analysis.
HSPF Location
Monte Carlo
Factor –
Monte Carlo
Run Using
SY Location
Without
Run Using SY HSPF Derived Factor‐ Without
Considering
Derived
Location
Considering
Analytical
Location
Factor
Analytical
Errors
Factor
(EQ 1 and
Errors
(EQ 1 and
(EQ 1 and 14) MPCA, 2005a)
(EQ 1 and 14)
MPCA, 2005a)
Expected Value (credits)
1.40
17.51
1.40
17.51
Mean Value with Uncertainty
Factor (field estimate)
2.00
21.51
1.58
21.30
Maximum Simulation Value
2.82
27.97
1.86
23.66
Minimum Simulation Value
0.88
16.58
1.35
18.17
Uncertainty Factor
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15.00%

Table 3.16 Monte Carlo simulation determination of uncertainty for PointNonpoint WQT
options (sheet and rill erosion).

Number of
Simulations

Monte Carlo Run
Using SY Derived
Location Factor (EQs
3, 4, 5, 6, 7 and 14)

Monte Carlo Run
Using HSPF Derived
Location Factor (EQs
3, 4, 5, 6, 7, and
MPCA, 2005a)
TP
(Pounds/Day)
1.48
1.50
1.88
1.02

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

10
10
10
10

TP
(Pounds/Day)
0.94
0.94
1.39
0.62

Coefficient of Variation

10

24.2%

18.4%

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

100
100
100
100

0.94
0.96
1.89
0.52

1.48
1.54
2.93
0.79

Coefficient of Variation

100

23.8%

24.6%

Table 3.17 additionally demonstrates that while the credit expected value was 0.84 pounds of TP per
acre per year, the lowest site value was 0.22 pounds of TP per acre per year. This occurred in one of the
1,000 simulation runs. Even with this lowest value occurring in the 1,000 simulation run every one of
the 20 runs of 100 and 1,000 simulations exceeded the expected average value. This is contrary to the
10 simulation runs of ten BMP sites each. In these small populations sets five out of ten had lower mean
credit values than the 0.84 expected value. The lowest mean value in the ten Monte Carlo simulations
of 10 BMP sites projected a mean credit value of 0.73 pounds TP per acre per year. This is
approximately 13 percent lower than the expected credit value without the uncertainty factor. Using
the recommended 25 percent uncertainty factor would compensate for the errors in the trading credit
estimation equation and produce a program that results in environmental protection by issuing a credit
value well below the expected field value for all 30 simulations tested.
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Table 3.17 Demonstration of the Weak Law of Large Numbers (expected value = 0.84 Pounds
TP/acre/year).
Run
# of
lbs TP
# of
lbs TP
# of
lbs TP
Count
Sims
/acre/yr
Sims
/acre/yr
Sims
/acre/yr
10

1

10

2

10

3

10

4

10

5

10

6

10

7

10

8

10

9

10

10

Max

1.33

Ave
Min

0.89
0.61

Max

1.06

Ave

Max

1.50

Ave
Min

0.87
0.47

Max

1.51

0.81

Ave

Min

0.59

Max

1.11

Ave

0.80

Min

0.54

Max

1.16

Ave

100

100

100

1000

Max

1.62

Ave
Min

0.86
0.28

Max

1.82

0.82

Ave

0.87

Min

0.37

Min

0.22

Max

1.68

Max

1.72

Ave

0.87

Ave

0.86

Min

0.45

Min

0.39

Max

1.84

1000

1000

1000

Max

1.37

0.87

Ave

0.86

Ave

0.87

Min

0.73

Min

0.29

Min

0.34

Max

1.19

Max

1.78

Max

1.78

Ave

0.86

Ave

0.84

Ave

0.87

Min

0.60

Min

0.43

Min

0.41

Max

1.12

Max

1.34

Max

1.96

Ave

0.77

Ave

0.87

Ave

0.86

Min

0.31

Min

0.55

Min

0.34

Max

1.18

Max

1.34

Max

1.84

Ave

0.85

Ave

0.85

Ave

0.87

Min

0.44

Min

0.47

Min

0.38

Max

1.70

Max

1.24

Ave

100

100

100

100

1000

1000

1000

1000

Max

1.69

0.84

Ave

0.86

Ave

0.87

Min

0.55

Min

0.46

Min

0.31

Max

0.93

Max

1.44

Max

1.65

Ave

0.73

Ave

0.83

Ave

0.86

Min

0.49

Min

0.46

Min

0.28

Max

1.12

Max

1.38

Max

1.70

Ave

0.77

Ave

0.85

Ave

0.87

Min

0.41

Min

0.43

Min

0.29

lbs TP
/acre/yr

10
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100

100

100

lbs TP
/acre/yr

100

1000

1000

lbs TP
/acre/yr

1000

Max

1.33

Max

1.78

Max

1.96

Ave

0.82

Ave

0.85

Ave

0.86

Min

0.31

Min

0.29

Min

0.22
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Monte Carlo Uncertainty Determination for Nonpoint Source Bank
Erosion Equation
The Monte Carlo simulation process was repeated for the bank erosion estimates (Equations 10 and 11).
(The Monte Carlo determination of uncertainty for gully erosion reduction was not run in this example
because of the similarity between bank and gully equations.) Table 3.18 presents the results from three
Monte Carlo analysis runs of 10, 100 and 10,000 simulations. The simulation assumed a WQT program
in a watershed with a sophisticated model to determine location factors. However, due to higher levels
of uncertainty associated with catastrophic collapse and related equivalence factors, the coefficient of
variability indicates the need for at least a 45 percent uncertainty factor. The estimated site loading
simulated in all three runs greatly exceeds the awarded credit value when the uncertainty factor is
applied.
Table 3.18 Monte Carlo simulation of nonpoint source bank erosion credit variability.

Number of Simulations

Monte Carlo Run Using
HSPF Derived Location
Factor

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

10
10
10
10

TP (Pounds/Year)
0.22
0.21
0.44
0.078

Coefficient of Variation

10

54.8%

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

100
100
100
100

0.22
0.21
0.46
0.05

Coefficient of Variation

100

46.2%

Credit Estimate
Mean Value
Maximum Simulation Value
Minimum Simulation Value

10,000
10,000
10,000
10,000

0.22
0.22
0.72
0.03

Coefficient of Variation

10,000

43.0%
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Step 7: Determining the Coefficient of Variation
This step consists of identifying the selected credit estimation’s expected population mean and
standard deviation from the Monte Carlo simulations to use in determining the method’s
uncertainty factor. The coefficient of variation is the minimum value of which the safety factor
should be set. The uncertainty factor can be set by considering implicit conservative assumptions
and the remaining variability to be addressed by the explicit uncertainty factor. The purpose of this
step is to:


Establish the crediting method’s coefficient of variation and thus, the uncertainty factor.

The previous Step 6 yielded the coefficient of variation for various crediting equations and options. (The
coefficient of variation is the standard deviation divided by the population mean multiplied by 100 to be
a term used as a percent). Step 7 evaluates the WQT program as a whole to assess the uncertainty
factors that will be applied. To better inform WQT program design, it is recommended to run a Monte
Carlo simulation for the selected equation for 10,000 simulations. As mentioned in Step 6, such a
simulation offers the WQT program designers information regarding possible individual site maximums
and minimums, as well as an insight into the combined standard deviation of the credit equation.
The use of 10 or 100 simulations, based on expected program trading volume, can demonstrated to all
managers how beneficial the Weak Law of Large Numbers may be for their WQT program design. It may
inform WQT program designers how to improve uncertainty issues by targeting BMP implementation
options selecting goals that include higher numbers of sites to obtain more diverse conditions. In
addition, WQT programs with extremely low expected transaction volumes introduce the possibility of a
minimum value BMP site causing the whole program to not achieve water quality goals. In this instance,
WQT program designers should consider increasing the uncertainty factor or use an iterative process to
introduce steps in obtaining better input parameter measurements thereby minimizing uncertainty.
In programs or permits generating a significant number of trades (greater than 30) using the coefficient
of variation as an explicit factor in the trade ratio to address uncertainty can provide a manager with
assurance that the program will adequately address the need for equal or greater reductions to be
made. Different statistically based values could be used as the uncertainty factor and might be
suggested for permits expecting the WQT program to occur with a low number of transactions. As
noted previously, any increase in the uncertainty factor increases the cost of WQT compliance. Thus, an
alternative option can be to use actual measured input parameters when possible to reduce variability.
This stepwise process is based on available science and the understanding that will still be data
limitations. A manager might therefore consider rounding up the coefficient of variation to the next
fifth or tenth percentile and use a credit value that is rounded down to the next whole number.
The Monte Carlo analysis provides a list of statistical tools that better inform WQT program designers.
The list includes a table of individual run results, a histogram of the simulations, mean, max and
standard deviation of the individual runs for each simulation. These tools allow a thorough assessment
resulting in a coefficient of variation that can be used with high confidence. Through the tracking of the
simulations provided in the output, WQT program designers can use the statistical analysis in this eight
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step process to provide a defensible approach to determining appropriate uncertainty factors and trade
ratios.
The use of adaptive management, effectiveness monitoring and periodic reevaluation and adjustments
will also over time improve WQT and watershed understanding. Using these guiding principles, the
WQT program core elements that result in crediting equal to or greater than required buyer reductions
can be successfully documented.

Step 8: Finalize the Credit Estimation Methodology and Documentation
This step consists of documenting the credit method, applied science and analysis findings for
justifying the credit estimation process and setting the uncertainty factor. This purpose of this step
is to:





Identify the select credit estimation methods.
Record the salient citations and resources.
Identify the implicit conservative assumptions.
Justify the selected method’s recommended uncertainty factor.

