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Abstract

The report was submitted in fulfillment of contract number 68-C-04-007 by Tetra Tech, Inc., under the sponsorship 
of the United States Environmental Protection Agency. This review examines the modeling research needs to 
support environmental decision-making for the 303(d) requirements for development of total maximum daily loads 
(TMDLs) and related programs such as 319 Nonpoint Source Program activities, watershed management, 
stormwater permits, and National Pollutant Discharge Elimination System (NPDES) discharge evaluations.  By 
examining the currently available models and considering the needs for TMDLs and related watershed programs, a 
comprehensive list of modeling research needs can be developed. 

More than 65 currently available models were evaluated for their capabilities and applicability to TMDL 
development and related watershed management activities.  Evaluation tables were developed to facilitate 
comparison of models and inventory the potential gaps in model capabilities, and fact sheets were developed for 
models to provide more detailed information on the capabilities of each model.  Existing integrated models systems 
were also evaluated and compared, based on data processing, modeling tools, and model linkages supported.  The 
review of available models demonstrates that many of the dominant pollutant types and waterbodies can be 
simulated using available technologies.  However, many specific technical gaps remain, especially in linkages 
between air, surface water, groundwater and receiving water models. 

The model reviews and emerging trends in technology were considered in developing a comprehensive list of 
research needs that encompass a variety of sources, processes, waterbodies, data, systems, and integration needs. 
This diversity of needs is consistent with the current development of TMDLs across the country.  Initially, TMDL 
development focused on dominant source and pollutant types, but more recently, emphasis has shifted to completing 
TMDLs under a variety of site-specific conditions and supporting more detailed implementation planning.  Because 
of the specialized and diverse characteristics of the needs, an equitable prioritization of specific needs cannot be 
defined.  Key recommended research areas that could benefit multiple applications include: integrated best 
management practice (BMP) modeling systems, more physically based representation of watersheds, and support for 
linkage of watershed and receiving water models. 

The review recommends that this diverse set of technical needs should be supported by new and more flexible 
modeling systems and tools.  Development of integrated modeling systems can provide the commonly needed tools 
and support adoption of new solution techniques, source representation, and algorithms.  Providing integrated 
system platforms, ideally Internet-based, can help minimize duplication of effort (shared on line data management, 
data display, shared resources), while maximizing resources for more fundamental development and research of key 
components. The use of Internet-based technologies has now emerged as a viable and practical medium for 
management of data, analysis techniques and tools to support TMDL and more generalized watershed analyses. 
Development of a standardized Internet-based framework could provide significant cost saving for the management 
and application of models.  In addition, a standardized and open framework, with clearly defined linkage 
capabilities, could encourage research and continuous testing and update of new components.   

Future development of models and the supporting infrastructure of data and guidance can support informed 
environmental decision-making, improve understanding of the physical systems in our world, and ultimately provide 
information to support the effective restoration and protection of the nation’s waters. 
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Foreword
The U.S. Environmental Protection Agency (EPA) is charged by Congress with protecting the Nation’s land, air,
and water resources. Under a mandate of national environmental laws, the Agency strives to formulate and
implement actions leading to a compatible balance between human activities and the ability of natural systems to
support and nurture life. To meet this mandate, EPA’s research program is providing data and technical support
for solving environmental problems today and building a science knowledge base necessary to manage our
ecological resources wisely, understand how pollutants affect our health, and prevent or reduce environmental
risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency’s center for investigation of
technological and management approaches for preventing and reducing risks from pollution that threaten human
health and the environment. The focus of the Laboratory’s research program is on methods and their cost-
effectiveness for prevention and control of pollution to air, land, water, and subsurface resources; protection of
water quality in public water systems; remediation of contaminated sites, sediments and ground water; prevention
and control of indoor air pollution; and restoration of ecosystems. NRMRL collaborates with both public and
private sector partners to foster technologies that reduce the cost of compliance and to anticipate emerging
problems. NRMRL’s research provides solutions to environmental problems by: developing and promoting
technologies that protect and improve the environment; advancing scientific and engineering information to
support regulatory and policy decisions; and providing the technical support and information transfer to ensure
implementation of environmental regulations and strategies at the national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research plan. It is published
and made available by EPA’s Office of Research and Development to assist the user community and to link
researchers with their clients.

Sally Gutierrez, Director
National Risk Management Research Laboratory
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Chapter 1 Introduction 

Models are used to answer questions, support decision-making, and assess alternatives.  Models are used as a tool to 
describe and understand the dynamics of physical systems including watersheds and receiving waters such as lakes, 
rivers, estuaries, and coastal areas.  Analysts use models to answer questions such as:  

How do inputs from human sources and land management activities affect the conditions of our receiving 
waters? 

How should these inputs be changed to benefit the condition of our receiving waters? 

Exploration of these cause and effect relationships drives the need to develop and apply models.  However, the 
development of models that can reliably represent watersheds and receiving waters is also a tremendous challenge. 
The analyst must consider how to represent the system with sufficient accuracy to have confidence in the result. 
Practical and technical constraints require that the representation of the system is consistent with available 
information, time, resources and scientific understanding.  Each modeling application needs to address this 
challenge.  Each modeling application must address the challenge of balancing the needs of the particular study at an 
appropriate level of accuracy and reliability. 

Current environmental protection programs rely on modeling to evaluate and select various control strategies. 
Historically, models have been used to derive water quality-based effluent limits (WQBELs) for point source 
discharges.  Large-scale national estuary program activities (e.g., Chesapeake Bay, Tampa Bay), which represent 
some of our most significant resources, have used models to determine allowable loading of nutrients and restoration 
needs.  More recently, the Total Maximum Daily Load (TMDL) program has required the determination of loading 
allocations that will result in restoring waters designated as impaired on state 303(d) lists.  In many cases, models 
are used during TMDL development to evaluate the relationship between load reduction and compliance with water 
quality standards.  Models provide a “linkage” between loads and receiving water conditions.  To address the TMDL 
development needs for a highly diverse group of impaired waters and pollutant sources, a wide range of model 
techniques is required.  Although models are available and have been used successfully in environmental and water 
quality management since the 1970s, the diversity of the pollutants, sources, and receiving water conditions to be 
evaluated under the TMDL program have placed new challenges on the use of modeling to support environmental 
decision-making. 

Watershed management planning also increasingly relies on modeling to develop restoration goals and identify load 
reduction needs.  U.S. Environmental Protection Agency (EPA) released Nonpoint Source Program and Grants 
Guidelines for States and Territories (October 23, 2003) for grants appropriated by Congress in Fiscal Year 2004 
and in subsequent years.  The guidelines, available online at http://www.epa.gov/fedrgstr/EPA­
WATER/2003/October/Day-23/w26755.htm, identify the following nine minimum elements that must be included 
in watershed plans funded by Section 319: 

1. Causes and sources 

2. Pollutant load reduction estimates 

3. Management measures needed 

4. Technical and financial assistance required to implement 

5. Information and education activities 

6. Implementation schedule 
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7.	 Interim measurable milestones 

8. 	 Indicators to evaluate progress toward load reductions and water quality standards 

9. 	Monitoring program 

Addressing these guidelines, especially elements 2 and 3, places increased emphasis on developing watershed plans 
that result in meeting water quality standards and demonstrate a linkage between pollutant sources and water quality.   

The specific limitations of models for TMDL support and watershed management are not well documented.  States 
and EPA continue to face new challenges as they address more complex waterbodies, impairments, and sources, for 
which there is limited experience.  As models and supporting systems evolve, research should be targeted to those 
areas where our analysis capabilities need to be improved.  As technology and various Internet-based applications 
and mapping systems continue to improve, new modeling systems (e.g., one or more linked models) and supporting 
analysis tools (e.g., data preparation, output display, optimization, uncertainty analysis) will clearly be needed.     

This review will examine the modeling research needs to support environmental decision-making and programs 
such as 303(d)-related development of TMDLs, implementation of 319 Nonpoint Source Programs, watershed 
management, stormwater permits, and National Pollutant Discharge Elimination System (NPDES) discharge 
evaluations.  By examining the currently available models and considering the needs for TMDLs and related 
watershed programs, a comprehensive list of modeling needs can be developed. 

The first task of the review process was to identify and evaluate currently available model capabilities.  The second 
task evaluates the ability of models to simulate the TMDL- and watershed-related load reduction needs and 
management related alternatives.  The evaluation also considers model performance, simulation capabilities, level of 
effort, training, and user interfaces.  Supporting this evaluation are case studies of two successful TMDL modeling 
applications for nutrients and mercury.  Finally, the review provides recommendations for key areas of research to 
address the modeling needs and fill the gaps identified in the review of available models.  The evaluation also 
considers the need for various software and supporting tools, including linkages between existing models, and 
further integration of new and emerging modeling resources to address multiple media (e.g., air, surface waters, 
groundwater). 

This report is organized as follows:  

•	 Chapter 2 discusses modeling needs for TMDL development, including programmatic and technical issues 
that affect model selection and application for TMDL development. 

•	 Chapter 3 provides background on models, including what a model is, processes and levels of complexity 
represented in available models, and recent trends in model development.   

•	 Chapter 4 discusses the types of models available and identifies the models included in this review.   

•	 Chapter 5 evaluates the applicability of the reviewed models and integrated modeling systems to TMDL 
development and watershed management applications and provides an evaluation of their capabilities. 

•	 Chapter 6 includes two case study applications: Case Study #1 – Development of Mercury TMDLs in 
Arivaca Lake and Peña Blanca Lake, Arizona; Case Study #2 – Linked Model Development for Nutrient 
TMDL in Cahaba River, Alabama 

•	 Chapter 7 discusses modeling needs and recommendations for future research.  

•	 Appendix includes detailed fact sheets on each of the models included in the review. 

2 



Chapter 2  Modeling Needs for TMDL Development 

Section 303(d) of the Clean Water Act (CWA) and the EPA’s Water Quality Planning and Management Regulations 
(40 Code of Federal Regulations [CFR] Part 130) require states to identify and list those waters within their 
boundaries that are water quality-limited, to prioritize them, and to develop TMDLs for the pollutants of concern. 
States develop and submit the 303(d) list that defines water quality-limited waters to EPA for review and approval. 
Water quality-limited waters are waterbodies that do not meet applicable water quality standards or are not expected 
to meet applicable standards after application of technology-based effluent limitations for point sources.   

A TMDL is the allowable load of a specific pollutant that 
can be discharged into a waterbody and meet water 
quality standards. TMDLs consist of wasteload 
allocations (WLAs) for point sources, load allocations 
(LAs) for nonpoint sources, and a margin of safety 
(MOS).  A TMDL is based on the relationship between 
pollutant sources and water quality and provides the 
scientific basis for a state to establish water quality-based 
controls to reduce pollutant loads from both point and 
nonpoint sources to restore and maintain the quality of 
the state’s water resources. The load expressed is not 
necessarily a daily load but is expressed in the 
appropriate averaging period that protects water quality 
standards.  TMDLs, once implemented should result in 
meeting the states’ water quality standards. 

Across the country, thousands of waters are listed as 
impaired by a wide variety of pollutants.  Based on most 
recent state 303(d) lists, there are approximately 34,000 
impaired waters in the United States and more than 
59,000 associated impairments (National Section 303(d) 
List Fact Sheet, http://www.epa.gov/owow/tmdl/, 
accessed August 1, 2005).  Metals, pathogens, nutrients 
and sediment are the most common pollutants included 
on state lists, and the top 10 listed impairments account 

Loading capacity. The greatest amount of loading that a 
water can receive without violating water quality standards. (40 
CFR 130.2(f)) 

Load allocation (LA). The portion of a receiving water’s 
loading capacity that is attributed either to one of its existing or 
future nonpoint sources of pollution or to natural background 
sources. (40 CFR 130.2(g)) 

Wasteload allocation (WLA). The portion of a receiving 
water’s loading capacity that is allocated to one of its existing 
or future point sources of pollution. (40 CFR 130.2(h)) 

Total maximum daily load (TMDL). The sum of the individual 
WLAs for point sources and LAs for nonpoint sources and 
natural background. TMDLs can be expressed in terms of 
either mass per time, toxicity, or other appropriate measure. 
(40 CFR 130.2(i))  TMDLs must be calculated with seasonal 
variations and a margin of safety and must take into account 
critical conditions for stream flow, loading, and water quality 
parameters. (40 CRF 130(c)(1)) 

Margin of safety (MOS). TMDLs must be established with a 
margin of safety that takes into account any lack of knowledge 
concerning the relationship between effluent limitations and 
water quality.  (40 CFR 130.7(c)) EPA guidance explains that 
the MOS may be implicit (i.e., incorporated into the TMDL 
through conservative assumptions in the analysis) or explicit 
(i.e., expressed in the TMDL as a portion of the loading 
capacity). 

for over 75 percent of the total listings in the nation (Table 2-1).  Since January 1, 1996, EPA has approved almost 
15,000 TMDLs, accounting for approximately 25 percent of the nationwide listings.   
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Table 2-1.  Top 10 303(d) List Impairments in the United States 
General Impairment Name1 Number Reported Percent Reported Cumulative Percent 

Metals 11,526 19.2 19.2 

Pathogens 7,896 13.2 32.4 

Nutrients 5,585 9.3 41.7 

Sediment/siltation 5,045 8.4 50.1 

Organic enrichment/low 4,406 7.3 57.4 
dissolved oxygen 

Fish consumption advisories 3,178 5.3 62.7 

pH 2,904 4.8 67.5 

Other habitat alterations 2,389 4.0 71.5 

Thermal modifications 2,200 3.7 75.2 

Biological criteria 2,116 3.5 78.7 

1 “General impairment” categories may represent several associated pollutants or impairment listings.  For example, the “metals” 
category includes 30 specific pollutants or related listings (e.g., iron, lead, contaminated sediments). 

TMDL Modeling Requirements 

Models are often used to support development of TMDLs—typically to estimate source loading and evaluate 
loading capacities that will meet water quality standards. The technical requirements of a TMDL stipulate that 
analysis should demonstrate that the allocation of point and nonpoint source loads would result in meeting water 
quality standards.  The wording of the TMDL requirements also stipulates that WLA and LA must be separately 
defined.  For modeling purposes, this requirements means that point and nonpoint sources must be evaluated as 
separate sources so that they can be simulated under various loading scenarios.  Point sources are typically 
represented individually to accommodate TMDL regulations, which require “individual waste load allocations” for 
point sources.  For wet weather or diffuse point sources (e.g., stormwater), the municipal boundaries may need to be 
addressed in the modeling analysis as well (USEPA 2002).  For nonpoint sources, TMDL guidance identifies that 
allocation can be made to individual sources, categories or subcategories of sources.  In cases of limited data, LAs 
can also be expressed as “gross allotments,” allowing for larger scale grouping of nonpoint source.  

In the development of a TMDL, load allocations might also be identified that affect sources upstream of a listed 
water depending on the transport properties of the pollutant.  The need to look at sources upstream of the listed 
water necessitates a “watershed-based” approach to TMDLs.  The contributions upstream of the listed water are all 
potentially part of the solution to the impairment. Although TMDLs are developed for specific listed waters and 
their associated watersheds, the TMDL analyses are sometimes developed in “bundles” to address groups of listed 
waters that are located within a larger collective watershed.  This grouping of TMDL analyses can result in more 
efficient TMDL development and review. 

EPA’s 1991 guidance discusses the option of developing TMDLs using the “phased approach,” often referred to as 
“adaptive management.” Under the phased approach, TMDL development should be based on estimates that use 
available data and information, but monitoring for collection of new data would be required (USEPA 1991a). The 
phased approach provides for further pollution reduction without waiting for new data collection and analysis.  The 
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margin of safety developed for the TMDL under the phased approach should reflect the adequacy of data and the 
degree of uncertainty about the relationship between load allocations and receiving water quality (USEPA 1991a). 
The TMDL program does not dictate or require the use of any particular model or modeling procedures.  NRC 
(2001) discusses the use of modeling in TMDL development, supporting the assertion that there is no recommended 
model for TMDLs but that any model chosen for TMDL development should meet a set of criteria related to the 
specific TMDL issues (e.g., water quality standards, data availability, cost).   

TMDL Regulations and Guidance 

Water Quality Planning And Management Regulations. Code of Federal Regulations, Title 40, Part 130.  Regulations are available 
online at http://www.gpoaccess.gov/cfr/index.html. 

USEPA. 2002. The Twenty Needs Report: How Research Can Improve the TMDL Program.  EPA841-B-02-002.  U.S. 
Environmental Protection Agency, Office of Water, Office of Wetlands, Oceans and Watersheds, Washington, DC. 
http://www.epa.gov/owow/tmdl/20needsreport_8-02.pdf 

USEPA. 2002. Establishing Total Maximum Daily Load (TMDL) Wasteload Allocations (WLAs) for Storm Water Sources and 
NPDES Permit Requirements Based on Those WLAs.  Memorandum from Robert H. Wayland, III, Director, Office of Wetlands, 
Oceans and Watersheds, and James A. Hanlon, Director, Office of Wastewater Management, U.S. Environmental Protection 
Agency, Washington, DC.  November 22, 2002. http://www.epa.gov/npdes/pubs/final-wwtmdl.pdf 

USEPA. 2001. Protocol for Developing Pathogen TMDLs. EPA 841-R-00-002. U.S. Environmental Protection Agency, Office of 
Water, Washington, DC. 132 pp. http://www.epa.gov/owow/tmdl/pathogen_all.pdf 

USEPA. 1999. Protocol for Developing Nutrient TMDLs. EPA 841-B-99-007. U.S. Environmental Protection Agency, Office of 
Water, Washington, DC. 135 pp. http://www.epa.gov/owow/tmdl/nutrient/pdf/nutrient.pdf 

USEPA. 1999. Protocol for Developing Sediment TMDLs. EPA 841-B-99-004. U.S. Environmental Protection Agency, Office of 
Water, Washington, DC. 132 pp. http://www.epa.gov/owow/tmdl/sediment/pdf/sediment.pdf 

USEPA. 1997. New Policies for Establishing and Implementing Total Maximum Daily Loads (TMDLs).  Memorandum from Robert 
Perciasepe, Assistant Administrator, Office of Water, U.S. Environmental Protection Agency, Washington, DC.  August 8, 1997. 
http://www.epa.gov/OWOW/tmdl/ratepace.html 

USEPA. 1997. Compendium of Tools for Watershed Assessment and TMDL Development.  EPA841-B-97-006. U.S. Environmental 
Protection Agency, Office of Water, Washington, DC. 