Completing steps one through seven will provide a scientifically defensible WQT program development
process. Step 8 stresses how documentation of the eight steps process justifies that the selected
uncertainty factor is appropriate. Communication of the process to watershed managers, regulators
and other concerned parties is optimized with proper documentation. In general, the WQT program
design documentation should include:
 A detailed description of the credit estimation methodology
 Literature citations documenting the methodology and range of variability expected
 Summary of the range of expected input values and variability
 Summary of the sensitivity analysis results
 Summary of Monte Carlo simulations (discussion of options evaluated and a detailed
explanation of the final calculation method)
 Quantification of implicit conservative assumptions used
 Qualitative discussion of implicit conservative assumptions used that are not quantifiable
 Policy and protocol recommendations to select an appropriate explicit trade ratio uncertainty
factor
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Section 4 Adapting the Evaluation Process to Other Methodologies
The eight step process previously readily adapts to other WQT credit estimation methods or pollutants.
The evaluation of other methods is necessary to address advances in science, new models or policy
decisions for different methods. In addition, WQT for other pollutants such as total nitrogen or sediment
will be developed. EPA recognizes WQT as a tool for addressing both nutrients as well as sediment.
The 2003 EPA WQT policy states that other pollutant parameters can be considered. Trading of other
parameters will require the program to be completed in a manner that provides significant support
justification for complying with the CWA with the expectation of a thorough EPA review. The eight step
process will allow WQT managers to proficiently evaluate their concepts regarding the suitability of
using WQT for other methods and pollutants.
A decision logic diagram is provided to assist WQT managers with the task of integrating these eight
steps with other watershed management discussions. The diagram and description is provided in
Figure 4.1 and Table 4.1, respectively. The decision logic used to support the development of a
crediting methodology includes provisions discussed in the EPA 2003 WQT Policy. The EPA policy, local
watershed understanding and evaluation of regional acceptance should all be weighed as the WQT
managers work their way through the table and figure as a guide to determine the correct uncertainty
factor to use with the selected crediting methodology.
The current methodologies presented in this report can be altered for sediment estimates by simply
removing the nutrient enrichment algorithm and soil content portion of the methodology. Likewise,
with a simple adjustment in the phosphorus association rates, a total nitrogen credit value associated
with sediment attached reductions can be assessed (the total nitrogen will be in either organic or soil
bound compounds).
In summary, Kieser & Associates believes that the efforts reported herein provide supporting rationale
for a scientifically defensible process for the exchange of pollutant credits under Minnesota’s proposed
water quality trading rules. Relevant findings are as follows:
1. Using nationally accepted models or estimation processes ensures peer‐reviewed science is
integrated into even the most basic of crediting options.
2. Evaluating credit estimation method sensitivity with each input creates an environment for
debate about the cost‐effectiveness of requiring field measurements of an input parameter
versus default values.
3. Tracking of implicit and explicit factors that introduce conservative estimates minimizes the
potential for redundancy of safety factors.
4. Monte Carlo analysis allows WQT managers to forecast the minimum and maximum possible
reductions that might be expected in the field thus allowing comparison of over and under
estimates with the mean credit value with a level of statistical confidence.
5. The eight step process supports the concept that mean credit values are tradable versus setting
a program credit value at the lowest (overly conservative) reduction possible.
6. In Minnesota, the “Detailed Assessment of Phosphorus Sources to Minnesota Watersheds”
report provides sufficient documentation that can be used to appropriately justify equivalence
factors for phosphorus bioavailability.
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7. The eight step evaluation process demonstrates the value of having a high number of
transactions versus programs that rely on only a few transactions requiring higher levels of site
scrutiny.
8. The eight step approach provides a documentable and defensible process to set uncertainty
factors that are protective of the environment while maximizing the value of the credit
estimation based on the specific program’s level of watershed understanding.
9. The process rewards programs with a higher understanding of watershed dynamics.
10. The process is transferable to other pollutant parameters and WQT program methods.
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Table 4.1 Detailed Description of Eight Step Process to Determine Uncertainty Factors

Step

Summary Description

Chart ID

1

Selection of credit estimation methodology, considering the following:
 Trading area defined (watershed or TMDL boundaries)
 Persistent parameters within WQT area clearly identified for the WQT
program [typically TN, TP, TSS or SS; less persistent parameters
require additional justification as is the case for NH3 or BOD which
need supporting justification for associated decay rates]
 Consistency with widely accepted calculation Methods (e.g., USDA‐
NRCS RUSLE)
 Clearly defined units of trade
 Availability of watershed expertise in the applicable option being
considered (or ease of use for newly acquainted users of the method)
 Repeatability of results among many different technicians
 Duration of credits
 Identifying the applicability to type of runoff prediction method used
in estimation (e.g., sheet and rill erosion, dissolved nutrients, gully
and/or bank erosion sources)

A, B, C

2

Preliminarily identify a baseline condition and range of results for the
methodology by using experience, readily available literature and the local or
regional monitoring assessments to determine the higher probable sources of
the limitations. Consider:

D




3

Uncertainty introduced by calculation methodology itself
Stochastic uncertainty (noise or unpredictable uncertainty around
any one sample, though the average condition can be estimated)
Analytical uncertainty

Complete a Sensitivity Analysis on the credit methodology
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Enter a default of expected value into the credit estimation
methodology
Alter each parameter one at a time to be 50% higher and then 50%
lower than the default value. By recording the results for each input
parameter, program developers can establish a common
understanding of what introduces uncertainty [Note: if the credit
estimation method is completely linear this step can be eliminated as
all parameters affect credit results equally]
Compare the results of the sensitivity analysis, identifying those input
parameters that affect the outcome the most
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E

Table 4.1 Detailed Description of Eight Step Process to Determine Uncertainty Factors (continued)

Step
4

Summary Description
Complete a literature and/or data review on the input parameters and
methodology. Identify for each input parameters the expected value, range
and variation. Use the following information sources:





5

6

[A Monte Carlo Analysis provides the WQT managers with a set of simulation
runs derived from the methodology that is constructed by randomly altering
the input variables within a set range determined by the user. The expected
value and allowable range of variability is set around the expected value for
each input parameter. The Monte Carlo Analysis evaluates expected program
results by using the simulation population as a whole. The uncertainty factor
addresses an expected program outcome while acknowledging that results
from a single simulation less than the expected value will be compensated by
results of another site over the expected value.]
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G

Document for each input parameter, the expected value and range
(including the variation and standard deviation as available)

Develop a Monte Carlo Analysis for the WQT program based on Step 5






F

Sampling results
Peer‐reviewed literature
Model calibration documentation
Model or method development documentation

Select a typical condition (does not have to be the default used in Step 3)


Chart ID

Recording overall variability experienced with a large population
Recording overall variability experienced on a small population
Document the distribution of each simulation
Document the maximum and minimum values, mean and standard
deviation from the Monte Carlo Analysis
Evaluate results for acceptability of methodology or acknowledgment
of needed adjustments. [Depending on the analysis results, WQT
managers can decide to re‐enter step 4 seeking tighter constraints,
create a different methodology for crediting or accept the analysis
results and proceed to Step 7.]
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Table 4.1 Detailed Description of Eight Step Process to Determine Uncertainty Factors (continued)
Step
7

Summary Description
Calculate the coefficient of variation from the most probable WQT setting
based on Monte Carlo Analysis results




8
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J

Use the coefficient of variation (standard deviation / mean value) to
establish uncertainty factor
Recommend uncertainty factor based on rounding off the coefficient
of variation (select the nearest 5, 10 or 100 percentile to round off
based on policy decisions.)
Policy decisions are justified by considering:
o Conservative assumptions already included in credit
calculations
o Volume of expected transactions (smaller trade volume
increases program uncertainty, larger volume minimizes
uncertainty)
o The sensitivity of the input parameters that are measured
versus those that are estimated
o Length of residence time or critical period WQT program is
addressing (monthly or seasonal applications increase
uncertainty, annual or longer periods reduce uncertainty)

Document findings



Chart ID

Compile a detailed description of the methodology
Include policy and protocol required justification of explicit
uncertainty factor
Literature citations
Range of expected input values
Summary of sensitivity analysis
Policy and protocol‐required analytical and implicit factors used to
address uncertainty
Summary of the final Monte Carlo Analysis
Explicit uncertainty factor pre‐requisites for other policy and
protocols required in the credit calculation method
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Figure 4.1 Logic Flow Chart for Determining Uncertainty Factors.
Physical, Chemical and
Social Constraints
Considered in Watershed
Setting
(B)

WQT Management
Team
(A)
Select Credit
Estimation
Methods to be
Evaluated (C)

Identification of Potentially Introduced
Uncertainty from Method, Stochastic and
Analytical Sources [Preliminary and ongoing]
(D)

Parameters with
Low Sensitivity

Sensitivity
Analysis (E)

Less extensive
Review

Parameters with
High Sensitivity
Most Extensive
Review

Thorough
Review
Completion of Peer Reviewed Literature
Review,
Model Documentation
and Water Quality Analysis (F)

Selection of Typical
Conditions Using
Expected Value, Range
and Variation (G)

Accept and Assign an Uncertainty
Factor Based on the Coefficient of
Variation (J)

Document Project Findings and
Submit to MPCA for Approval (K)
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Select New
Methodology

Adjust
Methodology

Perform Monte Carlo Analysis Using Known and
Assessed Ranges of Input Parameter
Uncertainty (H)

Accept

Assess Monte Carlo
Results (I)

Revisit Methods and Options
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Glossary of Water Quality Trading Terminology
Analytical Uncertainty – The difference between the estimated or measured value of a quantity and its
true value. This difference (positive or negative) may be expressed either in the units in which the
quantity is measured, or as a percentage of the true value.
Average Value – A statistical term referring to the sum of the population divided by number in the
population.
Baseline – The treatment level an entity is obligated to provide prior to buying or generating credits.
Coefficient of Variation – A statistical term that represents the percentage of likely expected variation
as determined by the standard deviation divided by the mean of a sample population.
Credit – A unit of pollutant mass over a given period of time (tons/year, pounds/growing season)
Equivalence – Differences in pollutant form impacts on water quality when trading between sources
that discharge different forms.
Equivalence Factors – The trade ratio multiplier that adjusts for the varying pollutant impact from
different forms of the parameter. (Examples: differences in percent of bioavailable phosphorus
between sediment attached and dissolved forms found in sources or differences dissolved oxygen
stressors such as Carbonaceous Biochemical Oxygen Demand and Nitrogenous Oxygen Demand).
Expected Value – the anticipated value as determined by statistical methods, literature documentation
or professional judgment.
Explicit Factors – The multipliers found in the trade ratio to address introduced uncertainty of the WQT
program.
Implicit Factors – The conservative assumptions used in a credit estimation equation.
Location Factor – A coefficient applied to the site’s WQT credit that adjusts that loading from the site
according to watershed yield in a given reach. The factor is based on the position of the pollutant
release and the resulting impact on the downstream receiving water and uncertainties in the
calculation.
Mean Value – A statistical term referring to the sum of the population divided by the number in the
population; average value.
Monte Carlo Analysis – A statistically based assessment method used here to determine the expected
range of possible credit values given a range of variability for each input used in the WQT credit
estimation equation and the number of BMP sites participating in the WQT program.
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Net benefit Factor – A multiplier retiring a percentage of a buyer’s purchased credit for the water
resources gain over and above the reduction requirements of WQT.
Offset Requirement – The credit value WQT replaces at a given site to mitigate for the buyers
discharged loading above the reduction goal.
Sensitivity Analysis – The assessment of credit estimation value response to a change for each input
factor used in the credit estimation equation and trade ratio.
Standard Deviation – A statistical term which is the square root of the variance.
Stochastic Uncertainty ‐‐ Stochastic uncertainties are introduced by seemingly random behavior that
limits prediction capability for one individual event. Descriptions and predictions of larger population of
events are possible using statistical annual average, variance, standard deviation and coefficient of
variation in a larger population of events.
Trade Ratio – A multiplier applied to either a buyer’s or seller’s site credit value to adjust for
equivalence factors, location factors, net benefit factors, uncertainty factors and policy factors of the
WQT program.
Uncertainty Factors – The multiplier found in the Trade Ratio by MPCA used to manage the risk
introduced by not having exact watershed knowledge when quantifying WQT credit values.
Variance – A statistical term implying the sum of the difference between each individual values minus
the mean of the entire sampled population divided by the number in the population minus one.
Water Quality Trading (WQT) – A flexible watershed based program that allows for a limited increase in
pollutant discharge or a required reduction from an existing discharge to be offset by greater reductions
made elsewhere in the same watershed assuming a trade provides economic, equivalent, additional and
accountable reductions in pollutant loading.

58

Kieser & Associates, LLC
Water Quality Trading Determination of Credit Estimation Uncertainty Factor
Prepared for the Minnesota Pollution Control Agency

Appendix A
Overview of National and International PointNonpoint Source Trading
Program Equations and Available Estimation Models

Appendix A
Overview of National and International PointNonpoint Source Trading
Program Equations and Available Estimation Models
This appendix highlights several trading programs that are currently active in the United States and
Canada. Credit estimation protocols, particular BMPs and programmatic detail for WQT programs in
Michigan, Ohio, Minnesota, Pennsylvania, and Ontario are reviewed in this section to give context for
credit development to other programs. Relevant information discussed here is used for the main
narrative of this report.

Michigan DEQ Pollutants Controlled Documentation Manual
The Pollutants Controlled Manual was originally documented by the Michigan Department of Natural
Resources and NRCS in 1992. It was updated in 1999 and is now available through the Michigan
Department of Environmental Quality (MDEQ, 1999). Three main equations are used in the manual to
calculate soil erosion and nutrient loads (sediment‐attached only) from applicable BMPs: 1) Gully
Erosion Equation, 2) Channel Erosion Equation and, 3) Revised Universal Soil Loss Equation.
The Gully Erosion Equation (GEE)1, used in the Michigan Pollutants Controlled Manual uses physical and
soil parameters to calculate annual sediment and nutrient loads. This equation assumes a 100% delivery
rate of a pollutant to the water body. BMPs are applied to the particular gully area and assumed to
control 100% of erosion. The GEE is:
GEE = (Top Width + Bottom Width)/2  Depth  Length  Soil Weight / Number of Years (that a
gully took to form)
Where:
Width, Depth, and Length of the gully are in feet.
Dry density soil weight is in ton/ft3; default values are provided in a table.
GEE = sediment load from gully (in tons/yr), and sediment reduction value after BMP
implementation.
Nutrient reduced = Sediment reduced (GEE)  Nutrient conc.  2000 lb/T  Correction Factor
Where:
Nutrient reduced is in lbs per year.

1

Please note that, in Minnesota, this equation is known as the Volume Voided Equation.
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Sediment reduced (in tons/year) corresponds to the value calculated using the previous
equation (GEE).
Nutrient concentration (in lbs/lb of soil) uses estimates from USDA‐ARS research. For
total phosphorus (TP), nutrient concentration is equal to 0.0005 lb P/lb, and for total
nitrogen (TN), the nutrient concentration is equal to 0.001 lb N/lb. The correction factor
is based on soil texture and values are provided in an appendix.
The second equation contributing to the Michigan Pollutants Controlled Manual is the Channel Erosion
Equation (CEE). The CEE uses the Lateral Recession Rate to calculate annual sediment load and assumes
100% delivery to the stream. The CEE is:
CEE = Length x Height x LRR x Soil weight
Where:
Length and Height of the eroded section of the channel are in feet
LRR = Lateral Recession Rate (in ft/yr) – Value can be selected from tables provided or
calculated from field measurement or historical records.
Dry density soil weight is in ton/ft3; default values are provided in a table.
Nutrient reductions are calculated using the same equation used under the GEE.
The third equation, used to calculate agricultural field conservation practices, requires the use of before‐
and after‐ sheet and rill erosion values calculated through the Revised Universal Soil Loss Equation
(RUSLE), as well as a delivery ratio determined graphically based on size of contributing area. Filter strip
calculation uses the same RUSLE‐based equation but a percent efficiency is applied to calculate the
after‐sheet and after‐rill erosion value. The equation is:
Sediment reduced = (B‐A)  DR  CA
Where:
B = sheet and rill erosion before treatment (in ton/ac/yr) calculated by RUSLE
A = sheet and rill erosion after treatment (in ton/ac/yr) calculated by RUSLE
DR = delivery ratio (a unitless fraction)
CA = contributing area (in acres)
Sediment reduced is in ton/ acre/ year.
The delivery ratio (DR) in the equation above can be determined using the green line provided in the
Figure A.1 or the related equation below.
DR = (CA/640)‐0.125) x 0.42
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Field Delivery Ratio Michigan DEQ ‐ MN P‐Index
Rahr & SMBSC Method Comparisons
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Figure A.1 Field Delivery Ratio Comparison between the Pollutants Controlled Documentation, Minnesota
Phosphorus Index and Factors Used in Rahr Malting and Southern Minnesota Sugar Beet Cooperative Company
PointNonpoint Trading Frameworks.

RUSLE) is commonly used by field staff at federal, state and local agencies to estimate soil loss from
agricultural operations. The equation is:
A=RxKxLxSxCxP
Where:
A = estimated average soil loss in tons per acre per year
R = rainfall‐runoff erosivity factor
K = soil erodibility factor (reflecting soil properties
L = slope length factor
S = slope steepness factor
C = cover‐management factor
P = support practice factor
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All parameters were empirically calculated2 and are provided as part of databases developed for the
entire United States.
To calculate nutrient load reductions associated with sediment loss from the equation above, nutrient
enrichment values are provided in a look‐up table. These values vary with soil types and sediment
delivery ratios (estimated graphically based on size of contributing area), and were calculated through
algorithms used in the CREAMS3 model (Knisel, 1980) found in the nutrient submodel (Frere et. al.,
1980). It is important to note that a separate 12‐step calculation method is provided for feedlot
practices. This method uses the rational method to calculate runoff for a design storm and pollutant
ratio based on the type and number of animals present. The CREAMS equation is:
SEDP = SOILP x SED x ERP
Where:
SEDP: Sediment associated phosphorus
SOILP: Soil phosphorus
SED: Sediment erosion rate (USLE modified)
ERP: Phosphorus Enrichment Ratio
With ERP = AP x SED ^ BP
AP (coefficient) = 7.4 (default),
BP (exponential value) = ‐0.2 (default)
The Pollutant Controlled Manual equations have been used in several programs in the United States
with some variation from program to program. These programs are presented here and detail the
individual trading protocols and program elements develop by each project.

Kalamazoo River Targeted Watershed Grant Project, MI
In 2002, Michigan was the first state to promulgate Water Quality Trading Rules4. In 2004, the Gun Lake
Tribe, located near Kalamazoo, Michigan, received a US EPA Targeted Watershed Grant to support the
development of a model water quality trading infrastructure and framework in the Kalamazoo River
Watershed (more information can be found on the Environmental Trading Network)5. The
infrastructure that is currently being developed relies on NutrientNet, an online marketplace tool
developed by the World Resources Institute. In this project, NutrientNet6 uses a Geographical
2

For more information, the RUSLE manual is available at:
http://www.ars.usda.gov/Research/docs.htm?docid=5978
3

Kinsel, W. G., et. al., CREAMS : Chemicals, Runoff, and Erosion from Agricultural Management Systems. Volume 1
Model Documentation, 1980
4
MDEQ 2002 Water Quality Trading Rules can be found at
http://www.state.mi.us/orr/emi/admincode.asp?AdminCode=Single&Admin_Num=32303001&Dpt=EQ&RngHigh=
5
Environmental Trading Network web site address http://www.envtn.org/
6
Gun Lake Tribe, Targeted Watershed NutrientNet web address http://kalamazoo.nutrientnet.org/

A‐4

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits under Minnesota’s
Proposed Water Quality Trading Rules – Appendix A

Information System (GIS) interface that allows users to: a) locate their parcels within a watershed using
an interactive map; b) calculate nutrient and sediment loads delivered to streams under planned best
management practices; and c) determine the potential number of phosphorus credits available.
Information regarding the program trading protocol is listed below.
Kalamazoo River Trading Protocols
Trading Rules

2002 Michigan Trading Rules

Methodology for agricultural
BMPs

Pollutants Controlled Calculation and Documentation for Section
319 Watersheds Training Manual (Michigan DEQ, 1999)

Baseline requirements

2001 Lake Allegan TMDL allocation
(Under current interpretation, no trading can occur until
phosphorus reductions by all sectors specified by the TMDL have
been met, i.e., the entire load allocation).