USEPA. 1991. Guidance for Water Quality-Based Decisions: The TMDL Process. EPA 440/4-91-001.  U.S. Environmental 
Protection Agency, Office of Water, Washington, DC. http://www.epa.gov/OWOW/tmdl/decisions/ 

EPA has provided guidance for major pollutant types 
that identify modeling and analysis needs and 
generalized approaches (USEPA 1999a; USEPA 
1999b, USEPA 2001). Other modeling related 
guidance from USEPA mostly relates to the 
requirements for record keeping and documentation. 
All TMDL reports, models, and documentation are 
subject to public review and comment.  Record 
keeping and documentation of all modeling code and 
software are recommended as part of the 
administrative records.  The need for review by 
USEPA and open comment periods for stakeholders 
has resulted in a strong preference for public domain or 
open code modeling systems for application in TMDL 
development.    

Administrative Records 

While not a necessary part of the TMDL submittal, USEPA 
recommends preparation of an administrative record containing 
documents that support the establishment of and 
calculations/allocations in the TMDL. Components of the record 
should include all materials relied upon to develop and support 
the calculations/allocations in the TMDL, including any data, 
analyses, or references that were used, records of 
correspondence with stakeholders and USEPA, responses to 
public comments, and other supporting materials. This record 
is needed to facilitate public and/or USEPA review of the 
TMDL. 

From: Guidelines for Reviewing TMDLs Under Existing 
Regulations Issued in 1992 
http://www.epa.gov/owow/tmdl/guidance/final52002.html 
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Analysis Categories 

Understanding the types of impairments that occur throughout 
the country can assist in identifying the types of models that are 
needed to investigate impairments, diagnose causes of 
impairment, and identify management solutions.  The waterbody Freshwater 
and general impairment types can be grouped into 10 dominant 
analysis categories (Figure 2-1).  The grouping of analysis 
categories is based on defining the physical processes associated 
with the major waterbody types and the characteristics of 
impairments and associated pollutants.  The physical processes 
of water movement characterize the major waterbody types 
including lakes, rivers, and tidal estuaries and coastal areas. 
Lakes and reservoirs are impounded waters, and the major 
processes are associated with relatively static water systems. 

Tidal 

Rivers are typically flowing systems characterized by velocity 
and volume of flow. Riverine studies normally focus on 
concentration of pollutants in flowing water.  In tidal waters, 

Lakes – Metals 
Lakes – Nutrients 

Rivers – Metals/Pesticides 
(active & legacy) 

Rivers – Pathogens 
Rivers – Nutrients 
Rivers – Sediment 
Rivers – Temperature 

Estuaries – Metals/Pesticides 

Coastal – Pathogens 
Coastal – PCB/Pesticides 

analyses focus on the dominant processes related to tidal flux, Figure 2-1. Ten major analysis categories. 
salinity, and mixing.  Similar to the physical conditions 
associated with waterbodies, pollutants can also be broadly 
grouped into nutrients, metals, pathogens, sediment and temperature.  Nutrients are typically associated with 
eutrophication-related effects; metals and toxics are associated with sediment and water column criteria violations; 
elevated concentrations of sediment and deposition of fine-grained sediment are associated with fish habitat 
impairment; and in-stream temperature is a stressor associated with fish habitat.   

These analysis categories illustrate the diversity of conditions that result in the selection of an appropriate analytical 
approach.  Recent and current TMDL development efforts have resulted in the development of many TMDLs 
representative of the 10 major categories of frequently observed waterbody-impairment combinations.  Examination 
of recent TMDLs and experience in the development of TMDLs were used to develop a general summary of the 
typical sequence of models or analysis techniques that have been used (Table 2-2; 10 major combinations, and 1 
combination having two types of pesticides—active and legacy).  This table is not intended to provide specific 
guidance on the selection of modeling approaches for TMDLs but to illustrate the typical sequences of approaches 
and the diversity of techniques employed.  In addition, the table demonstrates how the selection of the appropriate 
modeling techniques is tightly linked to waterbody type and impairment.  The table is organized according to the 
defining features of the analyses used in developing a TMDL.   

•	 Impairment Conditions – TMDLs are a plan to meet water quality standards. An understanding of when 
and under what conditions impairment occurs is needed to determine the type of analysis needed. 

•	 Delivery of Pollutants – Source loading can be delivered directly from discharges and from precipitation-
driven processes.  The type of impairment is often related to timing of pollutant delivery. 

•	 Modeling Approach – The selected approach will include a combination of watershed loading and 
receiving water response models or other estimation techniques. 

•	 Model Output Used to Calculate Loading Capacity – Output from the model(s) is processed to provide a 
representation of the loading capacity that meets the water quality standards. 

•	 Typical Implementation – This feature qualitatively or quantitatively discusses the types of practices that 
could be used to achieve the loading target. 

•	 Sample Case Studies – Case studies illustrate the types of approaches described in each column of the 
table. 

6 



Several observations relevant to modeling for TMDL development can be made from Table 2-2: 

•	 TMDLs often require multiple models to address the watershed and receiving water components (see 
Category II, which includes Generalized Watershed Loading Functions [GWLF] and BATHTUB). 

•	 Some pollutants are addressed through the use of statistical/analytical techniques that are not formal 
“models” or “modeling systems” (see Category VII).  

•	 Although many models are available, the 11 categories presented can be addressed by using a relatively 
small set of models. 

•	 Processing of model output is needed to specifically evaluate the TMDL’s compliance with the water 
quality standard. 

•	 The example models shown are typically public domain and/or EPA-supported models. 

•	 Explicit modeling of best management practices (BMPs) is not typically included or required in a TMDL 
analysis. 

However, examining the historical use of models for TMDL development is only a reflection of how the currently 
available models have been applied and does not explain the limitations in current models to address specific needs 
or local considerations.  Many additional waterbodies will require TMDL development, and, in some areas, TMDLs 
will be revised to improve on previous analysis or reallocate source loading.  If more efficient modeling systems or 
more robust, process-based models are developed, users are likely to adopt the new technology.    
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Table 2-2. Summary of Analysis Sequences for Analysis Categories 
Category I II III 

River – Pathogens Lake – Nutrients 	 River – Nutrients 

Impairment Storm events or warm weather, dry Summer/dry season Summer/dry season/year-round 
Conditions season periods 

Delivery of Pollutants Storm event runoff or dry weather Stormwater runoff, dry weather Dry weather inflows (point source 
discharge, direct deposition inflows, point sources discharges, nonpoint sources, 

groundwater)  

General Wet weather and dry weather Eutrophication analysis to identify Low- or high-flow analysis of nutrient 
Approach  pathogen analysis nutrient loading thresholds to meet in- loading thresholds to meet in-stream 

lake targets targets  

M
od

el
in

g 
A

pp
ro

ac
h

Watershed Flow, concentration, and load Load estimation using GWLF, Load estimation based on tributary 
Loading estimation using HSPF AGNPS, AnnAGNPS, SWAT, and point source low-flow monitoring 

SWMM, or HSPF 

Receiving In-stream response using HSPF (data Lake response using BATHTUB. Stream response using mass 
Water collection consideration) balance, QUAL2E low-flow model, or 
Response More detailed option using CE-QUAL- WASP 

W2 or EFDC. 

Model Output Used Number of exceedance days based Loading of nitrogen and phosphorus Loading or concentration for critical 
to Calculate Loading on model output or monitoring data needed to meet lake target as low-flow or average summer, or high-
Capacity and comparison with reference simulated by lake model flow periods 

watershed 

Typical Targeted management of pathogen Targeted management of nutrient Targeted dry or weather reductions 
Implementation sources: stormwater, rural uses, sources: stormwater, rural uses, open from point sources, dry season 

septics space uses, septics, point sources nonpoint sources 

Sample Case	 Santa Monica, CA Lake Ontelaunee, PA Wissahickon Creek, PA 
Studies	 http://www.swrcb.ca.gov/rwqcb4/html/ http://www.epa.gov/reg3wapd/tmdl/pa http://www.epa.gov/reg3wapd/tmdl/pd 

meetings/tmdl/tmdl_ws_santa_monica _tmdl/Lake%20ontelauneeTMDL/inde f/wissahickon_tmdl/index.htm 
.html x.htm 
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Table 2-2. Summary of Analysis Sequences for Analysis Categories (continued) 
IV V VI 

River – Pesticides/Urban River – Pesticides/Legacy 
Category (Active Pesticide Sources) (No Current Pesticide Sources) River/Estuary – Toxics 

Impairment Mixed.  Associated with application Mixed.  Associated with disturbance or Mixed 
Conditions dates and days when transport resuspension of historical deposits 

occurs 

Delivery of Pollutants	 Urban runoff, typically storm drains. Historic delivery.  Resuspension due Municipal and industrial wastewater, 
Dry weather discharges including to storm events, aquatic life urban runoff, agricultural runoff, other 
irrigation and dumping sources 

M
od

el
in

g 
A

pp
ro

ac
h

General Identification of reduction needed to Identification of reduction needed to Identification of reduction needed to 
Approach  meet water column toxicity-based meet sediment, fish tissue, or water meet sediment, fish tissue or water 

targets column water quality toxicity-based column toxicity-based targets 
targets 

Watershed Source characterization Tributary monitoring Source characterization 
Loading 

Receiving Allowable loading determination Allowable loading determination Allowable loading determination 
Water based on calculation from identified based on calculation from identified based on calculation from identified 
Response target at design flow or a range of target at design flow or a range of target at design flow or  a range of 

flows flows 	 flows 

Model Output Used Allowable load for design flow or Allowable load for design flow or Allowable load for design flow or 
to Calculate Loading annual period annual period annual period 
Capacity 

Typical Reduction or elimination of active Removal or stabilization of deposits, Reduction or elimination of active toxic 
Implementation pesticide sources long-term attenuation sources 

Sample Case	 San Francisco Bay Area Urban Newport Bay, CA Newport Bay, CA 
Studies	 Creeks Pesticide Toxicity/Diazinon 

TMDL, CA http://www.epa.gov/region09/water/tm http://www.epa.gov/region09/water/tm 
http://www.swrcb.ca.gov/rwqcb2/urb dl/final.html dl/final.html 
ancrksdiazinontmdl.htm 
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Table 2-2. Summary of Analysis Sequences for Analysis Categories  (continued)   
VII VIII IX 

Category River – Sediment River – Temperature River – Biological 

Impairment 
Conditions 

��Nonseasonal: estuary infilling, pool filling 
��Spring: spawning/incubation 

Summer/dry-warm weather Multiple/dry-wet season 

��All seasons: rearing 
��Winter: migration (turbidity-related) 

Delivery of 
Pollutants 

Storms and throughout the wet season over a wide 
range of flows 

Summer heat input Depends on 
pollutants/stressors 
associated with the 
impaired conditions 

General 
Approach  

��Long-term loading analysis based on sediment 
budget and reference approach. Sediment 
source analysis if full budget not possible  

��Turbidity/total suspended solids (TSS) events 

Temperature estimation based on 
flow, solar inputs, stream geometry, 
meteorologic conditions, vegetative 
shading, and other factors 

Biological reference 
approach, load estimation 
for identified pollutants 

��Sedigraphs (combination of flow and 
turbidity/TSS data) 

M
od

el
in

g 
A

pp
ro

ac
h 

Watershed ��Load estimation using sediment budget or 
Loading sediment source analysis 

��Estimation of inputs based on sediment yields 
and delivery from land use/erosion categories 

Temperature estimation based on Load estimation of 
models of flow, travel time, identified pollutant(s) 
solar/meteorologic conditions. contributing to biological 
Shade models do not address impairment using GWLF or 
watersheds with dams or high levels similar model 
of irrigation return flows, or cooling 
water discharges. 

Receiving 
Water 
Response 

��Load target determined from comparison with 
desired reference watershed 

��Rate of infilling 
��Geomorphic/habitat targets derived from 

��SSTEMP or SNTEMP stream flow 
and temperature analysis, 

��QUAL2E stream flow and 
temperature analysis 

Comparison of estimated 
watershed/source loads 
with loads in reference 
watershed 

literature 
Model Output Used 
to Calculate 

��Average annual sediment load from dominant 
sources to meet reference conditions. 

��Heat loading 
��Shade dominated streams 

Annual loading 
benchmarked to reference 

Loading Capacity ��Identification of achievable reductions by source Effective shade allocations watershed 
category (percent of stream shade)  

Typical Targeted management of sediment sources for Targeted management of vegetation Targeted management of 
Implementation long-term restoration and stream system, dam releases, 

irrigation withdrawals, or return flows 
relevant pollutant sources 

Sample Case Garcia River, CA North Fork Eel River, CA Cooks Creek, VA 
Studies http://www.epa.gov/region09/water/tmdl/final.html http://www.epa.gov/region09/water/t 

mdl/final.html 
http://www.deq.state.va.us/ 
tmdl/tmdlrpts.html 

SNTEMP = Stream Network Temperature Model

SSTEMP = Stream Segment Temperature Model


10 



Table 2-2. Summary of Analysis Sequences for Analysis Categories  (continued)   

X XI 


Category Estuary – Nutrients 	 Coastal – Pathogen 

Impairment Die-off of macrophytes, floating maps, algal blooms Spring runoff or winter and summer dry weather 
Conditions 

Delivery of Pollutants Annual/long-term nutrient loading from runoff, nutrients Runoff/wet weather sources or dry weather sources 
associated with sediment, groundwater 

Direct deposition 

General Long-term loading, nutrient cycling, and response of Wet weather loading and response of estuaries 
Approach estuaries 

M
od

el
in

g 
A

pp
ro

ac
h Watershed Load estimation using GWLF, HSPF, analyses of Load estimation using HSPF or direct analysis of 

Loading  monitoring data, or similar model monitoring data 

Receiving Estuary response using Tidal Prism, WASP, EFDC, or Response using WASP, EFDC, or similar model 
Water similar model 
Response 

Alternatively determine correlation of coastal impairment 
with tributary loading 

Model Output Used Annual loading based on meeting estuary target condition Wet and dry weather exceedance frequencies and 
to Calculate Loading associated loading 
Capacity 

Typical Targeted management of nutrient and sediment sources: Targeted management of pathogen sources: stormwater, 
Implementation stormwater, rural uses, open space uses, septics, point rural uses, septics 

sources, irrigation return flows, fertilizer management 

Sample Case (Several available nationally) 	 Santa Monica, CA 
Studies	 http://www.swrcb.ca.gov/rwqcb4/html/meetings/tmdl/tmdl_ 

ws_santa_monica.html 

Model Selection Considerations 

When addressing any impairment, selecting the appropriate model is crucial in developing a feasible, defensible and 
equitable TMDLs and load allocations.  The primary factor in determining the modeling approach for a TMDL, as 
demonstrated by the analytical categories, is the pollutant and associated endpoint that represents compliance with 
water quality standards.  The TMDL endpoint is a numeric threshold that is equated with compliance with water 
quality standards.  Some TMDL endpoints are derived directly from numeric water quality criteria and have a 
defined magnitude, duration, and frequency (e.g., zinc expressed as a concentration in µg/l, 4-day average, 1-in-3 
year frequency of exceedence).  Some endpoints are derived based on interpreting narrative criteria to derive a 
numeric endpoint.  For example, a waterbody impaired by nuisance algal blooms could result in a TMDL that 
defines nutrient loads (total phosphorus [TP] and total nitrogen [TN]) that will result in meeting a summer 
chlorophyll a endpoint of 20 µg/l.  Endpoints designed to address acute (short-term) impairments are typically based 
on instantaneous maximums or daily averages while chronic (long-term) problems (e.g., eutrophication, sediment 
loading and deposition) are represented by endpoints with longer durations (e.g., monthly average concentration, 
annual loading).  The applicability of a model for a specific TMDL application is evaluated based on the ability to 
simulate at a time-scale and resolution appropriate for evaluation of the endpoint’s magnitude, duration and 
frequency. For example, if an endpoint is based on a maximum daily concentration, a model that provides output of 
only monthly average concentration is not appropriate. 
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Other factors that guide model selection for TMDLs 
include defining the waterbody type, sources, 
necessary spatial resolution (e.g., gross watershed vs. 
subwatershed vs. site-scale) and special local features 
(e.g., surface-groundwater interactions) or land 
features (e.g., wetlands).  If management solutions 
will be evaluated, model selection must consider the 
types of management techniques, spatial scale of the 
information, and degree of specificity required in the 
management alternatives analysis. 

Special processes or technical considerations that 
affect pollutant loading and impairment conditions 
and, therefore, TMDL development are of particular 
concern in the appropriate selection and application of 
models.  Models that include more complex processes 
are typically more difficult to apply, require 
significantly more data for setup and testing, and 
might include untested algorithms.  However, not all 
of the identified technical considerations may be 
crucial to include in a particular application—they 
may not have enough effect on the outcome of the 
results to merit selecting a more complex modeling 
approach to address them.  The standard practice in 
modeling is to identify the dominant processes and 
identify the simplest models sufficient to meet the 
needs of the project. 

In developing TMDLs, some key technical 
complexities or issues are often identified.  Some have 
been addressed in simplified approaches or through 
the use of statistical or site-specific models.  Many of 
these key technical considerations could be addressed 
through additional research and integration of new 
physically based modeling techniques and are 
discussed further in Chapter 6.  Specific technical 

Water quality standards.  Provisions of state or federal law which 
consist of a designated use or uses for the waters of the United 
States, water quality criteria for such waters based upon such 
uses. Water quality standards are to protect public health or 
welfare, enhance the quality of the water and serve the purposes 
of the Act (40 CFR 131.3(i)) 

Designated uses.  Those uses specified in water quality 
standards for each waterbody or segment whether or not they are 
being attained (40 CFR 131.3(f)) 

Criteria. Elements of state water quality standards, expressed as 
constituent concentrations, levels, or narrative statements, 
representing a quality of water that supports a particular use. 
When criteria are met, water quality will generally protect the 
designated use (40 CFR 131.3(b)) 

Numeric Criteria. Numeric criteria or limits exist for many 
common pollutants, such as high concentrations of bacteria, 
suspended sediment, algae, dissolved metals, etc. An example of 
numeric criteria is “dissolved oxygen must be at least five 
milligrams per liter” (i.e., dissolved oxygen ≥ 5.0 mg/L). Numeric 
criteria are based on laboratory and other studies that test or 
otherwise examine pollutant impacts on live organisms from 
different species such as frogs, fish, and insect larvae. 

Narrative Criteria. Non-numeric descriptions of desirable or 
undesirable water quality conditions. An example of narrative 
criteria might be that “all waters shall be free from sludge, floating 
debris, oil and scum, color and odor-producing materials, 
substances that are harmful to human, animal or aquatic life, and 
nutrients in concentrations that may cause algal blooms.” 

Chronic. Defines a stimulus that lingers or continues for a 
relatively long period of time, often one-tenth of the life span or 
more. Chronic should be considered a relative term depending on 
the life span of an organism. The measurement of a chronic effect 
can be reduced growth, reduced reproduction, etc., in addition to 
lethality (USEPA 1991b). 

Acute.  Refers to a stimulus severe enough to rapidly induce an 
effect; in aquatic toxicity tests, an effect observed in 96 hours or 
less is typically considered acute. When referring to aquatic 
toxicology or human health, an acute affect is not always 
measured in terms of lethality (USEPA 1991b). 

issues that have been encountered as considerations or limitations in TMDL development include the following: 

•	 Sediment – Stream bank erosion and channel adjustments can be substantial sources of sediment in urban 
and rural areas and are difficult to characterize and quantify.   

•	 Irrigation – Irrigation can significantly alter the natural hydrology of an area, and irrigation return flows 
are a significant source of pollutants in arid regions. 

•	 Drainage – Drainage tile can affect the hydrologic response of the watershed and can provide discharges to 
rivers. 

•	 High water table areas – In areas of high water tables, water fluctuations, and surface-groundwater 
interactions affect runoff and pollutant delivery.  Wetland areas can retain water and affect water quality. 

•	 Wetlands – Large areas of wetlands influence watershed hydrology, loading, and management options, and 
areas with wetting and drying can influence tidal areas (i.e., estuaries). 

•	 Contaminated sediment – Contaminated sediment is subject to several processes that influence their 
interaction with the water column and aquatic biota, including accumulation, movement, burial, and 
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dredging.  In many areas, contaminated sediments are the result of historical sources, limiting management 
options.   

•	 Pesticides – Application of pesticides can result in water contamination through overspray or rainfall 
during or immediately after application.  However, pesticide monitoring data are limited, and few tested 
simulations are available. 

•	 Ecological impairments – Ecological or habitat related parameters/stressors are poorly understood or 
cannot be modeled directly. 

•	 Best management practices – Data on existing management techniques are often not readily available, and 
techniques are difficult to represent accurately in models. 

A number of issues that affect model selection and application for TMDL development are not related to the 
technical representation of the system.  General issues related to the overall TMDL process and the use of models 
include: 

•	 Data availability – Many TMDLs have limited local monitoring data available to support analysis, limiting 
the potential approach options as well as the confidence in modeling approaches (i.e., no data for 
calibration).  TMDL guidance does not require data collection and supports the use of “available data and 
information” when possible (USEPA 1991a). 

•	 Accuracy of models – TMDLs are developed with a wide range of approaches and models.  Regardless of 
the approach, there are often concerns regarding oversimplifications, insufficient data or lack of confidence 
in complex models.  No guidance is available that specifically recommends the level of accuracy expected 
for modeling studies. 

•	 Water quality standards formulation – TMDLs often involve some degree of interpretation of applicable 
water quality standards.  Standards may be narrative and may require a determination of a representative 
numeric value.  Other examples include criteria that are not defined precisely (e.g., no frequency or 
duration) or situations where the parameter included in the standards is not suited to modeling (e.g., 
turbidity).  Models may not be able to directly predict the endpoint associated with the water quality 
standard. 

Pollutant vs. Pollution •	 Pollutant focus of TMDLs – TMDLs are developed to

address specific impairments associated with a pollutant
 Pollutant. Dredged spoil, solid waste, incinerator residue, 

sewage, garbage, sewage sludge, munitions, chemical as identified on the 303(d) list (40 CFR 130.7(c)). 
wastes, biological materials, radioactive materials, heat, Protection of designated uses, such as aquatic life wrecked or discarded equipment, rock, sand, cellar dirt 

support, may require an approach that addresses and industrial, municipal, and agricultural waste 
discharged into water. (CWA § 502(6)). multiple stressors and the cumulative benefit on the 

impaired water.  Some stressors, such as low flow or Pollution. Generally, the presence of matter or energy poor habitat, that affect aquatic life uses are not defined whose nature, location, or quantity produces undesired 
as pollutants under the CWA (§ 502(6)) and therefore environmental effects. In 40 CFR 130.2(c), pollution is 

defined as “The man-made or man-induced alteration of 
the chemical, physical, biological, and radiological 

do not require TMDLs.  Watershed studies, which may 
or may not include a TMDL, may need to address integrity of water.” broader ecological modeling or multiple stressor 

analyses.   
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Chapter 3  What is a Model? 

The term “model” describes the set of equations or algorithms that are used to simulate a physical system.  In this 
report, “model” also refers to a variety of available software tools that automate the calculation of equations or 
groups of equations representing the system.  To address a specific technical problem, an analyst may choose to 
apply an existing model, apply multiple models alone or in combination, modify an existing model, or develop a 
site-specific model.  Each application of a model must be designed to meet the analytical needs of the specific 
system. 

Additional Modeling Definitions Model Complexity 
Models are developed at various levels of complexity, Field scale. Taking place at the subbasin or smaller level. 
depending on the application needs. The simplest models Field scale modeling usually refers to geographic areas 

composed of one land use (e.g., a cornfield). provide general predictions based on a limited set of 
environmental or physical factors. One example might be Lumped model. A model in which the physical characteristics 
a loading rate model that provides an estimate of annual for land units within a subwatershed unit are assumed to be 

homogeneous. pollutant load as a simple function of land use type. 
These simplified approaches group physical processes Mechanistic model.  A model that attempts to quantitatively 
and provide generalized estimates of response.  Empirical describe a phenomenon by its underlying causal mechanisms. 
equations, that build functional relationships based on 

Numerical model. Model that approximates a solution of long-term studies and statistical analysis, are typically 
governing partial differential equations that describe a natural used in simplified models (e.g., Universal Soil Loss process. The approximation uses a numerical discretization of 

Equation [USLE]).  Simplified techniques, due to their the space and time components of the system or process. 
inherent generalizations, are limited in applicability to 

Steady state model. Mathematical model of fate and transport the various pollutants and waterbodies addressed by that uses constant values of input variables to predict constant 
TMDLs.  On the other end of the spectrum are physically values of receiving water quality concentrations. 
based models that seek to describe the fundamental 

Dynamic model. A mathematical formulation describing the processes that are associated with water, sediment, and 
physical behavior of a system or a process and its temporal pollutant movement, transport, transformation, and variability. 

delivery.  Physically based models describe fundamental 
processes, such as infiltration, through the use of 
scientifically based equations.  The most sophisticated models will solve fundamental equations on a detailed spatial 
and temporal scale.  Physically based models require additional data to estimate the various parameters used in the 
solution techniques.  For example, infiltration calculations might require detailed information on precipitation, 
evaporation, slope, soil conductivity, soil profiles, and vegetated cover.   

The complexity of models is also a function of the spatial representation of the heterogeneity of the watershed or 
waterbody.  The simplest watershed models group large areas by land use category.  Similarly, a simplified lake 
model represents the lake as one large unit.  More detailed watershed models will represent land areas as a network 
with grid cells that have defined land and soil features.  Other watershed models compromise by using a 
hydrologically based network of subwatersheds and stream segments to represent the system.  Within each 
subwatershed, the individual land use units are “lumped” based on similar characteristics (e.g., land use, soils, 
slope).  This lumped approach simplifies the physical representation of the subwatershed and does not distinguish 
between small parcels and contiguous parcels of land areas within a subwatershed.  Models are also distinguished by 
their temporal complexity – with simple models that use long timesteps (i.e., annual, seasonal) and detailed models 
that have timesteps of hours or minutes.  Even the most detailed models are built using a combination of empirical 
and physically based techniques, with varying degrees of flexibility for users to select the spatial and temporal scale 
of the application. 
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Alternatives Analysis 
Models can help evaluate and quantify the potential effects of alternative plans and operational schemes and help 
understand the relationships between natural systems and human influences on those systems.  For TMDLs and 
watershed studies, models are particularly useful in evaluating the likely benefits and drawbacks associated with 
various loading alternatives and their effect on specific quantifiable endpoints that represent compliance with water 
quality standards.  Central to the application of models is support for alternatives analysis. Modeling analyses can 
be used to test multiple scenarios, with various allocations to nonpoint and point sources (i.e., LA and WLAs). 
Among the scenarios, one or more may meet water quality standards; however, some distributions of loading may 
not be technically feasible or accepted by stakeholders. Using the model to develop an understanding of the 
magnitude of each source, its geographic location, and the sensitivity of the receiving water to changes in source 
loading supports the selection of feasible or preferred allocations. The allocation or alternatives analysis is typically 
performed based on the following discrete steps, as illustrated in Figure 3-1: 

•	 Step 1:  Application of the Model to Existing

Conditions – This application represents the

current condition (e.g., observed water quality,

current loadings) and is compared to available 

monitoring data for model testing and

calibration.  Point sources are set at

representative discharge concentrations,

reflective of permit monitoring data. 

Representative concentrations may be lower or

higher than permit limits. 
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•	 Step 2:  Application of the Model to Existing 
Load Reduction

Conditions with Point Sources at Permit 
Limits – This application establishes the Figure 3-1.  Steps for performing allocation analysis.
baseline condition, which will be reduced to 
meet the allowable load. The point sources are 
set at permit limits for flow and pollutant concentration.  If no permitted flow is available, the design flow 
or historic observed flow can be used. If the permit does not include a permit limit for the affected 
pollutant, then the observed concentration can be used. 

•	 Step 3:  Application of the Model to Future Conditions – When future growth is considered, it can be 
added to the nonpoint or point source loading contributions. 

•	 Step 4: Develop and Test Allocation Scenarios – Working from the baseline condition (Step 2, or Step 3 if 
future growth is considered), sample allocation scenarios are applied with a variety of source reductions. 
These scenarios are shown as A, B, and C in Figure 3-1. The results of each scenario are compared with 
the applicable water quality standard, and scenarios are adjusted until water quality standards (or loading 
capacity) are achieved. 

•	 Step 5: Select Final TMDL Scenario – Once the final TMDL scenario is selected, results are processed to 
provide the required TMDL elements. 

Model Development 
Models include suites of equations that represent key processes. Conventional wisdom indicates that the simplest 
model sufficient to answer management questions with confidence should be applied.  Analysts will need to 
consider the level of complexity needed and appropriate for a given application.  Additional complexity, in the form 
of more detailed simulation of physically based processes and higher spatial and temporal resolution, requires more 
experience, time, data, and resources to implement. However, the selected model will need to include sufficient 
description of processes to preserve sensitivity to evaluate management techniques or alternatives and the effects on 
the relevant performance measures.  In other words, if the chosen TMDL model is not capable of quantifying the 
potential response of the selected endpoints to changes in source loads, that model is inadequate to the task. 
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The complexity of a model application can also be adjusted by configuring a specific modeling system.  Typically, 
detailed modeling systems include the flexibility to select processes and define the appropriate spatial and temporal 
detail.  For example, the Hydrological Simulation Program—FORTRAN (HSPF) provides the ability to use detailed 
descriptions of land runoff and erosion processes.  But HSPF can also be applied without including explicit erosion 
processes.  Simplified models are more limited by their original formulation and defining assumptions.  For 
example, the GWLF model does not include simulation of in-stream processes, and no alternative formulations are 
offered.  The user of a model makes numerous choices during model setup that define the complexity of a particular 
model application.  The user defines spatial and temporal resolution, the specific processes simulated, and the level 
of detail of the analysis.  For example, based on user setup selections, a model such as Stormwater Management 
Model (SWMM) can include pollutant simulation using a description of buildup and washoff of dust and dirt or a 
simpler approach, where a fixed concentration (e.g., event mean concentration [EMC]) is assigned to runoff.  When 
applying the model to a specific watershed or waterbody, the user will also determine the spatial resolution of the 
model—how many land use categories, subwatersheds, and waterbody features to simulate.  These decisions allow 
the user to change the level of complexity from a simplified approach to a more detailed analysis.   

Integration of management practices will also affect the development of models for TMDL development and 
watershed assessments.  Point sources that are discrete discharges, located at well-defined discharge points, typically 
will need to be represented individually to determine individual WLAs.  Other management practices for wet-
weather point sources, including combined sewer overflows, sanitary system overflows, and stormwater, and 
nonpoint sources can be represented in varying levels of detail depending on the pollutant type, watershed and 
waterbody conditions, and the level of detail of the management planning analysis.  In most states, an 
implementation plan is not a required element of a TMDL, and detailed description of BMPs is not required. 
However, increasingly, TMDL practitioners are using models to demonstrate management techniques that can be 
used to achieve the needed load reductions.  The 319 program guidelines also identify the need to evaluate load 
reductions and identify management measures needed to achieve the load reductions.    

The spatial detail required for simulation of BMPs, especially stormwater and nonpoint source management 
techniques, place particular challenges on the development of practical and cost-effective model applications.  Most 
applications use simplified estimates of BMP adoption and benefit to evaluate the potential for load reduction.  Land 
use-based management might be represented by a general representation of a reduction in loading.  For example, a 
change in crop practice could be estimated by percentage reduction in cropland loading expressed as a percentage of 
the total load.  In detailed simulations, individual BMPs can be applied and their effects on water quality simulated. 
For example, in an urban watershed, specific stormwater management ponds can be simulated as a hydrologic unit 
and the trapping of runoff and pollutants simulated for each pond.  Although simulation of individual BMPs can be 
achieved using existing modeling systems, the effort for data collection and modeling for watershed-wide 
applications is often too high.  The selection and placement of the specific BMPs are typically addressed later, as 
part of a watershed implementation planning study. Often, implementation planning includes less rigorous modeling 
and focuses more on technical and budget-related specifics.  In some studies, a “nested” model development process 
is used, where a small-scale, detailed evaluation of BMP performance is used as a basis for extrapolation to a larger 
watershed.  Some studies use small-scale monitoring studies and literature values of BMP effectiveness to support 
watershed-wide estimates.  

Integrated Modeling Systems and Linked Models 
For watersheds with multiple land and water features, such as a land areas, rivers, canals, reservoirs, and estuaries, 
more than one model is often needed.  In TMDL studies, representation of sources and receiving waters often 
requires two or more models.  Modelers often connect or “link” models together to describe an entire system.  The 
use of multiple models is necessary when multiple features of the system cannot be sufficiently described by one 
model.  These linkages between models (either available modeling software systems or customized systems) can be 
static or dynamic.  A static linkage takes output from one model and uses it as input to a second model.  A dynamic 
linkage can be bi-directional, where information from each timestep transfers back and forth between the models 
and affects both simulations. Modelers often implement linkages through a simple file transfer system or a common 
database.  Some models or modeling software systems provide software-enabled linkages so that all file exchange 
requirements are automatically performed as the models are applied.  
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Integrated modeling systems may also provide software that facilitates data exchange; uses common spatial and 
point data formats; and prepares input files.  Often, shared tools support data management, Web-based data 
downloads, model setup, and post-processing.  Some modeling systems are based on independent models with an 
open set of supporting tools.  Other systems provide a unified system with a single interface that launches and 
manages several models concurrently. 

Trends in Model Development 
Models are needed to address the new questions that watershed managers ask that reflect the 21st century trends in 
policy and environmental decision-making.  Many models are applied as part of larger scale watershed management 
studies that address multiple objectives, including TMDLs. Questions that models might be used to evaluate include:  

•	 The implications of long-term changes in land use 

•	 Competition among dischargers for limited assimilative capacity 

•	 Conjunctive use of water resources for water supply, recreation, and aquatic life 

•	 Management of harbors and shipping channels to maintain navigation and aquatic life support 

•	 Planning for effective, targeted implementation of TMDLs 

•	 Addressing multiple concurrent programs such as NPDES, TMDL, Endangered Species, Wetlands, and 
Source Water Protection 

•	 Cost effectiveness of management alternatives 

•	 Optimization techniques to help select alternatives that minimize cost and maximize benefit 

•	 Implication of global climate changes on long-term changes in water quantity and quality 

New technical challenges will be placed on modeling to support environmental decisions and emerging 
programmatic needs.  This review will ultimately focus on identifying those specific areas where technical 
development is needed to support TMDL development and related programs.  However, an initial review of existing 
trends in model use can help to develop a preliminary list of key technical needs.   