Ratios used

Delivery factor (not required by MI Trading Rules): calculated by
SEDMOD in NutrientNet
Uncertainty ratio (water quality contribution): 10% of point source
reductions retired, 50% for non‐point sources.
Discount factor: buyer required to buy 10% more credits than
needed for compliance for Point‐Point trading

Credit life time

5 years after credit generation

Tools available

NutrientNet: online tool to calculate load reductions and credits,
online credit registry
http://kalamazoo.nutrientnet.org/

Great Miami River Watershed, Ohio
The Great Miami River Watershed (GMR) Trading Program rules were developed in 2005 with the
program starting effectively in March 2006. This program preceded the Ohio EPA Water Quality Trading
Rules (effective Jan 1, 2007)7 and has been grand‐fathered in the state rules. The program was
developed following an economic analysis entitled, “Preliminary Economic Analysis of Water Quality
Trading Opportunities in the Great Miami River Watershed, Ohio” (K&A, 2005) that showed trading
would provide significant cost savings to point sources, considering that new nutrient permit limits
would be implemented in Ohio in the coming years.

7

Ohio EPA, Water Quality Trading Rules are available at http://www.epa.state.oh.us/dsw/rules/3745‐5.html
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Trading only occurs between NPDES‐permitted point sources and upstream nonpoint sources (mainly
agriculture, stormwater and some septic system upgrades). To become eligible to purchase credits,
point sources must participate in funding administrative costs of the trading program (Miami
Conservancy District, 2005). Credits are generated through the implementation of agricultural BMPs
proposed by county soil and water conservation professionals. BMPs can be funded through the Trading
Program Project fund or other funding sources. An insurance pool of credits guarantees credits used by
point sources, allowing a buyer to remain in compliance in case a management practice fails. Credits in
the insurance pool are retired after 5 years.
Trading ratios were set to motivate point sources to invest into the program ahead of potential permit
requirements. Permitted point sources that joined the trading program early were allowed to trade at a
1:1 ratio (for discharges into attaining waters) or a 2:1 ratio (for discharges into non‐attaining waters).
Point sources that participate in the program to meet their permit limit can only trade at 2:1 or 3:1
ratios, respectively.
The Water Conservation Subdistrict of the Miami Conservancy District manages the program’s
administration, acts as the broker in all trades and works in partnership with SWCDs. Request for
proposals are issued whenever funds are available for credit‐generating projects. The project uses a
reverse‐auction style process in order to provide credit buyers with the largest number of credits at the
lowest cost. Information regarding the program trading protocol is listed below.
Miami Conservancy District Credit Protocols
Trading Rules

Set by Miami Conservancy District in 2005
Ohio Trading Rules effective in 2007

Method used for agricultural
BMP load calculation

Pollutants Controlled Calculation and Documentation for Section
319 Watersheds Training Manual (MDEQ, 1999)

Baseline requirements

Pre‐BMP conditions

Ratios used

Credit ratios for point sources only:
1:1 to 1:2 for early participation (pre‐permit requirements)
1:2 to 1:3 for participation after permit received

Credit life time

5 years after credit generation (for Insurance pool)
permit life

Tools available

Load Reduction Worksheet from Ohio DNR8

8

Available at:
http://www.ohiodnr.com/soilandwater/programs/agpollutionabate/default/tabid/8856/Default.aspx
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Minnesota NPDES Trading Permits
In Minnesota trading program examples, load reductions from soil erosion BMPs and livestock exclusion
are calculated using the Pollutants Controlled Manual (MDEQ, 19990 with the use of additional delivery
ratios and safety factors for selected BMPs. There are two prominent trading examples in the state that
were developed before state‐wide WQT Rules were promulgated. These WQT programs were
developed with the Minnesota Pollution Control Agency (MPCA) through the NPDES permit program.
Each permittee was given a separate, unique trading opportunity through their individual NPDES
permits.
The first trading program developed with a NPDES permit holder was with the Rahr Malting Company
(MPCA, 1997). Rahr Malting discharges into a segment of the Minnesota River that has an approved
carbonaceous biochemical oxygen demand (CBOD) Total Maximum Daily Load (TMDL). In 1996, the
company wanted to expand their operations and for this purpose, build their own wastewater
treatment plant. However, the company’s additional discharge could not be allocated within the
Minnesota River’s CBOD TMDL. The company had to find a way to offset this new discharge, due to the
fact that CBOD discharge to the river was essentially “capped” at current levels. In order to expand
operations and increase CBOD discharge, Rahr Malting was given a point ‐ nonpoint source NPDES
trading permit through MPCA. This permit allowed the facility to discharge up to 150 lbs/day of CBOD
by funding the installation of nonpoint source management practices upstream of their discharge.
The Rahr Malting trading permit provided equivalence between nonpoint source reductions and CBOD
point source loadings by establishing ratios for several pollutants. Equivalency ratios were based on
literature and monitoring data estimates. Table A.1 lists the pollutant equivalency ratios for trading
between phosphorus, nitrogen, sediment and CBOD, depending on BMP location in the watershed.
Table A.1 Pollutant equivalency ratios for the Rahr Malting Trading Permit.

Pollutant equivalency

Ratio

phosphorus to CBOD

1:8

nitrogen to CBOD

1:1 to 1:4 (depending on BMP location)

sediment to CBOD

1:0.5

CBOD to CBOD:

1:1

Source: MPCA, 1997

In addition to equivalency ratios, delivery ratios based on conservative professional estimates were
defined for BMPs depending on their distance from a stream. Load reduction calculations also include
specific factors such as a 0.75 safety factor to calculate the amount of nutrients delivered in streambank
and gully erosion BMPs and a 50% field loss for TN loads for livestock management BMPs (to account for
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atmospheric nitrogen losses). It was estimated that these multiplicative factors resulted in conservative
underestimation of the amount of pollutants actually reduced (MPCA, 1997).
The second prominent NPDES trading permit was issued to the Southern Minnesota Sugar Beet
Cooperative (MPCA, 1999). The Cooperative had had numerous air and water quality violations because
of inadequate wastewater treatment in their stabilization lagoons. When the cooperative looked to
expand its operations, the only possible option to receive a NPDES permit for a wastewater treatment
plant that would discharge directly to tributaries of the Minnesota River was to enter into a point ‐
nonpoint source trading permit for TP.
In the Minnesota Sugar Beet trading permit, a trading ratio for TP was set at 1:2.6. This ratio included a
0.6 engineering safety factor to reflect site‐to‐site variations and a 1.0 net reduction benefit for the
Minnesota River. The permit allowed the cooperative to discharge up to 5,000 lbs/yr of TP in return for
nonpoint source phosphorus load reductions of 13,000 lbs/yr (MPCA, 1999).
Soil erosion and livestock management BMPs, similar to the ones authorized for Rahr Malting Company,
were listed in the cooperative’s permit (MPCA, 1999) although two additional BMPs ‐ alternative surface
tile inlet and cover crop ‐ were included in the permit. BMP load reduction methodology was similar to
the one used for Rahr Malting Company. Delivery ratios for soil erosion BMPs took into account the
presence of surface tile inlets and varied between 95% (gully erosion, high delivery zone, no surface tile
inlets) to 5% (sheet and rill erosion, over ¼ mile from stream, no surface tile inlets).
The Cooperative was required to establish a $300,000 trust fund to finance non‐point source projects.
To date, the facility has exceeded its trading requirements by twice the required amount by working
with its shareholders to implement spring cover crop contracts on over 50,000 acres for soil erosion
protection, and by funding one additional project involving livestock exclusion and streambank
stabilization.

Empirical Methods: Example of the South Nation Conservation Program
In 1998, Ontario’s Provincial Ministry of Environment (MOE) implemented a Total Phosphorus
Management (TPM) policy in the South Nation River Watershed This policy allows new or expanding
wastewater discharges to the river as long as these discharges are offset by nonpoint source phosphorus
load reductions in the same watershed. A 4:1 trade ratio was established by MOE to account for
unquantifiable uncertainties in load calculation methods, phosphorus fate and transport processes, and
to provide a net water quality benefit.
Participation in the program is voluntary as new wastewater dischargers may choose to install new
technological treatment options to achieve zero TP discharge instead of paying for nonpoint source load
reduction projects (Boutz, 2007). Phosphorus loadings from nonpoint source practices are calculated
using conservative algorithms found in scientific literature or monitoring studies (Allaway, 2003) (3.2).
Table A.2 lists the main categories of BMPs implemented, which are related primarily to milkhouse
washwater, livestock management, soil and streambank erosion, and septic systems.
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Table A.2 BMP formulas used in the South Nation River Watershed, Canada

Eligible BMPs

Reference or Assumptions

Formula Used

Manure Storage

Literature values

P controlled by proper Manure Storage =
# of animals * days * phosphorus
excreted * 0.30 (feedlot manure)
P controlled by proper Manure Storage =
# of animals * days * phosphorus
excreted * 0.07 (dairy pile manure)

Clean Water Diversion/
Barnyard Runoff Control

Similar to manure storage
0.3=phosphorus leached (feedlot)
0.07=phosphorus leached (dairy
manure stockpile)

P savings from Clean Water Diversion for
feedlot manure
(for dairy pile replace 0.30 with 0.07)
= # of animals * days * phosphorus
excreted * 0.30 * (reduced feedlot runoff
volume/ original
feedlot runoff volume)

Milkhouse Washwater
Treatment/Disposal

Literature values

P controlled by Milkhouse Washwater
(excluding manure) = # cows * 0.69 Kg
TP/cow/yr
P controlled by Milkhouse Washwater
(including manure) = #cows * 2.76 Kg
TP/cow/yr

Livestock Access

From 2% (US SCS) to 5% (Gary 1995) of
P excreted contributed to watercourse
3% direct discharge will be used

P savings from restricted Livestock
Access = # of animals * days *
phosphorus excreted * 0.03

Buffer strips

Average buffer efficiency for a 6 to
10m buffer: 67%

P controlled per year by buffer strip =
0.67 kg x hectares cropland buffered

Septic System
Upgrade/Replacement

Literature values

P savings = P loading (failed) – P loading
(functional)
Where P loading (Failed or Functional) =
0.6 Kg TP ca‐1 year‐1 * (#persons) * (1‐A)
A = Attenuation in vadose zone (0‐failed,
0.4‐functional‐sand, 0.7‐functional‐sand
mixed with either silt, clay, or red mud)
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Eligible BMPs

Reference or Assumptions

Formula Used

Streambank Erosion
Control

Illinois NRCS Rapid Assessment Point
Method

Length of channel sampled * Height of
eroding slope * Lat. Rec.
Rate*Density/2000 = tons/yr

Nutrient Management
Planning

Assumption: 10% of area under a
nutrient management plan is
hydrologically active (i.e., contributing
phosphorus).

P controlled per year by implementing a
nutrient management plan = 25 kg x
hectares x 0.1

Lowest P reduction reported in
literature is 25 kg per hectare for NMP.

The South Nation Conservation (SNC), a watershed organization managing the South Nation River
Watershed, manages the TPM program and acts as a broker providing cost‐sharing for BMP
implementation and selling credits to wastewater operations. Each year the SNC set the price of a pound
of phosphorus credit based on total costs and credit demand. In 2006, a kilogram of TP reduced (or 1
credit) cost CA$300 (O’Grady, 2006). In 2006, 35 BMP projects were completed.

Pennsylvania Nutrient Trading Program
The State of Pennsylvania was one of the many stakeholders involved in the development of a nutrient
trading program for the Chesapeake Bay. The Chesapeake Bay Nutrient Trading Principles and
Guidelines, finalized in 2001, were developed to restore the Bay through voluntary reductions and
management practices before the US EPA establishes a bay‐wide TMDL in 2011 (PA DEP, 2006a). Three
simulation models9 informed the Guidelines. In 2003, the US EPA set new nutrient and sediment
allocations for major tributaries of the Chesapeake Bay; those allocations were further divided into cap
loads for point and nonpoint sources (PA DEP, 2006c). The Chesapeake Bay Guidelines, together with US
EPA regulations, were used by Pennsylvania Department of Environmental Protection (PA DEP) as the
basis for its own trading program. Pennsylvania Nutrient Trading Policy was finalized in 2006, with
trading limited to the Potomac and Susquehanna River Watersheds.
Trading is allowed for TP, TN and sediment on an annual basis in this system, credits are generated,
verified, registered and used in the same water year. Participants in the trading program can be point
sources, nonpoint sources, or third parties (commonly called credit aggregators or brokers). A nonpoint
source trading cap (i.e. maximum tradable loads) was set for each eligible watershed segment. All
crediting project proposals are reviewed by PA DEP. Credits are registered and tracked by PA DEP.
Detailed information on Pennsylvania’s trading protocol is listed below.
9

Regression model for nitrate and ammonia deposition, Chesapeake Bay Watershed Model for nutrient and
sediment simulation, Chesapeake Bay Estuary Model Package
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Pennsylvania Nutrient Trading Protocol
Trading Rules

Pennsylvania Nutrient Trading (2006)

Method Used for Agricultural
BMP Load Calculation

RUSLE, SCS Curve number for runoff

Baseline Requirements

Chesapeake Bay Watershed Model (HSPF) for ratios and BMP
efficiencies
Compliance with Chapter 102 Erosion & Sedimentation
Regulations, Section 91.36 (Agricultural Operations), Act 38
Nutrient Management Regulations, and Chapter 92
(Concentrated Animal Feeding Operations)
Threshold requirements (100ft application setback, or 35ft
riparian buffer, or 20% reduction in overall nutrient balance, or
fertilizer application below agronomic rates with no manure
application)

Ratios Used

Edge‐of‐segment ratio
Delivery ratios (based on watershed segment)
Reserve ratio: 10%

Credit Life Time

One water year

Tools Available

NutrientNet
Spreadsheet calculation forms

The Trading Program is one of the tools used to achieve the load reductions necessary (over 38 M lbs of
nutrient reductions, 116,000 tons of sediments) to meet the voluntary tributary cap requirements. The
program may also help point sources comply with new NPDES nutrient limits (PA DEP, 2006b).

As part of the Trading Program, credits are generated once baseline and threshold requirements are
met. For agricultural producers, the baseline corresponds to compliance with Pennsylvania erosion and
nutrient management regulations. The threshold requirement met by choosing one of the following
three options:
 100 ft mechanical setback from surface water (achieved based on 3 alternative practices)
 35 ft buffer or equivalent between field and surface water
 20% reduction in overall nutrient balance beyond baseline
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Credits are calculated through a suite of Excel worksheets developed by several partners (including PA
DEP and World Resources Institute). This tabularized tool is available for download on the PA DEP
website or through the online platform NutrientNet currently being developed by World Resources
Institute (WRI). These worksheets (one for TP and sediment, one for TN) incorporate crop data, BMP
efficiencies and ratios defined by the Chesapeake Bay Model. Three types of ratios are applied to credit
calculation:
 EOS (Edge of Segment) ratio: determines the amount of reductions that reach the edge of the
watershed segment from the field (ratios defined by the Chesapeake Bay Model)
 Delivery ratio: accounts for fate and transport processes between the watershed segment and
the Chesapeake Bay inlet (defined by the Chesapeake Bay Model)
 Reserve ratio: 10% of credits generated are retired for added security
All trading ratios in Tables A.3 and A.4, BMP selections and BMP efficiency data are issued from the
Chesapeake Bay Watershed Model. This model was developed through the collaboration of federal and
state government agencies, and local universities, and based on extensive data collection. The
Watershed Model is an implementation of the Hydrologic Simulation Program: Fortran (HSPF) model
that provides estimates of nutrients and sediment loads to the Chesapeake Bay under various land use
and management practices simulations. The Model is continuously evolving and refined and version 5
has recently been developed.
Table A.3 Delivery ratios for Pennsylvania watershed segments within the Chesapeake Bay Watershed

Watershed location

Nitrogen Delivery ratio

Phosphorus Delivery ratio

Furthest upstream watershed

0.474 to 0.583

0.436

Half‐way watershed

0.627 to 0.749

0.670

Closest to outlet watershed

0.819 to 1.0

1.0

Source: Pennsylvania Nutrient Trading website
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Table A.4 Edge of segment factors used in calculated BMP load reductions in Pennsylvania Nutrient Trading
Program

Nitrogen
Range

Low

Medium

High

Conventional
tillage

Conservation
tillage

21‐34%

Phosphorus
Hay

Pasture

Conventional
tillage

Conservation
tillage

Hay

Pasture

17‐29%

15‐
29%

6‐15%

5‐15%

2‐8%

2‐8%

6‐10%

35‐48%

31‐38%

32‐
78%

16‐20%

22‐27%

10%

11‐14%

11‐18%

50‐55%

45%

86‐
97%

23%

32%

27%

16%

20‐23%

Source: Pennsylvania Nutrient Trading website

However, phosphorus load reduction calculations also require the use of RUSLE2 soil loss value and the
SCS Curve number method (see STEPL). The Phosphorus Reduction Worksheet provided by PA DEQ,
calculates two types of load reductions: 1) reductions from manure management, and 2) reductions for
other BMPs. The equations calculate the phosphorus load reductions from manure management
(where planned fertilizer or manure applications are less than current applications). The calculation area
is based on the amount of phosphorus that has the potential to runoff from field. The equations used
are presented below.
For commercial fertilizer, = P in runoff = P applied x application factor
For manure, P in runoff
= P applied x application factor x P source index
The amount of phosphorus applied is based on the amount of phosphate and type of manure applied to
the field. The nutrient content of manure is taken from the Penn State Agronomy Guide10. The
application factor is a function of the method and timing of application (e.g., incorporated less than 1
week after application)11. The table values are automatically linked to the user’s selection in the online
calculator. The P source index is taken from the Pennsylvania Phosphorus Index.
The calculator also calculates phosphorus load reductions from other eligible BMPs (crop, pasture,
buffers, stream and wetland restoration). In order to do this, the total amount of phosphorus available
for runoff in the field is calculated by summing soil P loss from erosion, dissolved P loss and P loss from
fertilizer runoff. The equation used is:

10
11

The guide is available at: http://agguide.agronomy.psu.edu/
No reference is provided for the application factor values in the excel spreadsheet.
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Soil P loss from erosion12 (lbs/ac) = Soil P conc. (kg/ton) x 2.204 x RUSLE2 soil loss (ton/ac) x 2
Where:
Soil P concentration (kg/ton) = Mehlich 3‐P value (ppm) x 836 x 0.000909190
Dissolved P loss13 (lbs/ac) = Soluble P conc. (μg/L)
X average annual runoff (L/ac) x 2.2 10‐9 (conversion factor)
Where:
Soluble P concentration (μg/L) = [2xMehlich 3‐P value (ppm)] + 43.5
Average annual runoff = runoff from a 2 yr/24hr storm event x number of events/year
The runoff for a 2‐year/24 hour storm event is calculated using the SCS Curve number method (see
discussion of the method below).
P loss from fertilizer = sum (P in runoff from manure, P in runoff from commercial
fertilizer)
The EOS ratio is applied to each total load reduction value to provide the actual load at the edge of the
watershed segment. EOS reductions from BMP implementation are calculated using removal
efficiencies.
Table A.5 Tables used in Pennsylvania Phosphorus Calculations.