•	 Less-familiar pollutant types will need to be analyzed.  Many studies, especially for TMDLs and watershed 
and estuary restoration, have been performed to assess nutrients, dissolved oxygen, sediment, pathogens, 
and metals.  But many more pollutant types will need to be addressed, including chloride, Dichloro-
Diphenyl-Trichloroethane (DDT), polychlorinated biphenyls (PCBs), and mercury.  Existing models and 
available supporting data are limited in the range of chemical processes and pollutants they can represent. 

•	 The range of source types will need to be expanded.  Typical modeling applications have focused on 
dominant, general source categories, such as “agriculture,” “urban,” “forest.”  New studies will likely need 
to address more specific source types or source loading characteristics, such as agricultural specialty crops 
(e.g., strawberries), golf courses, or ski areas.  

•	 Improved techniques are needed to address complex hydrologic conditions, such as high water tables with 
surface-to-groundwater interactions, pumped and managed systems, dams, decreasing baseflow due to 
groundwater pumping, or complex geology (e.g., karst). 

•	 Competition for resources, management of airborne sources (i.e., mercury, nitrogen), and watershed-based 
management needs will increasingly require cross-media analyses (air-land-surface water-groundwater). 
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•	 Contaminated sediment problems and the need to examine restoration alternatives and dredging 
implications will require more detailed simulation of sediment transport and sediment chemistry. 

•	 Evaluation of designated use support in waters of the United States and watershed management 
implications will require further analysis of aquatic life and terrestrial habitat (i.e., ecological models). 

•	 An expanded focus on cost-effective implementation will drive technical development in modeling systems 
to include simulation of management practices, consider management cost, and include optimization 
techniques. 

•	 Global climate change and rapid urbanization will require modeling of future conditions under changing 
land use and meteorological conditions, requiring more sophisticated land use and meteorologic projection 
techniques.   

•	 As models are increasingly used to support decisions that result in significant financial investment for 
restoration and infrastructure, the defensibility and accuracy of models will be challenged.  Techniques will 
be needed to support model testing, calibration support, verification, and uncertainty analysis. 
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Chapter 4 Available Models 

This review initially focuses on models that are available today for simulation of watershed and receiving water 
conditions.  The review emphasizes public domain models, although some selected private or proprietary models are 
included if they are published, provide significant technical benefit, or are typically used in TMDL development. 
Preparing the review categories considered prior model reviews including Kalin and Hantush (2003) and USEPA 
(1997) and online systems such as EPA’s Council on Regulatory Environmental Modeling (CREM) Knowledge 
Base structure (http://cfpub.epa.gov/crem/knowledge_base/knowbase.cfm). 

Most models focus on particular land-water features; some are dominantly receiving water models, while others are 
primarily oriented to calculating watershed loading.  Both receiving water and watershed models can incorporate the 
ability to simulate management techniques.  For this review, two major categories of models are recognized and 
used for evaluation and comparison: 

•	 Receiving water models (Hydrology, Water Quality). This group of models emphasizes description of 
hydrology and water quality of water conveyance systems, including rivers, canals, reservoirs, lakes and 
estuaries.  Some include bi-directional flow, pumps, and operations in freshwater systems.  Others include 
evaluation of tidal systems and the influences of wind, waves, and tides on mixing.  Water quality 
simulation involves representation of sediment and pollutant transport and transformation.  Some models 
include ecological processes, such as vegetative growth, aquatic organisms and aquatic productivity.  Not 
all receiving water models address water quality.  Sometimes, water quality functions are provided by 
linking hydrologic and water quality models. 

•	 Watershed models.  This group of models emphasizes description of watershed hydrology and water 
quality, including runoff, erosion, and washoff of sediment and pollutants.  Some models include surface-
groundwater interactions and simplified groundwater transport.  Some also include internally linked river 
transport and water quality processes and reservoirs. 

Table 4-1 provides a summary of currently available models included in this review with contact information and 
support for watershed, receiving water, and other key features. Some models simulate BMP performance and 
treatment capabilities.  Models continue to be expanded to address multiple categories of analysis, such as watershed 
models that include BMP analysis (e.g., SWMM), or receiving water models that include hydrology and water 
quality (e.g., Environmental Fluid Dynamics Code [EFDC]).   Some models are identified as “system,” to recognize 
that these systems support multiple models (e.g., the EPA TMDL Modeling Toolbox includes linkages between 
watershed models and receiving water models).  Integrated systems are included in the list of models and include the 
multiple capabilities of their component models.  This review uses the model categories for descriptive purposes but 
recognizes that available models may support both watershed and receiving water simulations. 
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Table 4-1. Summary of Available Models 
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AGNPS Agricultural Nonpoint Source 
Pollution Model 

USDA-ARS — — � � — — � 

AGWA Automated Geospatial Watershed 
Assessment 

USDA-ARS — � � � � — � 

AnnAGNPS Annualized Agricultural Nonpoint 
Source Pollution Model 

USDA-ARS — — � � — — � 

AQUATOX — EPA — � — — — — � 

BASINS Better Assessment Science 
Integrating Point and Nonpoint 
Sources 

EPA � � � � � — � 

CAEDYM Computational Aquatic Ecosystem 
Dynamics Model 

University of Western Australia � � — — — — � 

CCHE1D — University of Mississippi � � — — — — � 

CE-QUAL-ICM/ 
TOXI — USACE — � — — — — � 

CE-QUAL-R1 — USACE � � — — — — � 

CE-QUAL-RIV1 — USACE � � — — — — � 

CE-QUAL-W2 — USACE � � — — — — � 

CH3D-IMS Curvilinear-grid Hydrodynamics 3D— 
Integrated Modeling System 

University of Florida, Department 
of Civil and Coastal Engineering  

� � — — — — � 

CH3D-SED Curvilinear Hydrodynamics 3D— 
Sediment Transport 

USACE � � — — — — � 

DELFT3D — WL | Delft Hydraulics � � — — — — � 

DIAS/IDLMAS Dynamic Information Architecture 
System/Integrated Dynamic 
Landscape Analysis and Modeling 
System 

Argonne National Laboratory — — � � � — � 

DRAINMOD — North Carolina State University — — � �  — � 

DWSM Dynamic Watershed Simulation 
Model 

Illinois State Water Survey — � � � — — � 

ECOMSED Estuary and Coastal Ocean Model 
with Sediment Transport 

HydroQual, Inc. � � — — — — � 

EFDC Environmental Fluid Dynamics Code EPA and Tetra Tech, Inc. � � — — — — � 
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EPIC Erosion Productivity Impact 
Calculator 

Texas A&M University—Texas 
Agricultural Experiment Station 

— — � — — � 

GISPLM GIS-Based Phosphorus Loading 
Model 

College of Charleston, Stone 
Environmental, and Dr. William 
Walker (for Vermont DEC) 

— — � � — — � 

GLEAMS Groundwater Loading Effects of 
Agricultural Management Systems 

USDA-ARS — — — � — — � 

GLLVHT Generalized, Longitudinal-Lateral-
Vertical Hydrodynamic and Transport 

J.E. Edinger Associates, Inc. � � — — — — � 

GSSHA Gridded Surface Subsurface 
Hydrologic Analysis 

USACE — — � � — — � 

GWLF Generalized Watershed Loading 
Functions 

Cornell University — — � — — — � 

HEC-6 Scour and Deposition in Rivers and 
Reservoirs 

USACE � � — — — — � 

HEC-6T Sedimentation in Stream Networks USACE � � — — — — � 

HEC-HMS Hydraulic Engineering Center 
Hydrologic Modeling System 

USACE — — � — — — � 

HEC-RAS Hydrologic Engineering Center River 
Analysis System 

USACE � — — — — — � 

HSCTM-2D Hydrodynamic, Sediment, and 
Contaminant Transport Model 

EPA � � — — — — � 

HSPF Hydrologic Simulation Program— 
FORTRAN 

EPA — � � � — — � 

KINEROS2 Kinematic Runoff and Erosion Model, 
v2 

USDA-ARS — — � � — — � 

LSPC Loading Simulation Program in C++ EPA and Tetra Tech, Inc. — � � � — — � 

MCM Mercury Cycling Model Tetra Tech, Inc � � — — — — � 

Mercury Loading 
Model 

Watershed Characterization 
System—Mercury Loading Model 

EPA — — � — — — � 

MIKE 11 — Danish Hydraulic Institute � � — — — — � 

MIKE 21 — Danish Hydraulic Institute � � — — — — � 

MIKE SHE1 — Danish Hydraulic Institute � — � � � — � 
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MINTEQA2 Metal Speciation Equilibrium Model 
for Surface and Ground Water 

EPA — � — — — — � 

MUSIC Model for Urban Stormwater 
Improvement Conceptualization 

Monash University, Cooperative 
Research Center for Catchment 
Hydrology  

— — � � — — � 

P8-UCM Program for Predicting Polluting 
Particle Passage through Pits, 
Puddles, and Ponds—Urban 
Catchment Model 

Dr. William Walker — — � � — — � 

PCSWMM Stormwater Management Model Computational Hydraulics Int. — � � � — — � 

PGC – BMP Prince George’s County Best 
Management Practice Module 

Prince George's County, MD — — — � — — � 

QUAL2E Enhanced Stream Water Quality 
Model 

EPA — � — — — — � 

QUAL2K — Dr. Steven Chapra, EPA TMDL 
Toolbox 

— � — — — — � 

REMM Riparian Ecosystem Management 
Model 

USDA-ARS — — — � — — � 

RMA-11 — Resource Modelling Associates � � — — — — � 

SED2D — USACE � � — — — — � 

SED3D Three-Dimensional Numerical Model 
of Hydrodynamics and Sediment 
Transport in Lakes and Estuaries 

EPA � � — — — — � 

SHETRAN — University of Newcastle (UK) � � � — — — � 

SLAMM Source Loading and Management 
Model 

University of Alabama — — � � — � — 

SPARROW SPAtially Referenced Regression On 
Watershed Attributes 

USGS — — � — — � — 

STORM Storage, Treatment, Overflow, Runoff 
Model 

USACE (Mainframe version), 
Dodson & Associates, Inc. (PC 
version) 

— — � � — � � 

SWAT Soil and Water Assessment Tool USDA-ARS — � � � — — � 

SWMM Storm Water Management Model EPA — � � � — — � 

Toolbox TMDL Modeling Toolbox EPA � � � � � — � 
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TOPMODEL — Lancaster University (UK), 
Institute of Environmental and 
Natural Sciences 

— — � — — — � 

WAMView Watershed Assessment Model with 
an ArcView Interface 

Soil and Water Engineering 
Technology, Inc. (SWET) and 
EPA 

— � � � — — � 

WARMF Watershed Analysis Risk 
Management Framework 

Systech Engineering, Inc. — � � � — — � 

WASP Water Quality Analysis Simulation 
Program 

EPA �
2 

� — — — — � 

WEPP Water Erosion Prediction Project USDA-ARS — — � � — — � 

WinHSPF Interactive Windows Interface to 
HSPF 

EPA — � � � — — � 

WMS Watershed Modeling System 
(Version 7.0) 

Environmental Modeling 
Systems, Inc. 

� � � � � — � 

XP-SWMM Stormwater and Wastewater XP Software, Inc. — � � � — — � 
Management Model 

1 When MIKE SHE is fully linked to MIKE 11, it can be characterized as a system and is able to simulate receiving water 
hydrodynamics 
2 Only when WASP is used together with DYNHYD—a hydrodynamic program for WASP 
USDA-ARS = U.S. Department of Agriculture, Agricultural Research Service 
USACE = U.S. Army Corps of Engineers 
USGS = U.S. Geological Survey 

Receiving water model simulation capabilities are examined in greater detail in Table 4-2. The type, complexity and 
water quality simulation capabilities are identified for each model.  Model type is categorized as follows: 

•	 Steady State. These models operate under a single nonvariable flow condition.  Steady state models are 
typically used to evaluate a design flow. 

•	 Quasi-dynamic.  Quasi-dynamic models allow for limited variation, typically a variation in meteorologic 
conditions over the course of day, to examine variability. 

•	 Dynamic.  These models allow for variations in both flow and meteorologic conditions on a small 
timestep, typically shorter than daily. 

Level of complexity in receiving water models is also evaluated based on spatial detail described as one, two or 
three dimensions.  Most three-dimensional models also have the ability to be applied in one- or two-dimensional 
modes. 

Descriptions of water quality capabilities are based on support for specific pollutants or parameters. 

Watershed model capabilities are reviewed in Table 4-3. For watershed models, the evaluation is based on five 
separate factors: type, complexity, timestep, hydrology, and water quality.  Types of watershed models are generally 
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classified as landscape only, simulating only land-based processes, and comprehensive models, including land and 
conveyance systems (e.g., rivers, pipes).  Complexity in watershed models is classified on three levels: 

•	 Export functions are simplified rates that estimate loading based on a very limited set of factors (e.g., land 
use). 

•	 Loading functions are empirically based estimates of load based on generalized meteorologic factors (e.g., 
precipitation, temperature). 

•	 Physically based include more physically based representations of runoff, pollutant accumulation and 
washoff, and sediment detachment and transport.  Most detailed models use a mixture of empirical and 
physically based algorithms. 

Timestep, a defining characteristic of models, is often a factor in the comparison of model results to evaluate 
management alternatives.  If a model is limited to simulation of individual events, it is noted next to the model 
name.  If not specified, the model is capable of continuous simulation that provides an ongoing account of flow and 
load.  The table identifies the smallest timestep supported by a model (e.g., hourly, daily).  If larger output timesteps 
are needed, model output can be summarized from smaller timesteps. Hydrology evaluation criteria consider 
whether a model includes surface runoff only, or if surface and groundwater inputs are considered. Most 
comprehensive watershed models include a groundwater factor to account for baseflow contributions to streams and 
rivers.  Finally, water quality capabilities are evaluated based on the pollutants or parameters simulated by the 
model.  Depending on the level of complexity, the model may use various techniques to simulate the behavior of the 
individual pollutants. 

Management practice simulation capabilities of watershed and receiving water models are evaluated in more detail 
in Table 4-4.  Some models specialize in the representation of agricultural areas and include capabilities to evaluate 
various crops, crop rotations, tillage practices, and impoundments.  Other models are primarily oriented to urban 
areas and typically include the ability to evaluate various structural solutions, such as detention ponds.  The 
simulation of management practices is evaluated based on the scale, complexity, hydrology, and water quality.  The 
final category identified the specific BMP types considered by the model.  For BMP modeling assessment, model 
scale is defined as field, BMP, or generalized, as follows:    

•	 Field practices refers to models that assess land use management for one or more single uniform land 
drainage area.  These models are typically used in agricultural applications to examine crop rotation, 
tillage, or nutrient management practices on a small scale or as part of a larger watershed modeling 
simulation. 

•	 BMP refers to models that can assess one or more individual BMPs and their influence on hydrology or 
water quality loading. 

•	 Generalized identifies models that include a technique to estimate the effect of management as a gross or 
larger-scale effects, typically through the use of percentage reductions at the land use or subwatershed 
scale. 

Hydrology evaluation describes the hydrologic processes of storage, overflow, infiltration and routing that typically 
describe BMPs.  These hydrologic processes are fundamental to a more physically based description of the BMPs 
and are a basis for evaluation of related pollutant removal techniques.  Water quality evaluation criteria consider the 
support for various pollutants.  “Types of BMPs” provides a listing of the support for the major or most commonly 
encountered practices. “Vegetative practices” refers to BMPs that use vegetation as part of a system to slow runoff 
and help stormwater infiltrate the soil and settle particulates. Examples of vegetative practices include stream buffer 
zones, disturbed area stabilization (with mulch, sod, permanent vegetation, temporary vegetation), filter strips, and 
grass swales. 
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Each model included in the review is also described in a longer fact sheet (Appendix).  The fact sheet includes a 
narrative discussion of essential features of each model and provides a comprehensive evaluation of the individual 
model software, tools, and supporting features.  Each of the identified models was evaluated on key technical, 
practical, and software related capabilities.  The evaluation format for the fact sheet is structured to support future 
use in a database format and facilitate comparison of models.  The structure of the model fact sheets and definitions 
for each category are shown in Table 4-5. 