Data Table

References cited

Crop classification as row crop, pasture or small grain

None

Mean precipitation and # of 2 yr‐24hr events per county

Penn State Climatologist

Crop type, associated hydraulic and field condition, and
soil hydrologic group

Not available

PA Soil properties (soil series, soil productivity group, soil
hydrologic group)

Penn State Agronomy Guide and NRCS SSURGO soils
data

Nutrient content of manure and P source coefficient

Penn State Agronomy Guide and PA P‐index

12

Equation reference: Evans, B.M., 2002. Development of an Automated GIS‐Based Modeling Approach to
Support Regional Watershed Assessments. Ph.D. dissertation in the Dept. of Crop and Soil Sciences, Penn State
University, 231 pp. Model is found at: http://www.avgwlf.psu.edu/Downloads/AVGWLF_JSH_Publication.pdf
13
Equation reference: Vadas et al. 2005. Relating Soil Phosphorus to Dissolved Phosphorus in Runoff: A Single
Extraction Coefficient for Water Quality Modeling. Published in J. Environ. Quality 34:572–580.

A ‐ 14

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits under Minnesota’s
Proposed Water Quality Trading Rules – Appendix A

Manure application factor

None

N and P delivery factors and edge‐of‐segment ratios

Chesapeake Bay Model

TN. TP and sediment efficiencies for approved NPS BMPs

Chesapeake Bay Model

STEPL 4.0 (Spreadsheet Tool for the Estimation of Pollutant Load)
STEPL14 is a US EPA–supported program developed by Tetra tech, Inc. STEPL is a simple model with a
user‐friendly interface used to calculate annual sediment and nutrient loads from land use and load
reductions from both urban and agricultural management practices. STEPL includes a default input
database, but default values can be changed to reflect local conditions. Calculations and results are
generated through an Excel worksheet.
As opposed to the Region 5 model, load results in STEPL are calculated both at the source and
watershed level, and can be simulated for both surface and ground water. Similar to the Region 5
model, sediment load calculations (from sheet and rill erosion only) are based on soil and USLE
parameters and sediment delivery ratio. US EPA emphasizes that the Region 5 model and STEPL are
simple models providing gross estimates of loads and load reductions.
The USLE parameters provided in the STEPL database are based on the 1992 National Resources
Inventory database and estimated by county and land use. They can be updated by users to reflect local
conditions. Two national soil maps are provided within the database to estimate soil nitrogen and
phosphate concentrations.
Nutrient loads from urban land uses are calculated using annual runoff volume (SCS Curve Number
method) and nutrient concentration in runoff. The SCS Curve Number method is a simple and widely
used technique to calculate storm event runoff from specific land use categories. The empirically‐
developed equations are:
Q= (P – 0.2S)2
(P – 0.8S)

and

S= 1000 ‐ 10
CN

Where:
Q = runoff (in inch) and Q >Ia (initial abstraction) = 0.2S
P = rainfall (in inch)
S = potential maximum retention after runoff begins (in)

14

The program and documentation can be downloaded at: http://it.tetratech‐ffx.com/stepl/default.htm
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CN = Curve number (an empirical parameter that varies with hydrologic soil group, land
use cover, treatment, hydrologic condition and antecedent runoff conditions) ‐ Curve
number tables are available in the TR‐55 manual (USDA, 1986).
While this method provides a generally accepted estimate of runoff per land use, it does require a good
knowledge of local land use and management conditions, such as tillage practices, as well as antecedent
soil moisture conditions in order to select the most accurate curve number. In addition, studies have
shown that the 0.2 value used in the initial abstraction, which was originally derived from experimental
watersheds, may not be appropriate and over‐predicts surface runoff, particularly in urban conditions
(Hawkins et al., 2002, Lim et al., 2006).
Load reductions from BMP implementation are calculated using known BMP pollutant removal
efficiencies (Tetra tech, 2006). STEPL can simulate multiple categories, which include:
 Pollutants: TP, TN, BOD, sediment
 Land uses: cropland, pastureland, forest, feedlots, urban, and a user‐defined type
 Animals: beef cattle, dairy cattle, swine, sheep, horse, chicken, turkey, and duck
 BMPs: extensive list including common agricultural, livestock and urban BMPs, as well as Low
Impact Development BMPs (e.g. porous pavement)

Nutrient Trading Tool
The Nutrient Trading Tool15 (NTT) is a tool developed by USDA that allows users to produce a
comprehensive report detailing changes in all forms of nitrogen output through implementation of
agricultural management practices. Users enter current field information (location, soils, cropping
systems, irrigation, nitrogen input, and tillage) through a series of drop‐down boxes to create a baseline
nutrient output then information for an alternative management practice to assess the practice’s impact
on nitrogen. The detailed breakdown of nutrient reductions calculated by NTT may be used to calculate
credits for a water quality trading program. The tool currently allows simulation for only four states
(Colorado, Ohio, Maryland and Virginia) and for only a few counties within each state.
NTT uses the APEX model as a platform16 supported in the Blacklands Research and Extension Center co‐
located with Texas A&M.

15

The Nutrient Trading Tool is available at: http://165.95.21.155/nttcapturesoils/
Williams J.W., Izaurralde R.C., Steglich E.M. 2008. Agricultural Policy/Environmental eXtender Model Theoretical
Documentation Version 0604, BREC Report # 2008‐17
16
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Figure A.2 Screen Capture of NTT management data input screen.

Minnesota Phosphorus Index
The Phosphorus Index concept was developed in the 1990s as a way to assess the risk of P losses from
erosion at the field scale. The index estimated P loss from agricultural fields by weighing both P source
and transport factors. States have modified the weights and algorithms in the original index and added
additional factors (such as proximity to surface water), to reflect local conditions. Two different methods
have been used in developing P indices: the matrix (tabular presentation of risk factors and levels), or
the transport pathways approach (algorithms used to represent physical processes). Minnesota P index
was developed using the less‐common pathway approach (Moncrief and Bloom, 2006).
The Minnesota P index17 estimates P losses from three separate pathways: sediment‐bound P
transported by rainfall runoff, dissolved P transported by rainfall runoff, total P transported in
snowmelt. For each pathway, a risk factor is calculated by multiplying several input factors:
Sediment‐bound P risk (pathway 1) Equation:
Sed‐bound P = Field erosion x manure factor x sediment delivery factors x soil TP conc.
17

All information in this paragraph is from the Minnesota Phosphorus Site Risk Index Technical Guide (Moncrief
and Bloom, 2006)

A ‐ 17

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits under Minnesota’s
Proposed Water Quality Trading Rules – Appendix A

Where:
Field erosion is calculated using RUSLE2 long‐term average annual sediment delivery
(tons/acre/year) for the “most limiting area of significant extent”.
Manure factor = 0.75 if manure was injected or incorporated during the previous 3 years
(Research in Minnesota has shown that manure application reduces erosion, 0.75 was selected
as a representative, conservative estimate).
Sediment delivery factors account for the presence of buffers, sediment basins (see factors in
Table A.6) and distance between field and waterbody (sediment delivery ratio). Sediment
delivery ratios (SDR) used are based on a research study conducted by Ouyang and Bartholic
(1997) focusing on the Minnesota River watershed, MN, the Rock River watershed, WI, and the
Saginaw Bay watershed, MI. SDR can vary between 1 at the edge‐of‐field, 0.5 at 20 feet from
edge‐of‐field, to 0.1 at 20,000 feet.
Table A.6 Sediment delivery factors for use in sedimentbound P risk equation.

Sediment deposition Practice

Sediment delivery factor

Buffers, filter strips (must meet NRCS standards)

0.5

Terraces

0.4

Impoundment

0.05

Sediment control basins

0.2

Depressions with no outlets

0.05

Depressions with surface tile inlets

0.02

Depressions with rock/gravel inlet structures

0.15

Soil TP concentration is estimated using soil test P levels and the following empirical equation:
TP (ppm) = 316.1 + 2.483 x Olsen + 36.266 x Soil Organic Matter (%)

Soluble P risk (pathway 2) Equation:
Sol. P = base runoff x runoff adjustment factor x (soluble soil P + applied P) x 0.22 (constant)
Where:

A ‐ 18

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits under Minnesota’s
Proposed Water Quality Trading Rules – Appendix A

Base runoff (in inches) is selected from an isoline map of average runoff values (calculated using
historical rainfall records and the NRCS Curve Number method assuming hydrologic soil group B
and row crops).
Runoff adjustment factor: factor used to convert base runoff values for other hydrologic soil
types and cropping practices.
Soluble soil P concentration can be calculated from Olsen test soil P results using the following
equation: Soluble soil P (mg/L) = 0.011x Olsen P (mg/kg).
Applied P factor accounts for non‐winter (Apr.1 to Nov. 14) direct losses of soluble P fertilizer
and manure applications. It is calculated as 0.1 ppm of P in runoff for every pound of applied P.
Total P in snowmelt risk (pathway 3) Equation:
Total P = snowmelt runoff factor x fall soil condition factor x (fall residue P + fall/winter surface
applied P) x 0.18
Where:
Snowmelt runoff is selected from a map of potential maximum snowmelt runoff (in inches),
determined by taking 65% of the long‐term average maximum snowpack for the period March
16 to March 31.
Fall soil condition factor is determined by the type and direction of fall tillage practices.
Fall residue P is the amount of phosphorus available in crop residue (lbs/ac).
Fall/winter surface applied P corresponds to the amount of fertilizer or manure application
between Nov. 15 and March 31.
0.18 represents the percentage of surface available P lost per inch of runoff.
The overall P risk index for each site is the sum of the risk values for each pathway equation above. The
P index can vary between “very low risk” (<1) to “very high risk” (>6). It should be noted that the index
represents a relative value for P loss and not the actual P load from the field. The Minnesota P index was
tested in two paired‐watershed studies and two plot studies. Results have shown that annual TP loss
was linearly related to the P index (r2 = 0.68), and that losses of soluble P were not as accurately
predicted by the index as sediment P losses. MN P index18 is available for download as a computer
program

18

The entire documentation and tool are available at: http://www.mnpi.umn.edu/
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Appendix B
Monte Carlo Analysis Output Tables and Histograms

Appendix B
Monte Carlo Analysis Output Tables and Histograms
The following tables and graphics are the Monte Carlo simulation results used in the eight step
process. Each table in Section 3 of the main report body was created using a simulation. The
table labels for simulation results provided below are numerically consistent with
correspondingly labeled tables in Section 3 of the main report.
Table B3.13 Point‐Point WQT Uncertainty Determination Results; Supporting Monte Carlo
Analysis Output
10 simulations: Using SDR and including analytical uncertainty from sampling

-0.149534603
-1.255397372

0.12

1

0.1

0.8

0.08

0.6

0.06

0.4

0.04

0.2

0.02

0

Probability

Skewness
Kurtosis

1.2

0
0.66
0.81
0.95
1.10
1.24
1.39
1.53
1.68
1.82
1.97

1.485835692
1.391651747
N/A
0.494308836
0.244341225
0.156314179
1.453062639
0.645817592
2.098880231

Frequency

Mean
Median
Mode
Stand. Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max

10 Simulations: Using HSPF and including analytical uncertainty from sampling

B‐1

1.2

0.12

1
0.8

0.08

0.6

0.06

0.4

0.04

0.2

0.02

0

Probability

0.1

0
13.92
14.68
15.44
16.19
16.95
17.71
18.47
19.23
19.99
20.74
21.50
22.26
23.02

17.92285335
16.82239495
N/A
3.284207243
10.78601721
1.038557519
9.480544663
13.82354131
23.30408598
0.309969337
‐1.222071461

Frequency

Mean
Median
Mode
Stand. Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis
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Table B3.13 Point‐Point WQT Uncertainty Determination Results; Supporting Monte Carlo
Analysis Output (continued)
10 Simulations: Using SDR only considering introduced uncertainty
2.5

0.25

2

0.447338283
0.20011154
0.141460786
1.234880543
0.801585465
2.036466008
0.293777153
‐1.452910565

0.2

1.5

0.15

1

0.1

0.5

Probability

1.319015967
1.075959964
N/A
Frequency

0.05

0

0
0.81
0.90
0.99
1.07
1.16
1.25
1.33
1.42
1.51
1.59
1.68
1.76
1.85
1.94
2.02

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

10 Simulations: Using HSPF only considering introduced uncertainty
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

18.5259311
18.33424687
N/A

100 simulations:
Mean
Median
Mode
Stand. Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

Using SDR and including introduced analytical uncertainty from sampling
1.369027343
4.5
4
1.307888555
3.5
N/A
3
0.396620351
2.5
0.157307703
2
0.039662035
1.5
1.731001187
1
0.574075608
0.5
2.305076795
0
0.231656704
‐0.708937548

B‐2

0.25

2
1.5

0.15

1

0.1

0.5

Probability

0.2

0.05

0
15.85
16.32
16.80
17.28
17.76
18.23
18.71
19.19
19.67
20.14

0

0.045
0.04
0.03
0.025
0.02
0.015

Probability

0.035

0.01
0.005
0

0.59
0.71
0.83
0.95
1.08
1.20
1.32
1.44
1.56
1.68
1.80
1.92
2.05
2.17
2.29

Frequency

Frequency

1.571975635
2.471107398
0.497102343
4.774026856
15.79812745
20.5721543
‐0.341209072
‐0.941807862

2.5

Kieser & Associates, LLC
A Scientifically Defensible Process for the Exchange of Pollutant Credits under Minnesota’s
Proposed Water Quality Trading Rules – Appendix B

Table B3.13 Point‐Point WQT Uncertainty Determination Results; Supporting Monte Carlo
Analysis Output (concluded)

17.48173847
17.1230418
N/A
2.679745433
7.181035588
0.267974543
12.27107793
11.54467179
23.81574971
0.340658654
‐0.299740161

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0
11.67
12.53
13.39
14.24
15.10
15.96
16.82
17.68
18.54
19.40
20.26
21.12
21.98
22.83
23.69

Frequency

Mean
Median
Mode
Stand. Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

Probability

100 Simulations: Using HSPF and including introduced analytical uncertainty from sampling

1.39410921
1.38571346
N/A

Skewness
Kurtosis

0.233307037
0.178596303

6

0.06

5

0.05

4

0.04

3

0.03

2

0.02

1

0.01

0

0
1.04E+00
1.09E+00
1.14E+00
1.19E+00
1.24E+00
1.29E+00
1.33E+00
1.38E+00
1.43E+00
1.48E+00
1.53E+00
1.58E+00
1.63E+00
1.68E+00
1.73E+00
1.78E+00
1.83E+00

0.148726285
0.022119508
0.014872628
0.819749814
1.031616462
1.851366276

Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max

Probability

100 Simulations: Using SDR only considering introduced uncertainty

100 Simulations: Using HSPF only considering introduced uncertainty

B‐3

0.045

4

0.04

3.5

0.035

3

0.03

2.5

0.025

2

0.02

1.5

0.015

1

0.01

0.5

0.005

0

0
13.89
14.38
14.86
15.34
15.83
16.31
16.80
17.28
17.77
18.25
18.73
19.22
19.70
20.19
20.67
21.16
21.64

1.567132445
2.4559041
0.156713244
8.071364695
13.81073798
21.88210268
0.02379445
‐0.258644552

4.5
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Probability

17.30554411
17.3629193
N/A
Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

Table B3.14 Point‐Point Category Results from a 10,000 Simulation Monte Carlo Analysis.

1.407801309
1.392482799
N/A

180

0.018

160

0.016

140

0.014

120

0.012

100

0.01

80

0.008

60

0.006

40

0.004

20

0.002
0

0
0.56
0.71
0.86
1.02
1.17
1.32
1.48
1.63
1.78
1.94
2.09
2.24
2.39
2.55
2.70

0.440305836
0.193869229
0.004403058
2.184631415
0.536928528
2.721559943
0.193004857
‐0.865302964

Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

Probability

10,000 Simulations: Using SDR and including uncertainty from sampling

17.54900655
17.36166794
N/A

300

0.03

250

0.025

200

0.02

150

0.015

100

0.01

50

0.005
0

0
10.74
11.74
12.74
13.74
14.74
15.74
16.74
17.73
18.73
19.73
20.73
21.73
22.73
23.73
24.73
25.73
26.73

2.753488585
7.581699389
0.027534886
16.65175979
10.57440875
27.22616854
0.315338551
‐0.263652663

Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

Probability

10,000 Simulations: Using HSPF and including uncertainty from sampling

B‐4

0.159685995
0.025499617
0.00159686
1.236978793
0.821243009
2.058221802
0.133203003
‐0.002655103

400

0.04

350

0.035

300

0.03

250

0.025

200

0.02

150

0.015

100

0.01
0.005

50

0

0
0.83
0.91
0.98
1.06
1.13
1.20
1.28
1.35
1.43
1.50
1.58
1.65
1.72
1.80
1.87
1.95
2.02

1.399455291
1.397285555
N/A
Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis
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Probability

10,000 Simulations: Using HSPF and including only introduced uncertainty

Table B3.14 Point‐Point Category Results from a 10,000 Simulation Monte Carlo Analysis
(concluded).

17.52985542
17.49634473
N/A
Frequency

1.798151848
3.233350069
0.017981518
10.15893074
12.75905345
22.91798418
0.096076492
‐0.359420907

250

0.025

200

0.02

150

0.015

100

0.01

50

0.005

0

0
12.86
13.47
14.08
14.69
15.30
15.91
16.52
17.13
17.74
18.35
18.96
19.57
20.18
20.78
21.39
22.00
22.61

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis

Table B3.16 Monte Carlo Simulation Determination of Uncertainty for Point‐Nonpoint WQT
Options (Sheet and Rill Erosion).
10 Simulations: Sheet Erosion Reduction Estimate Using SDR

B‐5

0.04862208
0.545275563
0.77845372
1.323729284
0.042293262
‐0.601552418

0.12

1

0.1

0.8

0.08

0.6

0.06

0.4

0.04

0.2

0.02

0

0
7.84E‐01
8.11E‐01
8.38E‐01
8.66E‐01
8.93E‐01
9.20E‐01
9.47E‐01
9.75E‐01
1.00E+00
1.03E+00
1.06E+00
1.08E+00
1.11E+00
1.14E+00
1.17E+00
1.19E+00
1.22E+00
1.25E+00
1.27E+00
1.30E+00

0.153756518
0.023641067

1.2

Probability

1.043882529
1.01282174
N/A
Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis
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Probability

10,000 Simulations: Using HSPF and including only introduced uncertainty

Table B3.16 Monte Carlo Simulation Determination of Uncertainty for Point‐Nonpoint WQT
Options (Sheet and Rill Erosion) (continued).