Table 4-2.  Summary of Receiving Water Simulation Capabilities 
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AQUATOX — — � � — — — � � � — � � — 
(vert) 

BASINS — � � � — — � � � � � � � � 

CAEDYM — — � � � � � � � — � � � � 

CCHE1D — — � � — — — � — — — — — — 

CE-QUAL-ICM/TOXI — — � � � � � � — � � � — 

CE-QUAL-R1 — — � � — — — � � — � � � � 

CE-QUAL-RIV1 — — � � — — — — � — � � � � 

CE-QUAL-W2 — — �  — � — — — � — — � � � 

CH3D-IMS — — � � � � — � � — — � � — 

CH3D-SED — — � � � � — � — — — — — — 

DELFT3D — — � � � � � � � � � � � � 

DWSM — — � � — — — � � � — — — — 

ECOMSED — — � � � � — � — — — — — — 

EFDC — — � � � � � � � � � � � � 

GISPLM — — — — — — — — � — — — — — 

GLLVHT — — �  — — � — � � — — � — � 

GSSHA  — — �  — � — — � — — — — — — 

HEC-6 — — � � — — — � — — — — — — 

HEC-6T — — � � — — — � — — — — — — 

HEC-RAS — — � � — — — — — — — — — — 
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Type Level of Complexity Water Quality 
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HSCTM-2D — — �  — � — — � — — — — — — 

HSPF — — � � — — � � � � � � � � 

LSPC — — � � — — � � � � � — — � 

MCM — — � � — — — — — — � — — — 
(Hg) 

MIKE 11 � — �  — � — — — — — — — — — 

MIKE 21 — — �  — � — — � � � � � � � 

MINTEQA2 � — — — — — — — — — � — — — 

PCSWMM — — � � — — � � � � � — — � 

QUAL2E — � — � — — � — � — — � � � 

QUAL2K — � — � — — � — � — — � � � 

RMA-11 — — � � � � � � � — — � � — 

SED2D — — �  — � — — � — — — — — — 

SED3D — — � � � � — � — — — — — — 

SHETRAN — — � � — — — � — — — — — — 

SWAT — � — � — — — � � � � � � — 

SWMM — — � � — — � � � � � — — � 

Toolbox — � � � � � � � � � � � � � 

WAMView — — � � — — — � � — — � � � 

WARMF — — � � � — — � � � � � � � 

WASP — — � � � � � � � � � � � — 

WinHSPF — — � � — — � � � � � � � � 

WMS — — � � � — � � � � � � � � 

XP-SWMM — — � � — — � � � � � — — � 

BOD = Biochemical oxygen demand 
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Table 4-3.  Summary of Watershed Simulation Capabilities 

Type  Level of Timestep Hydrology Water Quality Complexity 
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� �  — — � � — — — � — — � � � — — — 

AnnAGNPS — �  — — � — � — — � — — � � � — — — 

BASINS — � � � � � � — — � � � � � � � � � 

DIAS/IDLMAS — — — — — — — — � — — — � — — — — — 

DRAINMOD — — — — � � — — — — � — — � — — — — 

DWSM (event — �  — — � � — — — � — — � � � — — — 
based) 

EPIC — — — — — — � — — � — — � � � — — — 

GISPLM — �  — � — — � — — � — — — � — — — — 

GLEAMS — — — — — — � — — � — — � � � — — — 

GSSHA  � �  — — � � — — — — � — � — — — — — 

GWLF — �  — � — — — � — — � — � � — — — — 

HSPF — �  — — � � — — — — � � � � � � � � 

HEC-HMS — �  — — � � — — — � — — — — — — — — 

KINEROS2 (event — �  — — � � — — — � — — � — — — — — 
based) 

LSPC — �  — — � � — — — — � � � � � � � � 

Mercury Loading 
Model 

— — — — � — — — � � — — — — — � 
(Hg 

— — 

) 

MIKE SHE — �  — — � � — — — — � — — — — — — — 

MINTEQA2 — — — — — — — — — — — — — — — � — — 

MUSIC — — — — � � — — — � — � — — — — — — 

P8-UCM — — � � — � — — — � — � � � — � — — 
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 Level of Type Complexity Timestep Hydrology Water Quality 
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PCSWMM — �  — � � � — — — — � � � � � � — � 

PGC – BMP — — — � — � — — — — — — � � — � — — 

SHETRAN — �  — — � � � — — — � — � — — — — — 

SLAMM — — — — — � — — — � — — � � — � — — 

SPARROW — � — — — — — — � � — — � � � — — — 

STORM — — � — � � — — — � — — � � — — — � 

SWAT — �  — — � — � — — — � — � � � � — — 

SWMM — �  — — � � — — — — � � � � � � � � 

Toolbox — �  — — � � — — — — � � � � � � � � 

TOPMODEL — — — — � � � — — — � — — — — — — — 

WAMView � �  — — � � — — — — � — � � � � — � 

WARMF — �  — — � — � — — — � — � � � � � � 

WEPP — — — — � — � � � — � — � — — — — — 

WinHSPF — �  — — � � — — — — � � � � � � � � 

WMS — �  — — � � — — — — � � � � � � � � 

XP-SWMM — �  — — � � — — — — � � � � � � � � 
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Table 4-4.  Summary of Management Practice Simulation Capabilities 
Type Level of Hydrology Water Quality Types of BMPs 
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AGNPS � � � — — — � � — � � � � — — � — � — — 

AnnAGNPS � � � — — — � � — � � � � — — � — � — — 

AQUATOX — � — — — — — — � — � � — — — � — — — — 

BASINS � � � � — — — — — � � � � — — � — � — � 

DIAS/IDLMAS — � � — — — — — — � — — — — — — — — — — 

DRAINMOD � — — � � � � — — — — � — — — — — — � — 

DWSM — � — � — — � � — � � � � — — � � — — — 

EPIC � — — � � � � — — � � � � — — � � — � — 

GISPLM — � � — — — — — — — � — — — — — — — — — 

GLEAMS � � — � — � � — — � � � � — — — — — — — 

GSSHA  � � — � — — � � — � — — — — — � � � � 

GWLF � — � — — — — — — � � � — — — — — � — — 

HSPF � � � — � � � � � � � � � � � — — — — — 

KINEROS2 � — — � — — � � — � — — — — — � — � — � 

LSPC � � � — � � � � � � � � � � � � — � — � 

MUSIC — � — � � � � � � — — — — — — � � � � � 

P8-UCM — � — � � � � — � � � � — � — � � � — � 

PCSWMM — � — � � � � � � � — � — — — � � — — � 

PGC – BMP — � — � � � � � � — — — — — — � � � � � 

REMM — � — � — — � � — � � � � — — — — � — — 

SLAMM — � � � � � � — — � � � — � — � � � � � 

STORM — � — — � � — — — — — — — — — — — — — � 
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Type Level of Hydrology Water Quality Types of BMPs 
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SWAT � � — � — — � � — � � � � — — � � � — � 

SWMM — � — � � � � � � � — � — — — � � — — — 

Toolbox � � � � � � � � � � � � � � � � — � — � 

WAMView � � — � � � � � — � � � � � � � � � � � 

WARMF — � — � — — — — — � � � — � � — — — � � 

WEPP � � � — — � � — — � — — — — — — � — — — 

WinHSPF � � � — — — — — � � � � � � � — — — — — 

WMS � � � � — — � � � � � � � � � � � — � � 

XP-SWMM — � — � � � � � � � — � — — — � � — — � 
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Table 4-5.  Overview of Models – Review Categories 
Categories Description 

Contact Information Includes: 

��Contact name 
��Affiliation 
��Address 
��Phone number  
��E-mail 
��Web site 

Download Information Includes location, contact, availability, and cost, if applicable, for downloading the model and 
related files on the Internet 

Model Overview/Abstract Provides a general summary of model purpose and capabilities 

Model Features Identifies the key model features characterizing the model type and simulation capabilities 
(e.g., lumped, nonpoint source) 

Model Areas Supported Grades the model’s support for the following key features: 

��Watershed 
��Receiving water 
��Ecological 
��Air 
��Groundwater 

Each feature is graded as follows: 

��High—fully supported/physically based 
��Medium—some simplifying assumptions 
��Low—empirical representation 
��None—no support 

Model Capabilities Includes the following subcategories: 

Conceptual basis—summarizes of the general formulation of the model 

Scientific detail—discusses specific technical components and solution techniques used in 
the model 

Model framework—discusses the structure of the model 

Scale Includes the following subcategories: 

Spatial scale—identifies the smallest operational unit of the model (e.g., cell, watershed,

size range) 


Temporal scale—identifies the model’s timestep 


Assumptions Lists key operational or technical assumptions included in the model 

Model Strengths Lists key strengths (technical, operational, or systems/software-related) of the model 

Model Limitations Lists key limitations (technical, operational, or systems/software-related) of the model 

Application History Identifies past applications that demonstrate model utility and applicability and identifies 
documentation of model application 

Model Evaluation Summarizes any available formal testing of model, peer review, or other supporting 
documentation 
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Categories Description 

Model Inputs Listing of key inputs and parameters (or categories of parameters) needed for model setup 
and application 

Users’ Guide Identifies the availability of a user’s manual and where to obtain it 

Technical Hardware/Software Listing of key computer and operational related information related to: 
Requirements 

��Computer hardware 
��Operating system 
��Programming language (code and interface) 

Linkages Supported Lists related or linked models or modeling systems 

Related Systems Lists other or alternate interfaces for the model 

Sensitivity/Uncertainty/Calibration Identifies supporting tools or measures of sensitivity/uncertainty and calibration components 

Model Interface Capabilities Lists model interface tools (e.g., pre- and post-processors, data display tools, data 
preparation tools) 

References Lists key references (selected recent or relevant articles) 
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Chapter 5 Applicability of Models 

Although a variety of models is available, the assessment of modeling needs must also consider the applicability of 
models for TMDLs and watershed programs.  In this chapter, the applicability of models is evaluated by matching 
model capabilities to a set of application criteria.  Applicability considers the defining characteristics of project 
applications including pollutants, land and water characteristics, management alternatives, data, and user interfaces. 
The coverage provided by available models is discussed and key gaps identified.  The ability of existing integrated 
modeling systems to address the application needs, through linkage of models and supporting utilities, is also 
discussed. 

Application Criteria 
The application criteria were designed to evaluate the capabilities of currently available models to support TMDL 
development and evaluation of implementation options.  The application criteria match specific TMDL modeling 
needs with the modeling capabilities and processes described, the land and water features simulated, and the utilities 
that support model application.  The application criteria were used to evaluate the capability of models to perform 
TMDL analyses, including training, level of effort, and user interface capabilities.  In the previous chapter, the 
models were evaluated on their basic capabilities in watershed, receiving water, and BMP simulation. For this 
chapter, all available models were evaluated in each table, recognizing that each model could support multiple 
criteria. Integrated modeling systems (e.g., BASINS, Toolbox, and WMS) were evaluated on the capabilities of 
their component models.   

A structured sequence of application criteria was used to Model Application Tables 
evaluate capabilities for each of five major categories.  The 

TMDL Endpoints (Table 5-1). Considers the model’s ability first application category, TMDL endpoints, considers the to simulate typical TMDL target pollutants and expressions ability of models to predict the magnitude, frequency and (e.g., load vs. concentration).  Characterizes the models 
duration of the typical endpoints (Table 5-1).  Prediction of depending on the timestep of the simulation for the target— 

steady state, storm event, annual, daily or hourly. endpoints is essential for evaluating loading capacity in 
TMDLs and watershed simulation modeling.  For example, General Land and Water Features (Table 5-2).  Rates 
a wide range of models—simple models that provide only models according to their ability to simulate general land 

uses and waterbody types. annual loads or complex models that perform subhourly 
simulation—can evaluate annual phosphorus loading. Special Land Processes (Table 5-3). Rates models on Evaluation of a dissolved oxygen endpoint might require a their ability to simulate special land processes such as 
model to evaluate hourly dissolved oxygen fluctuations. wetlands, hydrologic modification, urban BMPs and rural 

BMPs. 
The second application category was designed to identify Special Water Processes (Table 5-4). Rates models on 
the capabilities of models to address specific land and their ability to simulate special processes occurring in 

receiving waterbodies such as air deposition, stream bank 
erosion, algae and fish. 

waterbody characteristics (Table 5-2).  Some models are 
designed to address one or more waterbody types (e.g., 
lakes and rivers) while others are limited to a single Application Considerations (Table 5-5). Rates models on 
waterbody type.  The purpose of this category is to develop the following practical considerations affecting their 

application—experience required, time needed for 
application, data needs, support available, software tools and 

an inventory that characterizes the capabilities and scope of 
the available models. In practical application, as noted in cost. Chapter 2, one or more models may be used in 
combination to address multiple land and water features A uniform scoring system is defined in the “key” below each 

table. present in an individual watershed. 

Special application categories were also identified to highlight the land and water processes that are sometimes, but 
not always, needed in models (Table 5-3 and 5-4).  The purpose of separating these application categories from the 
general categories is to highlight the differences between models and identify those that have incorporated 
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specialized physically based algorithms that might be needed for specific applications. With these categories 
separated, the emerging capabilities are more clearly discernable.   

The last application category examines the model interface and application considerations, including data needs, 
user interfaces, and availability of code (Table 5-5).  These functional descriptions help evaluate model “usability” 
based on the data requirements and software systems. The criteria are generalized for each model, although 
complexity of a specific model application will vary depending on the number of endpoints, land uses, and processes 
simulated.  This table evaluates models on their typical application complexity.  In some cases, highly detailed 
models can also be applied very simply and cost-effectively by experienced users. For example, HSPF could be 
applied very simply and quickly to a small, homogeneous watershed.  Simple models, however, have very little 
variation in the level of complexity.  The design of these criteria recognizes that TMDLs are often highly 
constrained in data availability, application resources, and schedule.  The considerations in model selection and 
application show a benefit in many cases for models that have low data requirements and are easy to apply. The 
criteria scores recognize these considerations by showing “solid dot” or high value for low data needs and “dashes” 
or low value for high data needs.  Scores for user interfaces show solid dots for good software support.   

Following Tables 5-1 through 5-5 is a discussion of the capabilities and limitations of the models based on the 
model review. 
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Table 5-1.  TMDL Endpoints Supported 
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AGNPS ○ ○ ○ ○ — — — ○ — — — ○ ○ ○ — — ○ ○ — — — — — — — 

AnnAGNPS ⊕ ⊕ ⊕ ⊕ — — — ⊕ — — — ⊕ ⊕ ⊕ — — ⊕ ⊕ — — — — — — — 

AQUATOX — — — — ⊕ ⊕ — ⊕ ⊕ ⊕ — ⊕ ⊕ ⊕ — — ⊕ ⊕ ⊕ — — — — — ⊕ 

BASINS ● ● ● ● ● ● ● ● ● ⊕ ● ● ● ● — ● ● ● ● ● ● — — — ⊕ 

CAEDYM ● ● ● ● ● ● ● ● ● ● — ● ● — — — — — —  ● — — — — — 

CCHE1D — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

CE-QUAL- ● ● ● ● ● ● ● ● ● ● ● ● ● ● — ● ● ● ● — ● — ● ● ● 
ICM/TOXI 

CE-QUAL-R1 ● ● ● ● ● ● ● ● ● — — ● ● — ● ● — — —  ● ● — ● — — 

CE-QUAL-RIV1 ● ● ● ● ● ● ● ● ● — — — — — — ● — — —  —  ● — — — — 

CE-QUAL-W2 ● ● ● ● ● ● ● ● ● ● ● ● ● — — — — — —  ● ● — — — — 

CH3D-IMS ● ● ● ● ● ● ● ● ● — ● ● ● ● — — — — —  —  ● — — — — 

CH3D-SED — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

DELFT3D ● ● ● ● ● ● ● ● ● ● ● ● ● ● — — — — —  —  ● — — — — 

DIAS/IDLMAS — — — — — — — — — — — — — ◑ — — — — — — — — — — — 

DRAINMOD — — — — ● ● — — — — — — — — — — — — —  —  —  —  — —  —  

DWSM ● ● ● ● ● — ● — — — — ● ● ● — — ● ● — — — — — — — 

ECOMSED — — — — — — — — — — — ● ● — — — — — —  —  ● — — — — 

EFDC ● ● ● ● ● ● ● ● ● ● ● ● ● ● — ● ● ● ● ● ● — ● ● ● 

EPIC ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ — — — — — — ⊕ — — ⊕ ⊕ — — — — — — — 

GISPLM ⊕ ⊕ — — — — — — — — — — — — — — — — —  —  —  —  — —  —  

GLLVHT — ● — ● ● ● ● ● ● ● — ● ● — — — — — —  ● ● — — — — 

GSSHA — — — — — — — — — — — ● ● ● — — — — — — — — — — — 
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GWLF2 ⊕ ⊕ ⊕ ⊕ — — ⊕ — — — — — ⊕ ⊕ — — — — — — — — — — — 

HEC-6 — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

HEC-6T — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

HEC-HMS — — — — — — — — — — — — — — — — — — —  —  —  —  — —  —  

HEC-RAS — — — — — — — — — — — — — — — — — — —  —  —  —  — —  —  

HSCTM-2D — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

HSPF ● ● ● ● ● ● ● ● ● — ● ● ● ● — ● ● ● ● ● ● — ● — ● 

KINEROS2 — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

LSPC ● ● ● ● ● ● ● — — — ● ● ● ● — ● — — ● ● ● — ● — ● 

MCM — — — — — — — — — — — — — — — — — — —  —  —  ⊕  — ⊕ — 

Mercury Loading — — — — — — — — — — — — — ◑ — — — — — — — — — ◑ — 
Model 

MIKE 11 ● ● ● ● ● ● ● ● ● ● ● ● ● ● — ● — — —  ● ● — ● ● ● 

MIKE 21 ● ● ● ● ● ● ● ● ● ● ● ● ● ● — ● — — —  ● ● — ● ● ● 

MIKE SHE — — — — — — — — — — — — — — — — — — —  —  —  —  — —  —  

MINTEQA2 + + + + + + + — — — — — — — + + — — +  — — —  + +  —  

MUSIC ● ● ● ● — — ● — — — — ● ● — — — — — — — — — — — — 

P8-UCM ● ● ● ● — — — — — — ● ● ● — — — — — — — — — — — — 

PCSWMM ● ● ● ● ● ● ● ● — — ● ● ● ● — ● — — —  ● — — — — — 

PGC – BMP ● ● ● ● ● ● ● — — — ● ● ● ● — ● — — ● ● ● — ● — ● 

QUAL2E + + + + + + + + + — — — — — — — — — —  +  +  —  — —  —  

QUAL2K + + + + + + + + + + — — — — — — — — — + + — — — — 

REMM ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ — — — ⊕ ⊕ ⊕ ⊕ — — — — — — — — — — — 
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RMA-11 ● ● ● ● ● ● ● ● ● ● ● ● ● ● — — — — —  ● ● — — — — 

SED2D — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

SED3D — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

SHETRAN — — — — — — — — — — ● ● ● ● — — — — — — — — — — — 

SLAMM ● ● ● ● ● ● ● — — —  ● ● ● ● — ● — — — — — — — — — 

SPARROW ◑ ◑ ◑ ◑ — — ◑ — — — — — —  ◑ — —  ◑ ◑ — — — — — — — 

STORM — — ○ ○ — — — — — — — ○ ○ ○ — — — — —  ○ — — — — — 

SWAT ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ — —  ⊕ ⊕ ⊕ — ⊕ ⊕ ⊕ — ⊕ ⊕ — — — — 

SWMM ● ● ● ● ● ● ● ● — —  ● ● ● ● — ● — — —  ● — — — — — 

Toolbox ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● ● — ● ● — 

TOPMODEL — — — — — — — — — — — — — — — — — — —  —  —  —  — —  —  

WAMView ● ● ● ● ● ● ● — — —  ● ● ● ● — ● ● ● ● ● — — — — — 

WARMF ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ — ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ ⊕ — ⊕ ⊕ — ⊕ ⊕ — 

WASP ● ● ● ● ● ● ● ● ● ● — ● ● — — — — —  ● — — — — — — 

WEPP — — — — — — — — — — — — ⊕ ⊕ — — — — — — — — — — — 

WinHSPF ● ● ● ● ● ● ● ● ● — ● ● ● ● — ● ● ● ● ● ● — ● — ● 

WMS ● ● ● ● ● ● ● ● ● — ● ● ● ● — ● ● ● ● ● ● — ● — ● 

XP-SWMM ● ● ● ● ● ● ● ● — —  ● ● ● ● — ● — — —  ⊕ — — — — — 
1 Entries under this category indicate that models have the capacity to simulate user-defined toxic chemicals

2 GWLF calculations are performed on a daily basis, but results are presented on a monthly basis.

Key:
KeKeKey:y:y:

— Not supported 

+ Steady State 

○ Storm 

◑ Annual 

⊕ Daily 

● Hourly (or less) 
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Table 5-2.  General Land and Water Features Supported 

Model Urban Rural Agriculture Forest River Lake 
Reservoir/ 

impoundment 
Estuary 
(tidal) 

Coastal 
(tidal/shoreline) 

AGNPS — ● ● — — — — — — 

AnnAGNPS — ● ● — — — — — — 

AQUATOX — — — — ○ ◑ ◑ — — 

BASINS ◑ ● ● ● ● ◑ ◑ — — 

CAEDYM — — — — ● ● ● ● ● 

CCHE1D ○ ○ ○ ○ ● — — — — 

CE-QUAL-ICM/TOXI — — — — ● ● ● ● ● 

CE-QUAL-R1 — — — — — ○ ○ — — 

CE-QUAL-RIV1 — — — — ● — — — — 

CE-QUAL-W2 — — — — ● ● ● ● ● 

CH3D-IMS — — — — ● ● ● ● ● 

CH3D-SED — — — — ● ● ● ● ● 

DELFT3D — — — — ● ● ● ● ● 

DIAS/IDLMAS — ◑ ◑ ● — — — — — 

DRAINMOD — ● ● ● — — ● — — 

DWSM — ● ● ● ◑ — ○ — — 

ECOMSED — — — — ● ● ● ● ● 

EFDC — — — — ● ● ● ● ● 

EPIC — ● ● ◑ — — — — — 

GISPLM ○ ◑ ◑ ◑ — ○ ○ — — 

GLLVHT — — — — ● ● ● ● ● 

GSSHA ○ ● ● ● ● ◑ ○ — — 

GWLF ◑ ◑ ◑ ◑ ○ — — — — 

HEC-6 — — — — ● — — — — 

HEC-6T — — — — ● — — — — 

HEC-HMS ● ● ● ● ● — ◑ — — 
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Model Urban Rural Agriculture Forest River Lake 
Reservoir/ 

impoundment 
Estuary 
(tidal) 

Coastal 
(tidal/shoreline) 

HEC-RAS — — — — ● — — — — 

HSCTM-2D — — — — ● — — ● — 

HSPF ◑ ● ● ● ● ◑ ◑ — — 

KINEROS2 ○ ● ● ◑ ○ — ○ — — 

LSPC ◑ ● ◑ ● ● ● ● — — 

MCM — — — — — ● ● — — 

Mercury Loading 
Model 

○ ◑ ◑ ◑ ○ ○ ○ — — 

MIKE 11 — — — — ● — ● — — 

MIKE 21 — — — — ● ● ◑ ● ● 

MIKE SHE ● ● ● ● ● — ● — — 

MINTEQA2 — — — — — — — — — 

MUSIC ● — — — — — — — — 

P8-UCM ◑ ○ ○ ○ ○ — ◑ — — 

PCSWMM ● ◑ ○ ○ ◑ ○ ◑ — — 

PGC – BMP ● ◑ ◑ ◑ — — ○ — — 

QUAL2E — — — — ● — — — — 

QUAL2K — — — — ● — — — — 

REMM — — ● ● — — — — — 

RMA-11 — — — — ● ● ● ● ● 

SED2D — — — — ● ● ● ● ● 

SED3D — — — — ● ● ● ● ● 

SHETRAN ● ● ● ● ● — — — — 

SLAMM ● ◑ — ○ — — — — — 

SPARROW ◑ ◑ ◑ ◑ ◑ — — — — 

STORM ● — — — — — — — — 

SWAT ◑ ● ● ● ○ ○ ○ — — 

SWMM ● ◑ ○ ○ ○ ○ ◑ — — 
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Model Urban Rural Agriculture Forest River Lake 
Reservoir/ 

impoundment 
Estuary 
(tidal) 

Coastal 
(tidal/shoreline) 

Toolbox ● ● ● ● ● ● ● ● ● 

TOPMODEL — ● ● ● ○ — — — — 

WAMView ◑ ● ● ● ◑ ◑ ◑ — — 

WARMF ● ● ● ● ○ ● ● — — 

WASP — — — — ● ● ● ● ● 

WEPP — ● ● ● — — — — — 

WinHSPF ◑ ● ● ● ● ◑ ◑ — — 

WMS ◑ ● ● ● ● ◑ ◑ — — 

XP-SWMM ● ◑ ○ ○ ◑ ◑ ◑ — — 

Key:KeKeKey:y:y:
— Not supported 

○ Low—Simplified representation of features, significant limitations 

◑ Medium—Moderate level of analysis, some limitations 

● High—Detailed simulation of processes associated with land or water feature 

42 



Table 5-3.  Special Land Features Supported 
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AGNPS — — ○ — ● — ◑ — ◑ — ◑ — ● ● — ○ ◑ ◑ 

AnnAGNPS — — ○ — ● — ◑ — ◑ — ◑ — ● ● ○ ○ ◑ ◑ 

AQUATOX — — — — — — — — — — — — — — — — ◑ — 

BASINS ○ ◑ ◑ ◑ ○ ○ ○ — ○ ○ ○ — ● ● — — ◑ ○ 

CAEDYM — — — — — — — — — — — — — — — — ● — 

CCHE1D — — — — — — — — — — — — — — — — — — 

CE-QUAL-ICM/TOXI ○ ○ — — — — — — — — — — — — — — ● — 

CE-QUAL-R1 — — — — — — — — — — — — — — — — — — 

CE-QUAL-RIV1 — — — — — — — — — — — — — — — — — — 

CE-QUAL-W2 — — — — — — — — — — — — — — — — ● — 

CH3D-IMS ○ — — — — — — — — — — — — — — — ● — 

CH3D-SED ○ — — — — — — — — — — — — — — — ● — 

DELFT3D ○ — — — — — — — — — — — — — — — ● — 

DIAS/IDLMAS — — — — ◑ — — — — — — — — — — — — — 

DRAINMOD — ◑ — ◑ — — — — — — — — ● — ● ● ● — 

DWSM — — — — ● — — — — — — — — — — ● ◑ ◑ 

ECOMSED — — — — — — — — — — — — — — — — ● — 

EFDC ○ ◑ — ◑ — — — — — ◑ ○ ○ — — — — ● ○ 
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GISPLM — — — — ◑ — — — ○ — ○ — ○ ○ — — — ○ 

GLLVHT — — — — — — — — — — — — — — — — ● — 

GSSHA — ◑ — ● ○ — — — — ◑ — — — ◑ — — ● — 

GWLF — — — — — ○ — — — — ○ — ○ ○ — — — ○ 

HEC-6 — — — — — — — — — — — — — — — — — — 

HEC-6T — — — — — — — — — — — — — — — — — — 

HEC-HMS — — ◑ ◑ ◑ — — — — ◑ — — — — ◑ — — — 

HEC-RAS — — — — — — — — — — — — — — — — — — 

HSCTM-2D — — — — — — — — — — — — — — — — — — 
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LSPC — ◑ — ◑ ○ — ○ — ○ — ○ ○ ◑ ◑ — — ◑ ○ 

MCM — — — — — — — — — — — — — — — — — — 

Mercury Loading 
Model 

— ○ — — — — — — — — — — — — — — — — 

MIKE 11 — — — — — — — — — — — — — — — — — — 

MIKE 21 ○ — — ◑ — — — — — — — — — — — — — — 

MIKE SHE — ◑ ● ● ○ — — ○ — ○ ○ ○ — ○ ○ — — — 

44 



Urban Land Management Rural Land Management 

Model 

A
ir 

de
po

si
tio

n 

W
et

la
nd

 

La
nd

-to
-la

nd
 s

im
ul

at
io

n1

H
yd

ro
lo

gi
c 

m
od

ifi
ca

tio
n 

B
M

P 
si

tin
g/

pl
ac

em
en

t 

St
re

et
 s

w
ee

pi
ng

 


N
ut

rie
nt

 c
on

tr
ol

 p
ra

ct
ic

es
 


(fe
rt

ili
ze

r, 
pe

t w
as

te
 m

gm
t.)




St
or

m
w

at
er

 s
tr

uc
tu

re
s 

(m
an

ho
le

,

sp

lit
te

r)



D
et

en
tio

n/
re

te
nt

io
n 

po
nd

s 



C
on

st
ru

ct
ed

 w
et

la
nd

 p
ro

ce
ss

es
 

Ve
ge

ta
tiv

e 
pr

ac
tic

es
 

In
fil

tr
at

io
n 

pr
ac

tic
es

 

N
ut

rie
nt

 c
on

tr
ol

 p
ra

ct
ic

es
 

(fe
rt

ili
ze

r, 
m

an
ur

e 
m

gm
t.)

A
gr

ic
ul

tu
ra

l c
on

se
rv

at
io

n
pr

ac
tic

es
 (c

on
to

ur
in

g,
 te

rr
ac

in
g,

ow
 c

ro
pp

in
g)

Irr
ig

at
io

n 
pr

ac
tic

es
 

Ti
le

 d
ra

in
s 

Po
nd

s

Ve
ge

ta
tiv

e 
pr

ac
tic

es
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MUSIC — ◑ — — — — — — ● — ● ● — — — — ◑ — 

P8-UCM — ○ — — ◑ ◑ ○ ○ ◑ ○ ○ ○ — — — — ◑ — 

PCSWMM — ○ — ◑ ◑ ◑ ○ ◑ ◑ ○ ○ — ○ ○ — — ◑ — 

PGC – BMP — ◑ — ● ● — — — — ◑ — — ◑ — — — ● — 

QUAL2E — — — — — — — — — — — — — — — — — — 

QUAL2K — — — — — — — — — — — — — — — — — — 

REMM — — — — — — — — — — ● — — — — — — ● 

RMA-11 — — — — — — — — — — — — — — — — ● — 

SED2D — — — — — — — — — — — — — — — — — — 

SED3D — — — — — — — — — — — — — — — — — — 

SHETRAN — ◑ ● ● ○ — ○ ○ — ○ ○ ○ ○ ○ ○ — — — 

SLAMM — ○ — ○ ○ ○ ○ ○ ○ ○ ○ ○ — — — — ◑ — 

SPARROW — ◑ — — — — — — — — — — ○ ○ — — — — 

STORM — — — — — — — — — — — — — — — — — — 

SWAT — ○ — — — ○ ○ — ○ ○ ○ — ● ● ● ● ◑ ◑ 

SWMM — ○ — ◑ ◑ ◑ ○ ◑ ◑ ○ ○ — ○ ○ — — ◑ — 

Toolbox ○ ● ● ◑ ◑ ○ ◑ ○ ◑ ● ◑ ◑ ◑ ◑ ◑ ● ● ◑ 

45 



Urban Land Management Rural Land Management 

Model 

A
ir 

de
po

si
tio

n 

W
et

la
nd

 

La
nd

-to
-la

nd
 s

im
ul

at
io

n1

H
yd

ro
lo

gi
c 

m
od

ifi
ca

tio
n 

B
M

P 
si

tin
g/

pl
ac

em
en

t 

St
re

et
 s

w
ee

pi
ng

 


N
ut

rie
nt

 c
on

tr
ol

 p
ra

ct
ic

es
 


(fe
rt

ili
ze

r, 
pe

t w
as

te
 m

gm
t.)




St
or

m
w

at
er

 s
tr

uc
tu

re
s 

(m
an

ho
le

,

sp

lit
te

r)



D
et

en
tio

n/
re

te
nt

io
n 

po
nd

s 



C
on

st
ru

ct
ed

 w
et

la
nd

 p
ro

ce
ss

es
 

Ve
ge

ta
tiv

e 
pr

ac
tic

es
 

In
fil

tr
at

io
n 

pr
ac

tic
es

 

N
ut

rie
nt

 c
on

tr
ol

 p
ra

ct
ic

es
 

(fe
rt

ili
ze

r, 
m

an
ur

e 
m

gm
t.)

A
gr

ic
ul

tu
ra

l c
on

se
rv

at
io

n
pr

ac
tic

es
 (c

on
to

ur
in

g,
 te

rr
ac

in
g,

ow
 c

ro
pp

in
g)

Irr
ig

at
io

n 
pr

ac
tic

es
 

Ti
le

 d
ra

in
s 

Po
nd

s

Ve
ge

ta
tiv

e 
pr

ac
tic

es
 

TOPMODEL — — ○ — — — — — — — — — — — — — — — 

WAMView ○ ● ● ◑ ◑ ○ ◑ ○ ◑ ● ◑ ◑ ◑ ◑ ◑ ● ● ◑ 

WARMF — ◑ — — — — — — — — — — ● — — — ● — 

WASP — — — — — — — — — — — — — — — — ● — 

WEPP — — — — — — — — — — — — — ● — — ◑ — 

WinHSPF ○ ◑ ○ ◑ ○ — ○ — ○ — ○ ○ ● ● — — ◑ ○ 

WMS ○ ◑ ○ ◑ ○ — ○ — ○ — ○ ○ ● ● — — ◑ ○ 

XP-SWMM — ○ — ◑ ◑ ◑ ○ ◑ ◑ ○ ○ — ○ ○ — — ◑ — 
1 Land-to-land simulation: Model capacity to transfer runoff, sediment, and nutrients from land to land instead of from land to streams 

or other receiving water.

Key:

— Not supported 

○ Low—Simplified representation of features, significant limitations 

◑ Medium—Moderate level of analysis, some limitations 

● High—Detailed simulation of processes associated with land feature 

46 



Table 5-4. Special Water Features Supported 
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AGNPS — — — — — ◑ — — — — — 

AnnAGNPS — — — — — ◑ — — — — — 

AQUATOX — — — — — — — ● ● ● ● 

BASINS ◑ — ◑ ◑ — ◑ — ● ● ● ● 

CAEDYM — — — — — — — — — — — 

CCHE1D — — — — ◑ ● — — — — — 

CE-QUAL-ICM/TOXI — — ◑ ○ — — ● ● ● ● — 

CE-QUAL-R1 — — — — — — — — — — — 

CE-QUAL-RIV1 — — — — — — — — — — — 

CE-QUAL-W2 ● — ○ — — — — ● ● ● — 

CH3D-IMS — — — — — ● — — — — — 

CH3D-SED — — — — ◑ ● — — — — — 

DELFT3D — — — — ◑ ● — — — — — 

DIAS/IDLMAS — — — — — — — — — — — 

DRAINMOD — — — ● — — — — — — — 

DWSM — — — — — ● — — — — — 

ECOMSED — — — — — — — — — — — 

EFDC ● ● ○ ○ ◑ ● ● ● ● ● ◑ 

EPIC — — — ○— — — — — — — — 

GISPLM — — — — — — — — — — — 

GLLVHT — — — — — — — — — — — 

GSSHA — — — ● — ◑ — — — — — 

GWLF — — — — — — — — — — — 

HEC-6 — — — — ◑ ● — — — — — 
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HEC-6T — — — — ◑ ● — — — — — 

HEC-HMS ◑ — — — — — — — — — — 

HEC-RAS — — — — — — — — — — — 

HSCTM-2D — — — — ○ ● — — — — — 

HSPF ◑ — ◑ ◑ — ◑ — — — ○ — 

KINEROS2 — — — — — ● — — — — — 

LSPC ◑ — ○ ○ — — — — — ○ — 

MCM — — ○ — — — — ◑ ◑ ◑ ◑ 

Mercury Loading — — ○ — — — — — — — — 
Model 

MIKE 11 ◑ ◑ — — — ◑ — — — — — 

MIKE 21 ◑ ◑ ○ — ◑ ◑ — ◑ ◑ ◑ — 

MIKE SHE — — — ● — — — — — — — 

MINTEQA2 — — — — — — — — — — — 

MUSIC — — — — — — — — — — — 

P8-UCM — — — — — — — — — — — 

PCSWMM ● — — — — ◑ — — — — — 

PGC – BMP ○ — — — — — — — — — — 

QUAL2E — — — — — — ● ● ◑ ◑ — 

QUAL2K — — — — — — ● ● ◑ ◑ — 

REMM — — ○ ◑ — ◑ — — — — — 

RMA-11 — — — — — — — — — — — 

SED2D — — — — — — — — — — — 

SED3D — — — — — — — — — — — 

SHETRAN — — — ● — ● — — — — — 
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SLAMM — — — ○ — — — — — — — 

SPARROW — — — — — — — — — — — 

STORM — — — — — — — — — — — 

SWAT — — — ◑ — ◑ — — — — — 

SWMM ◑ — — — — ◑ — — — — — 

Toolbox ● ● ○ ○ ◑ ● ● ● ● ● — 

TOPMODEL — — — ◑ — — — — — — — 

WAMView ◑ — — ● ○ ○ — — — — — 

WARMF ○ — ◑ ◑ — — — — — — — 

WASP — — ○ — — — ● ● ● ◑ — 

WEPP — — — — — — — — — — — 

WinHSPF ○ — ◑ ◑ — ○ — — — — — 

WMS ◑ — ◑ ◑ — ◑ — — — — — 

XP-SWMM ● — ○ ○ — ◑ — — — — — 
1 Near-field is the region of a receiving water where the initial jet characteristic of momentum flux, buoyancy flux, and outfall 
geometry influence the jet trajectory and mixing of an effluent discharge.  This is a specialized feature included only in the most 
detailed receiving water models. 