10 Simulations: Sheet Erosion Reduction Estimate Using HSPF

0.275816086
0.076074513

0.12

1.2

0.1

1

0.087220705
0.856931915
1.018761822
1.875693738
‐0.272295031
‐1.081965716

0.8

0.08

0.6

0.06

0.4

0.04

0.2

0.02

Probability

1.495577065
1.47152322
N/A
Frequency

0

0
1.03E+00
1.09E+00
1.15E+00
1.21E+00
1.27E+00
1.33E+00
1.39E+00
1.45E+00
1.51E+00
1.57E+00
1.63E+00
1.69E+00
1.75E+00
1.81E+00
1.87E+00

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

B‐6

0.19971721
0.039886964
0.019971721
0.832029174
0.612070793
1.444099967
0.501026832
‐0.39505269

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

0.045
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005
0

Probability

0.957929209
0.932004414
N/A

6.20E‐01
6.79E‐01
7.37E‐01
7.95E‐01
8.53E‐01
9.12E‐01
9.70E‐01
1.03E+00
1.09E+00
1.14E+00
1.20E+00
1.26E+00
1.32E+00
1.38E+00
1.44E+00

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

Frequency

100 Simulations: Sheet Erosion Reduction Estimate Using SDR
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Table B3.16 Monte Carlo Simulation Determination of Uncertainty for Point‐Nonpoint WQT
Options (Sheet and Rill Erosion) (concluded).

1.539072746
1.493748861
N/A

0.03783948
2.1397523
0.79390679
2.93365909
0.811857052
0.978981516

6

0.06

5

0.05

4

0.04

3

0.03

2

0.02

1

0.01

0

0
0.82
0.94
1.07
1.20
1.33
1.46
1.59
1.71
1.84
1.97
2.10
2.23
2.36
2.48
2.61
2.74
2.87

0.378394798
0.143182623

Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

Probability

100 Simulations: Sheet Erosion Reduction Estimate Using HSPF

Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only)
10 Analysis Results for 10 Simulation Runs per Analysis
1
2
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

B‐7

1.001076542
0.899793646
N/A
0.248880501
0.061941504
0.078702925
0.815734834
0.675403329
1.491138163
0.47985039
‐0.74656925

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.913965875
0.853773658
N/A
0.147364167
0.021716198
0.046600641
0.530529942
0.66162231
1.192152252
0.269875682
‐0.480248832

3
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.89506272
0.831026607
N/A
0.172526203
0.029765291
0.054557576
0.628298181
0.61416237
1.242460551
0.360477405
‐0.285658428
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Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only; Continued)
10 Analysis Results for 10 Simulation Runs per Analysis
4
5
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.981264247
0.927075238
N/A
0.147106393
0.021640291
0.046519126
0.479265181
0.820481332
1.299746513
0.947008941
‐0.170242497

7

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.955363827
0.943817728
N/A

B‐8

0.953331996
0.887125981
N/A
0.263932326
0.069660273
0.08346273
0.82796887
0.494818179
1.32278705
‐0.298254769
‐1.215457654

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.206368823
0.042588091
0.065259552
0.657689952
0.670714624
1.328404576
0.122706279
‐0.968927221

8

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

6
0.863180269
0.876856826
N/A
0.253751322
0.064389734
0.080243214
0.90283667
0.353280518
1.256117188
‐0.56423147
‐0.35139245

9
0.93537033
0.895371253
N/A
0.226636131
0.051363936
0.071668637
0.769148848
0.616039286
1.385188134
0.439475017
‐0.448515654

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.821834158
0.758404273
N/A
0.155999027
0.024335696
0.049331224
0.492235796
0.548071837
1.040307633
‐0.053025695
‐1.039902653
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Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only; Continued)
10 Analysis Results for 10 Simulation Runs per Analysis
10
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.863571865
0.83508079
N/A
0.222074466
0.049317069

0.070226112
0.787658298
0.464573699
1.252231997
‐0.115256369
‐0.610617009

10 Analysis Results for 100 Simulation Runs per Analysis
1

2

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

B‐9

0.968978651
0.950734185
N/A
0.2467268
0.060874114
0.02467268
1.144950882
0.53186671
1.676817592
0.689542491
0.353262515

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

3
0.922865214
0.905757964
N/A
0.263286216
0.069319632
0.026328622
1.269818837
0.422130963
1.691949801
0.549796008
‐0.159671585

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.971165238
0.935693219
N/A
0.263170929
0.069258938
0.026317093
1.380729989
0.498930353
1.879660342
0.850021627
0.825856527
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Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only; Continued)
10 Analysis Results for 100 Simulation Runs per Analysis
4
5
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.956196483
0.933808675
N/A
0.257184978
0.066144113
0.025718498
1.196625405
0.332270243
1.528895648
0.142860814
‐0.467653239

7
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

B ‐ 10

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.937445212
0.924549791
N/A

0.214184293
0.045874911
0.021418429
0.96971035
0.528313015
1.498023365
0.029693639
‐0.342317098

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.260697916
0.067963403
0.026069792
1.51258658
0.479218649
1.991805229
0.713723489
1.27604335

8
0.951172893
0.968258141
N/A

6
0.98004445
0.99835702
N/A
0.204667028
0.041888592
0.020466703
0.882083817
0.617233541
1.499317359
0.129727096
‐0.617959646

9
0.96469631
0.960319664
N/A
0.229591986
0.05271248
0.022959199
1.370756068
0.515821648
1.886577717
0.614043367
1.250850851

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.933240299
0.913392315
N/A
0.243612379
0.059346991
0.024361238
1.106270895
0.508187961
1.614458856
0.598171358
‐0.219678014
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Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only; Continued)
10 Analysis Results for 100 Simulation Runs per Analysis
10
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.946473105
0.936964121
N/A
0.219932638
0.048370365

0.021993264
1.072785912
0.475852611
1.548638523
0.468600846
0.019682984

10 Analysis Results for 1,000 Simulation Runs per Analysis
1
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

B ‐ 11

2
0.962019843
0.945099795
N/A
0.240222528
0.057706863
0.007596503
1.504398711
0.307890487
1.812289197
0.594065678
0.555647045

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

3
0.969299323
0.948572673
N/A
0.25032354
0.062661875
0.007915925
1.78270804
0.252828465
2.035536505
0.494791052
0.575352356

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.961079982
0.942836901
N/A
0.23687695
0.056110689
0.007490707
1.483886823
0.44117527
1.925062093
0.680412534
0.730578461
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Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only; Continued)
10 Analysis Results for 100 Simulation Runs per Analysis
4
5
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.971601905
0.94979119
N/A
0.240074485
0.057635758
0.007591822
1.681415149
0.380951621
2.062366771
0.567658962
0.579439776

7
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

B ‐ 12

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.96780355
0.93930712
N/A
0.240319519
0.057753471
0.00759957
1.53721855
0.463842703
2.001061253
0.597882694
0.468438909

8
0.978432914
0.952986428
N/A
0.25360836
0.0643172
0.008019801
1.625232816
0.433482506
2.058715321
0.577594734
0.505961872

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

6
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.961497202
0.937670066
N/A

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.962311192
0.946972087
N/A

0.249989027
0.062494514
0.007905347
1.81829553
0.377752844
2.196048373
0.526284312
0.501870733

9
0.968706132
0.952442987
N/A
0.254224226
0.064629957
0.008039276
1.5663695
0.351735793
1.918105293
0.612976492
0.541809478

0.228288817
0.052115784
0.007219126
1.536644763
0.314802176
1.85144694
0.430357656
0.27153671
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Table B3.17 Monte Carlo Simulation Determination of Uncertainty Weak Law of Large
Numbers. (Tables Only; Concluded)
10 Analysis Results for 1,000 Simulation Runs per Analysis
10
Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std.
Error
Range
Range Min
Range Max
Skewness
Kurtosis

0.965273129
0.941145236
N/A
0.247669837
0.061340348
0.007832008
1.580373381
0.319670045
1.900043426
0.499800959
0.241730878

Table B3.18 Monte Carlo Simulation of Nonpoint Bank Erosion Credit Variability
For 10 sites:

B ‐ 13

0.25

2

0.2

1.5

0.15

1

0.1

0.5

0.05

0

0
8.21E‐02
1.11E‐01
1.40E‐01
1.69E‐01
1.98E‐01
2.27E‐01
2.56E‐01
2.85E‐01
3.14E‐01
3.43E‐01
3.72E‐01
4.01E‐01
4.30E‐01

0.115308103
0.013295959
0.036463624
0.362748743
0.078424873
0.441173616
0.581435039
‐0.735807897

2.5

Probability

0.210589285
0.151041516
N/A
Frequency

Mean
Median
Mode
Stand.
Deviation
Variance
Mean Std. Error
Range
Range Min
Range Max
Skewness
Kurtosis
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Table B3.18 Monte Carlo Simulation of Nonpoint Bank Erosion Credit Variability (Concluded)
For 100 Sites

0.03

3

0.025

2.5

0.02

2

0.015

1.5

0.01

1

0.005

0.5

0

0
5.70E‐02
8.12E‐02
1.05E‐01
1.30E‐01
1.54E‐01
1.78E‐01
2.02E‐01
2.26E‐01
2.50E‐01
2.75E‐01
2.99E‐01
3.23E‐01
3.47E‐01
3.71E‐01
3.95E‐01
4.20E‐01
4.44E‐01

0.097609379
0.009527591
0.009760938
0.402851435
0.052975612
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‐0.516515103

0.035

3.5
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0.211161074
0.197382188
N/A
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Mean
Median
Mode
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Variance
Mean Std. Error
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Range Min
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Skewness
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B ‐ 14
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0.009021106
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0.687713601
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0.567037242
0.272109178
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N/A
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Mean
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Mode
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Deviation
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Mean Std. Error
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Range Min
Range Max
Skewness
Kurtosis
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