Key:KeKeKey:y:y:
— Not supported 

○ Low—Simplified representation of features, significant limitations 

◑ Medium—Moderate level of analysis, some limitations 

● High—Detailed simulation of processes associated with water feature 
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Table 5-5. Application Considerations 

Model 
Experience 
Required 

Time Needed for 
Application Data Needs 

Support 
Available 

Software 
Tools Cost 

AGNPS ◑ ◑ ◑ ◑ ◑ ● 

AnnAGNPS ◑ ◑ ◑ ◑ ◑ ● 

AQUATOX ◑ ● ◑ ◑ ● ● 

BASINS ○ ○ ○ ● ● ● 

CAEDYM ○ ◑ ○ ◑ ◑ ◑ 

CCHE1D — ○ ○ ● ◑ ● 

CE-QUAL-ICM/TOXI — — ○ ◑ — ● 

CE-QUAL-R1 ● ● ● ○ ○ ◑ 

CE-QUAL-RIV1 — ○ ◑ ○ ○ ◑ 

CE-QUAL-W2 — — ○ ● ◑ ● 

CH3D-IMS — — ○ ○ ○ ◑ 

CH3D-SED — — ○ ○ ○ ◑ 

DELFT3D — — ○ ◑ ● — 

DIAS/IDLMAS ◑ ● ◑ ○ ○ ◑ 

DRAINMOD ◑ ◑ ◑ ◑ ◑ ○ 

DWSM ◑ ◑ ● ○ ○ ● 

ECOMSED — — ○ ○ — ● 

EFDC — — ○ ● ● ● 

EPIC ◑ ◑ ○ ◑ ◑ ● 

GISPLM ◑ ● ● ○ ● ● 

GLLVHT — — ○ ◑ ◑ — 

GSSHA — — ◑ ○ ● — 

GWLF ● ● ● ○ ● ● 

HEC-6 ◑ ◑ ○ ◑ ● ● 

HEC-6T ◑ ◑ ○ ◑ ● ○ 

HEC-HMS ◑ ◑ ○ ◑ ● ● 
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Model 
Experience 
Required 

Time Needed for 
Application Data Needs 

Support 
Available 

Software 
Tools Cost 

HEC-RAS ◑ ◑ ○ ◑ ● ● 

HSCTM-2D — — ○ ○ ○ ● 

HSPF — — ○ ● ● ● 

KINEROS2 ○ ◑ ◑ ○ ● ● 

LSPC — ○ ○ ◑ ● ● 

MCM ○ ● ◑ ◑ ◑ ◑ 

Mercury Loading Model ● ● ◑ ○ ◑ ● 

MIKE 11 — — ○ ● ● — 

MIKE 21 — — ○ ● ● — 

MIKE SHE — — ○ ● ● — 

MINTEQA2 ◑ ● ◑ ○ ○ ● 

MUSIC ◑ ◑ ◑ ● ● ○ 

P8-UCM ● ● ● ○ ○ ● 

PCSWMM — ○ ○ ◑ ● — 

PGC – BMP ◑ ● ○ ○ ● ◑ 

QUAL2E ◑ ● ◑ ◑ ○ ● 

QUAL2K ◑ ● ◑ ◑ ◑ ● 

REMM ○ ◑ ○ ○ — ● 

RMA-11 — — ○ ◑ ◑ — 

SED2D — — ○ ◑ ◑ — 

SED3D — — ○ ◑ ◑ ● 

SHETRAN — — ○ ● ● ◑ 

SLAMM ○ ◑ ◑ ◑ ◑ ○ 

SPARROW ◑ ◑ ● ● ◑ ● 

STORM ○ ● ◑ ○ — ● 

SWAT ○ ◑ ◑ ◑ ● ● 

SWMM — ○ ○ ◑ ○ ● 
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Model 
Experience 
Required 

Time Needed for 
Application Data Needs 

Support 
Available 

Software 
Tools Cost 

Toolbox ○ ○ ○ ● ● ● 

TOPMODEL ◑ ◑ ● ◑ ● ● 

WAMView ○ — ○ ◑ ● ◑ 

WARMF ○ ○ ◑ ◑ ◑ — 

WASP — — ○ ○ ○ ● 

WEPP ◑ ● ● ○ ○ ● 

WinHSPF — ○ ○ ● ● ● 

WMS — ○ ○ ◑ ● — 

XP-SWMM — ○ ○ ◑ ● — 

Key:
KeKeKey:y:y:
Experience:Experience:Experience:Experience: Time Needed for Application:T licatiTTime Needed for App on:ime Needed for Application:ime Needed for Application: DatDatDatDataaaa NeedsNeedsNeedsNeeds:
:::
— 	 Substantial training or modeling expertise required (generally — > 6 months ○ High 

requires professional experience with advanced watershed ○ > 3 months 
and/or hydrodynamic and water quality models.) ◑ Medium 

○	 Moderate training required (assuming some experience with 
◑ > 1 month ● Low 

basic watershed and/or water quality models) ● < 1 month 

◑	 Limited training required (assuming some familiarity with 
basic environmental models) 

● Little or no training required 
Support Available:Support Available:Support AvailSupport Av able:ailable: SSSSooooffffttttware Tools:sss:::ware Toolware Toolware Tool  Cost:CosCosCost:t:t:
— 	None — None — Significant Cost (>$500) 

○	 Low ○ Low ○ Nominal Cost  (<$500) 

◑	 Medium ◑ Medium ◑ Limited Distribution 

●	 High ● High ● Public Domain 

Capabilities and Limitations of Currently Available Models 
The currently available models address many of the TMDL needs identified in Tables 5-1 through 5-5, at various 
levels of complexity and difficulty. Observations can be drawn from examination of each table to evaluate model 
capabilities and limitations for the development of TMDLs and waterbody restoration plans. 

•	 Endpoints supported (Table 5-1). Of the more than 65 models reviewed, most of the models support 
some type of analysis of sediment and nutrients. Many models address related measures of eutrophication 
such as chlorophyll a and nutrient concentrations. Some models, in particular some of the more detailed 
models, support simulation of pathogens.  However, significantly fewer models support evaluation of 
metals (20 models) and toxics (12 models). Contaminated sediment, herbicides and pesticides are the least 
frequently supported endpoints.  Only a few highly specialized models support mercury simulation. 

•	 General Land and Water Features. All waterbodies and general land use types are supported by models; 
however, most models specialize in one of the following: land/watershed system, freshwater rivers, lakes, 
and tidal areas. Many comprehensive watershed models (e.g., HSPF, LSPC, SWMM) include watersheds, 
rivers and simplified lakes. Simulation of tidal waters is addressed by specialized models (e.g., EFDC, 
CH3D, ECOM) that are limited to receiving water simulation.  Development of watershed inputs for 
receiving water models is provided by linkage with watershed models or evaluation of monitoring data. 
Integrated modeling systems may include linked models that provide support for watersheds, rivers, lakes, 
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and estuaries (e.g., EPA TMDL Toolbox).  Support for linkage between watershed and receiving water 
models, especially tidal waters, is extremely limited. 

•	 Specialized Land Features. Support for specialized land features is limited to a few models.  The most 
commonly supported feature is simulation of impoundments such as ponds or reservoirs, often needed in 
the evaluation of stormwater management.  However, although most receiving water models can simulate 
ponds, typically the models are too complex for practical application.  More typically applied are simplified 
tools included in watershed models to assess stormwater management ponds (e.g., P8-UCM).  Atmospheric 
deposition is an important consideration in large watershed or estuaries.  The application criteria show that 
some watershed models assess dry and wet weather deposition but do not always consider a separate 
atmospheric deposition term.  HPSF is one of the few available models with an explicit function to 
assessing atmospheric deposition of nutrients.  Practices such as fertilizer and manure application are 
included in many agriculturally oriented watershed models (e.g., AnnAGNPS, SWAT).  However, 
irrigation and tile drainage are less frequently included.  Wetlands and BMPs that include constructed 
wetlands are also infrequently included in models.  Similar to modeling of impoundments, wetland 
simulation, although possible using complex receiving water models, is not always practical for general 
application.  For example, EFDC has the capability to evaluate wetland systems within the context of a 
larger simulation of a tidal waterbody.  For urban areas, street sweeping is included only as a distinct 
practice in traditional urban models such as SWMM, SLAMM, and P8-UCM but not included in many 
other watershed models such as HSPF and GWLF.   

•	 Specialized Water Features.  Only the most detailed physically based models support multiple specialized 
water features.  Few models address surface-groundwater interactions in detail.  Few hydrodynamic models 
can address near-field mixing zone studies.  Only rarely do models support calculation of stream bank 
erosion.  More models address stream sediment transport at varying levels of complexity.  Few models 
include sediment diagenesis, which can be an essential factor in the internal recycling of nutrients in lakes 
and estuaries.  This feature is increasingly significant in performing long-term projections of restoration 
potential.  Some support evaluation of multiple processes related to algal, periphyton, and macrophyte 
species.  This is an important feature for many eutrophication-related TMDLs because simulation of 
aquatic vegetation is needed to determine allowable loading of nutrients.  Of the reviewed models, 
ecological processes such as fish and food chain simulation are supported only by AQUATOX.  Many of 
the three-dimensional models used for large-scale estuary applications integrate atmospheric deposition as 
a source (e.g., ECOM, EFDC, WASP).  However, very few models incorporate irrigation and drainage 
processes, except agriculturally oriented systems (e.g., SWAT) or specialized drainage models (e.g., 
DRAINMOD). 

•	 Application Considerations.  Detailed models typically require a high level of experience, significant 
amounts of data, and time for setup and testing.  Most of the models reviewed require experience and 
training to apply; application and interpretation of even the simplest models still require some experience in 
environmental analysis.  The data requirements and time needed for application are typically associated 
with complexity.  Some models have technical support available (e.g., list servers), while others have no 
formal network for support.  Some of the propriety models provide technical support as part of the services 
included with purchase of the systems (e.g., XPSWMM, MIKE SHE).  Levels of support vary and are 
typically more limited for research or public domain models.  Many models include interfaces and software 
tools, such as post-processors, which can help to make application and interpretation of model results more 
efficient.  Software tools often focus on the typical use of the model.  Models that are actively used for 
watershed and TMDL development typically include specific software tools for calculating TMDL 
allocations (e.g., LSPC, WARMF).  Integrated systems provide support for data, software, and analysis, 
although the complexity of the systems still requires training and experience for application (e.g., BASINS, 
TMDL Toolbox).  Few models include tools for evaluation of model accuracy, support for 
calibration/validation, or sensitivity analysis.  Cost of the models and systems varies from free distribution 
of public domain or open source code systems to significant costs (i.e., more than $1,000) for privately 
maintained and distributed models (e.g., MIKE SHE, XP-SWMM). 

Of the dominant pollutants identified in TMDL listing across the country, many still have significant limitations in 
the availability and sensitivity of simulation techniques.  Pathogens are simulated by few watershed models, and 
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accuracy of source characterization is limited.  Metals are also simulated by few watershed models with the major 
limitation being speciation of metals and pH-related processes.  Nutrients are addressed relatively well by both 
watershed and receiving water models, building on a long history of eutrophication studies in lakes and estuaries. 
However, some of the more specific endpoints related to nutrients are not well described and require more 
development of ecological models.  In addition, river models are less likely to include dynamic simulation of 
attached algae and dynamic calculation of the input of dissolved nutrients.  Simulation of stream sediment, stream 
bank erosion, and channel formation is not supported by most watershed models.  However, sediment-related 
aquatic life impairment comprises more than 8 percent of TMDL listings and is likely associated with additional 
listings for Biological Criteria. 

The review of TMDL requirements and comparison with available models demonstrates that, although many of the 
technical needs are addressed, the capabilities are distributed among multiple models, techniques are not uniformly 
available, and selection of any single model is likely to result in limitations of simulation capabilities.  The available 
models also reflect the genesis of their development—as agricultural or urban models, tidal modeling systems, or 
ecosystem models—that have been only partially adapted to TMDL and restoration plan development.  The 
specialized land and water features, supported by few of the available models, include many of the technical 
considerations that are present in impaired waterbodies throughout the United States.  The most promising aspect of 
model development for TMDL and restoration planning support is the integrated modeling systems discussed further 
in the following section. 

Integrated Modeling Systems 
In this section, the unique characteristics and system of supporting tools that comprise integrated systems are 
discussed further.  In the previous sections, integrated modeling systems were reviewed for and categorized by the 
comprehensive capabilities of their component models.  In this section, the applicability and capabilities of the 
integrated modeling systems are described and compared.  These systems are evaluated for their capabilities in 
providing more comprehensive solutions of the need for simulation and development of management plans for 
TMDLs. 

Integrated systems are compilations of data support tools and multiple models that provide a workspace or 
environment for executing multiple analytical steps.  Integrated systems demonstrate a high level of support for 
TMDL needs, based on the application criteria examined in Tables 5-1 through 5-5.  Integrated systems can satisfy 
multiple application criteria because they include the capabilities of multiple models, provide various software tools, 
and include data and analysis support.  Much of the recent development of integrated systems for TMDL 
applications has focused on improving efficiency and consistency of modeling applications.  Integrated systems 
typically provide linkages between data and models and include a set of tools to quickly and efficiently build, test, 
and apply models to support environmental decision-making.  The development of integrated systems has generally 
focused on functionality and not on the fundamental research and development of new models and physically based 
processes. 

In 1996, the first major release of an integrated modeling system in the public domain was the BASINS modeling 
system.  BASINS provided a linkage between spatial and point data and a watershed model (HSPF) through the use 
of emerging geographic information system (GIS) technology.  Bundled within the BASINS system was a series of 
tools that facilitated data analysis and development of model input files.  Semi-automating various data analyses and 
facilitating spatial data processing significantly reduced the time and effort required for performing a basic 
watershed characterization and developing input files for HSPF. The linkage of GIS and modeling technology 
significantly advanced the ability of users to evaluate watershed systems including point and nonpoint sources under 
a variety of conditions.  Since the original release, the BASINS system has continued to add models (e.g., SWAT, 
PLOAD, AQUATOX, KINEROS) and additional systems (e.g., AGWA) to improve the functionality of data 
download and management tools. 

The TMDL Modeling Toolbox, sponsored by EPA Region 4 and EPA Office of Research and Development, 
Watershed and Water Quality Modeling Technical Support Center, provides a loosely linked system that is designed 
to facilitate TMDL development.  In this framework, the models are developed and supported individually, but 
linkage is facilitated by data exchange tools and common data management and GIS interfaces.  The Toolbox has 
emphasized support for linking watershed and receiving water models.  Adding EFDC and WASP to the Toolbox 
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supports the capability to evaluate watersheds, rivers, lakes, and estuaries.  Additional specialized tools were added 
to address sediment and mercury impairments.  WAMView provides an assessment tool for areas with high water 
tables.  The recent addition of the Conservational Channel Evolution and Pollutant Transport System (CONCEPTS) 
provides a tool that can assess channel sediment and stream channel adjustments.  The system also includes 
watershed report generation tools that facilitate characterization and a database system for managing and analyzing 
water monitoring data.   

The WMS provides another format for an integrated modeling system, including various data management tools and 
watershed models.  The WMS includes GIS, support tools, and watershed models.  Most recently, WMS has added 
support for a grid-based model for hydrologic simulation (GSSHA) and HSPF for water quality modeling. This 
system, once tested, could provide more practical applicability for grid-based models for watershed simulation and 
TMDLs. 

The three most commonly used and available integrated modeling systems are BASINS, the EPA TMDL Toolbox, 
and WMS (fact sheets are provided in the Appendix).  The three systems are compared in more detail in Table 5-6, 
with particular focus on the included analytical tools and model linkages. 

Examination of the recent history in development of the three major integrated systems discussed here shows a 
continuing expansion in three general areas—data analysis tools, available types and complexity of models, and 
linkages between models.  Data analysis tools within integrated model systems include pre-processing tools to help 
understand watershed and waterbody conditions, perform diagnostic analysis of waterbody conditions or sources, 
and process data for use in model input files.  Data analysis tools are also used in the evaluation and interpretation of 
model output datasets.  Models are being added to integrated modeling systems to provide a variety of simple (e.g., 
PLOAD) and more detailed models addressing receiving waters (e.g., EFDC, WASP) or specific source types (e.g., 
SWAT for agricultural applications).    

There is also increasing interest in developing systems that link models to each other and facilitate the linkage with 
GIS tools (to spatially locate linkage points) and provide file conversion and data management capabilities.  For 
larger scale TMDL applications, multiple models are often needed to evaluate source loading and receiving water 
response (e.g., watershed and estuary models).  For some TMDL applications, receiving water models are needed to 
compare predicted waterbody conditions to water quality standards.  For example, to address dissolved oxygen 
impairment in an estuary, an estuary model might be used to simulate eutrophication processes and the sensitivity of 
dissolved oxygen concentrations to changes in nutrient loading, and a watershed model might be used to estimate 
the magnitude and sources of nutrient loading.  Watershed model outputs in the form of discharge time series (i.e., 
daily or hourly flow and concentrations) provide input data at critical boundary points of the estuary model. 
Linkages between watershed and receiving water model are typically one-directional, because the data pass directly 
from one model to other, and the two models can be run separately.  The watershed model output points are selected 
above the head of tide so that the flow is one-directional and is not controlled by the tidal fluctuations.  Linkages 
between ground and surface water models are more complex, with typically bi-directional dynamic linkages. 
Surface and groundwater models both need to consider water table elevation and soil moisture content, and the two 
models may need to run concurrently with frequent data exchange to maintain continuity and assess water 
conservation.  Examples of model-to-model linkages that are supported by the three integrated modeling systems 
discussed here include: 

• Watershed to receiving water—LSPC to EFDC 

• Receiving water hydrodynamic model to water quality model—EFDC to WASP 

• Watershed model to water quality/ecological model—HSPF or SWAT to AQUATOX 
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Table 5-6. Capabilities of Integrated Modeling Systems 

BASINS EPA TMDL Toolbox WMS1 
http://www.epa.gov/athens/wwqtsc/ http://www.epa.gov/ost/basins/ http://wcs.tetratech-ffx.com http://www.ems-i.com/index.html 
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��GIRAS land use 
��Soils 
��Digital Elevation Model (DEM) 
��Reach File, version 3 (RF3) and 

National Hydrography Dataset (NHD) 
��STORET water quality data summary 
��Permit Compliance System data 
��WDM weather data 

��303(d) listed waters 
��Multi-resolution Land Characteristics 

(MRLC) land use 
��Soils 
��DEM 
��RF3 and NHD 
��Agricultural Census 
��Population data 
��National Resources Inventory 

erosion data 
��STORET water quality data summary 
��Pesticide and fertilizer data 
��Monthly weather data summary 

��DEM 
��Triangulated Irregular Network (TIN) 
��Land use 
��Soils 
��Watershed images 
��Hydrography 
��Precipitation 
��Stream stage 

��Theme Manager 
��Import Tool 
��Data Download Tool 
��Grid Projector 
��GenScn 
��WDMUtil 
��AGWA 
��Manual Delineation Tool 
��Automatic Delineation Tool 
��PEST (parameter 

estimation/calibration) Predefined 
Delineation Tool 

��Land Use, Soil Classification, and 
Overlay 

��Land Use Reclassification  
��DEM Reclassification 
��Water Quality Observation Data 

Management 
��Lookup Tables 

��WCS – characterization reports 
(including 12 physical reports, 4 
water quality reports, and 5 loading 
reports) 

��WCS – manual delineation 
��WCS – automatic delineation 
��WCS – NHD download tool 
��LSPC data preprocessor 
��SWMM data preprocessor 
��NPSM data preprocessor 
��SNPP – WASP stream network 

preprocessor 
��WRDB – water resources data 

access and analysis 
��Watershed Sediment Loading Tool 
��Watershed Mercury Loading Tool 
��EFDC Grid Generator 
��EFDC Interface and Post-processor 

��Map Module – defining watershed 
data and maps 

��GIS Module – manipulating spatial 
data 

��Terrain Data Module – processing 
terrain data 

��Drainage Module – watershed 
delineation 

��Hydrologic Modeling Interface 
��River Modeling Interface 
��Stochastic Simulations 
��Scatter Point Module – interpolate 

data from scattered points to grids 
��2D Grid Module – surface 

visualization  

��PLOAD 
��WinHSPF 

��LSPC 
��PC-SWMM 

��HEC1 (HMS) 
��TR-20 

��KINEROS ��EFDC ��TR-55 
��SWAT ��QUAL2K ��MODRAT 
��QUAL2E ��WASP ��StormDrain 
��AQUATOX ��WAMView ��CE-QUAL-W2 

��CONCEPTS ��National Flood Frequency Program 
(NFF) 

��Rational Method 
��HSPF 
��HEC-RAS (steady flow analysis) 
��UNET (unsteady flow analysis) 
��BRI-STARS (flow and sediment 

transport analysis) 
��GSSHA 

��HSPF – AQUATOX ��LSPC – EFDC ��HEC1 – HEC-RAS

��SWAT – AQUATOX ��EFDC – WASP


1Distributed by Environmental Modeling Systems, Inc. (EMS-I, http://www.ems-i.com/index.html). Similar to WMS, EMS-I also 
distributes a groundwater modeling system (GMS) and a surface water modeling system (SMS). 
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These types of linkages provide the capability to assess the complex waterbodies that often require consideration in 
TMDLs.  Numerous other linkages are performed in practice but are not yet supported by a specific modeling 
system.  For example, HSPF has been linked with MODFLOW to address groundwater-surface water interactions. 
In TMDL applications, linkages are often essential for identifying the allowable loading capacity and determining 
the source loading components. 

The newest trends in model integration are toward Web-based or partially Web-based systems that use the Internet 
to extract, manage, and manipulate data.  Integral to Web-based data systems is the adoption of uniform data storage 
and management standards and formats.  Other research has emphasized building universal and flexible systems that 
can be used to build model linkages.  However, practical application of many of the emerging systems is not yet 
demonstrated.  Selected emerging systems include: 

•	 Modular Modeling System (MMS). MMS provides a framework for linking modules to provide a 
comprehensive modeling system that can be used to develop and test physical process algorithms 
(http://www.brr.cr.usgs.gov/projects/SW_precip_runoff/mms/). The individual modules can be new code 
or created as executable objects from existing models.  However, MMS places strict requirements on the 
structure of source code that comprises the modules. Application of the system requires experience in 
modeling and software development. 

•	 Flexible Modeling System (FMS).  FMS (http://www.gfdl.noaa.gov/~fms/) is designed for the 
construction of climate models, and is oriented to facilitating parallel and vector solution techniques. 
Modules or kernels are developed for high-performance solutions that are linked together based on the 
FMS structure specifications.  Independent groups of researchers can collaborate by evaluating different 
subsystems concurrently.  The system includes specific standards and a shared software environment.  

•	 Spatial Modeling Environment (SME).  SME (Maxwell and Costanza 1994; Maxwell and Costanza 
1997; Maxwell 1999; http://giee.uvm.edu/SME3) provides an environment for linking models and solving 
analysis with parallel supercomputers.  The modeling environment is graphically based and draws from a 
generic object database.  The environment facilitates sharing modules and reusing components in new 
configurations.  Early applications of the system for ecological and nutrient modeling include Patuxent 
River, Buzzards Bay, and the Everglades Landscape Model (ELM).  One application of the SME is the 
Land-Use Evolution and Impact Assessment Model (LEAM) that provides an approach for simulating the 
evolution of urban systems by using the Cellular Automata approach combined with the open architecture 
tools (http://www.rehearsal.uiuc.edu/projects/leam/). 
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Chapter 6 Case Studies 

This chapter includes case studies of two TMDL applications for mercury and nutrient impairments, respectively. 
Case studies are included to provide an illustration of how models are applied for the purposes of developing 
TMDLs.  These case studies were selected as demonstrations of the typical techniques used in recent years in 
developing TMDLs for two of the most critical pollutant types, mercury and nutrients.  Each study had particular 
complexities that required the use of models to support the analysis and involved the use multiple models. 

Selection of the case studies considered the type of pollutants, the use of multiple models, and the availability of the 
final report and supporting documents.  Each TMDL considered in the case studies is also complete and approved by 
the state and appropriate EPA region. 

The first case study discusses the development of mercury TMDLs in Arivaca Lake and Peña Blanca Lake, Arizona. 
A combination of watershed loading model, spreadsheet analyses, and mercury lake cycling model is used to 
describe various sources of mercury loading, in lake processes, and bioaccumulation of mercury in fish. 

The second case study summarizes the TMDL development for nutrients in the Cahaba River, Alabama.  This case 
study demonstrates the use of multiple models to address elevated nutrient concentrations during low flow that cause 
excessive periphyton (attached algae) growth in the Cahaba River.  A combination of watershed hydrology 
modeling, spreadsheet analyses, and river modeling are used to examine the relationship between various low-flow 
sources and resulting algal growth. 

Each case study provides a description of the steps in the TMDL development process, with a clear emphasis on the 
development of the modeling aspects.   

•	 Background and Problem Identification, including watershed characteristics, listing information and water 
quality standards and TMDL targets 

•	 Sources 

•	 Model Selection 

•	 Model Setup 

•	 Model Evaluation 

•	 Model Application 

Development of Mercury TMDLs in Arivaca Lake and Peña Blanca Lake, Arizona 

Background and Problem Identification 

Watershed Characteristics 
Arivaca Lake and Peña Blanca Lake are impoundments in rural southern Arizona in the Santa Cruz watershed 
(hydrologic unit code [HUC] 15050304) near the Mexican border. Arivaca, impounded in 1970, has a full-pool 
surface area of 89 acres, a volume of 1,037 acre-feet, and a maximum depth of 25 feet. Peña Blanca, impounded in 
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1958, has a full-pool surface area of 49 acres, a volume of 1071 acre-feet, and a maximum depth of 60 feet. Both 
lakes establish strong summer stratification, which typically breaks down in October.  

The region has a semi-arid climate, with abundant rainfall only in July and August. Most of the remainder of the 
annual precipitation occurs in the winter months. The watersheds are predominantly evergreen forest and shrub and 
brush rangeland, and tributary inflow to both lakes is intermittent. Both lakes are managed as recreational fisheries.  

Listing Information 
Both Arivaca and Peña Blanca lakes were placed on Arizona’s 303(d) list following detection of elevated levels of 
mercury in fish tissue and issuance of Fish Consumption Advisories. The criterion used by Arizona to establish Fish 
Consumption Advisories is an average concentration in target species of greater than 1 mg/kg wet weight (ppm). In 
Peña Blanca Lake, average concentrations in yearly samples of largemouth bass collected from 1994 to 1997 ranged 
from 1.31 to 1.53 mg/kg mercury, with individual fish samples ranging up to 2.02 mg/kg. Similar concentrations 
have been observed in Arivaca Lake, with largemouth bass averages ranging from 1.03 to 1.5 mg/kg. The two lakes 
were determined not to support their designated uses of fish consumption. 

TMDL Targets 
The applicable numeric targets for the Arivaca and Peña Blanca TMDLs are the Arizona water quality standard of 
0.2 µg/l total mercury in the water column and the Fish Consumption Guideline criterion of 1 mg/kg total mercury 
concentration in fish tissue. Water column mercury concentrations have not been found in excess of the ambient 
water quality standard; however, fish tissue concentrations have consistently exceeded the guideline value. Fish in 
the lakes accumulate unacceptable tissue concentrations of mercury even though the ambient water quality standard 
appears to be met. The most binding regulatory criterion is the fish tissue concentration criterion of 1 mg/kg total 
mercury, which is selected as the primary numeric target for calculating the TMDL. 

Mercury bioaccumulates in the food chain. Within a lake fish community, top predators usually have higher mercury 
concentrations than forage fish, and tissue concentrations generally increase with age class. Top predators are often 
target species for sport fishermen, and Arizona’s Fish Consumption Guideline is based on average concentrations in 
a sample of sport fish. Therefore, the criterion should not be applied to the extreme case of the most-contaminated 
age class of fish within a target species; instead, the criterion is most applicable to an average-age top predator. 
Within Arivaca Lake and Peña Blanca Lake, the top predator sport fish is the largemouth bass. A site-specific 
spreadsheet model was developed to evaluate lake water quality model output and predict mercury concentrations in 
fish tissue for each age class at each trophic level. Average mercury concentrations in fish tissue of target species are 
assumed to be approximated by average concentration in 5-year-old largemouth bass. In the May 1995 sampling of 
Peña Blanca Lake, the average mercury tissue concentration in largemouth bass (1.31 mg/kg) was slightly lower 
than the average concentration in 5-year-old largemouth bass (1.35 mg/kg), and the average concentrations in all 
other sampled species were lower than that in largemouth bass. Therefore, the selected target for the TMDL analysis 
is an average tissue concentration in 5-year-old largemouth bass of 1.0 mg/kg or less. 

Source Assessment 
There are no permitted point source discharges and no known sources of mercury-containing effluent in the Arivaca 
or Peña Blanca watersheds. External sources of mercury load to the lake include natural background load from the 
watershed, nonpoint loading from past mining activities, and atmospheric deposition. 

Watershed Background Load 
The watershed background load of mercury derives from mercury in the parent rock and from the net effects of 
atmospheric deposition of mercury on the watershed. Because no near-field significant sources of mercury 
deposition were identified, mercury from atmospheric deposition onto the watershed is treated as part of a general 
watershed background load in this analysis.  Atmospheric deposition of mercury occurs throughout the world, and 
mercury enters these watersheds through both wet deposition (precipitation) and dry deposition. As described below, 
atmospheric deposition is estimated to contribute more than 12 micrograms of mercury per square meter per year 
(µg/m2/yr). The direct atmospheric loading to the lake is greater than the total estimated load of mercury from the 
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watershed to the lake; however, portions of the atmospheric mercury deposition do not enter the lake because they 
are recycled to the atmosphere or sequestered within the watershed. 

Mercury is also present within the parent rock formations of the Peña Blanca and Arivaca watersheds. Cinnabar 
(HgS), the primary naturally occurring ore of mercury, typically consists of 86.2 percent mercury and 13.8 percent 
sulfide. Cinnabar occurs as impregnations and vein fillings in near-surface environments from solutions associated 
with volcanic activity and hot springs. Cinnabar also may occur in placer-type concentrations produced from the 
erosion of mercury-bearing rocks. In the Peña Blanca watershed, cinnabar has been reported to occur as traces in 
irregular and lensing fissure veins in association with argentiferous galena, pyrite, marcasite, and chalcopyrite. 

The net contributions of both atmospheric deposition and weathering of native rock were assessed by measuring 
concentrations in sediment of tributaries to Arivaca Lake and Peña Blanca Lake. Based on these data, as well as 
three background sediment samples from just outside the Arivaca Lake watershed (in areas expected to be relatively 
uncontaminated by anthropogenic sources of mercury), most of the sediment samples from the Arivaca and Peña 
Blanca watersheds may be considered at or near background mercury levels. In the Peña Blanca watershed, 
sediment mercury concentrations were below 100 parts per billion (ppb), except for samples at and just downstream 
of an old gold mine tailings pile found during reconnaissance. The sample just below the tailings pile showed an 
extremely elevated concentration of 555,000 ppb. In the Arivaca watershed, sediment mercury concentrations were 
below 150 ppb, except for samples at and just downstream of the Ruby Dump site, in the southern end of the 
watershed. Samples within Ruby Dump had mercury levels as high as 1467 ppb. 

Nonpoint Loading from Past Mining Activity 
The mining of precious metals such as gold and silver was common in the Parajitto mining area surrounding Peña 
Blanca Lake. It was also common in the area surrounding Arivaca Lake, but apparently not within the Arivaca 
watershed itself. 

Before the introduction of cyanidation technology at the beginning of the 20th century, mercury-amalgamation of 
precious metal ores it was a common practice throughout the western United States, using mercury to amalgamate 
gold ore in ball mills. Ball mill process mercury is likely to be of greater concern for environmental impact because 
the residue is more likely to contain soluble species of mercury than low-solubility cinnabar outcrops. Studies of the 
highly contaminated Carson River area in Nevada demonstrate that the dominant form of mercury present in 
amalgamation-process tailings is still elemental mercury, approximately a century after peak mining activity, while 
stream sediments in the tailings area were dominated by elemental and exchangeable forms of mercury. Significant 
conversion to relatively insoluble cinnabar occurs only when these materials are transported to more anoxic, 
reducing environments with concentrations of labile sulfur in excess of 0.1 percent by weight. Thus, the mercury 
contained in ball mill tailings is likely to be more mobile and more bioavailable than the mercury contained in 
cinnabar in the watershed soils and tailings residue from hard rock mines (which were not processed by mercury 
amalgamation). 

One ball mill site has been identified in the Peña Blanca watershed, associated with the St. Patrick Mine and with a 
tailings pile adjoining an intermittent stream bed. In June 1999, 30 samples were collected from the tailings pile, 
mill site, and adjacent streambed site. Samples from outside of the tailings pile generally revealed low levels of 
contamination (from nondetectable up to 15 mg/kg). Seven samples collected from the tailings pile gave higher 
results, ranging from 63 to 460 mg/kg total mercury. These results confirm that the tailings pile is a mercury hot 
spot. 

Reconnaissance efforts in the Arivaca watershed have not located any obvious ball mill sites within the watershed. 
Although the possibility cannot be ruled out, the likelihood of finding previously unknown additional mill sites or 
tailings piles in the Arivaca drainage is low. No detectable mercury was found at two known mine shaft sites in the 
watershed. However, somewhat elevated levels of mercury were found within the old Ruby Dump, in the southern 
end of the watershed. Ruby Dump is located in the southern portion of Arivaca watershed, at the very upstream end 
of Cedar Canyon Wash. The dump apparently served the town of Ruby and the Montana Mine. This former mining 
town is located about 1 mile southwest of the dump site, outside the Arivaca watershed. 
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Atmospheric Deposition 
The third component of mercury loading is direct atmospheric deposition to the lake surface. Atmospheric 
deposition is often separated into near-field, or local sources, and far-field sources. Elevated near-field deposition is 
often found downwind of coal-fired power plants, smelters, and lime kilns. A variety of potential near-field sources 
was evaluated in the United States and Mexico. Based on the lack of major nearby sources, particularly sources 
along the axis of the prevailing wind, near-field atmospheric deposition of mercury attributable to individual 
emitters is not believed to be a major component of mercury loading to the Arivaca and Peña Blanca watersheds.  

Long-range atmospheric deposition is a major source of mercury in many parts of the country. A study of trace 
metal contamination of reservoirs in New Mexico indicated that perhaps 80 percent of mercury found in surface 
waters was coming from atmospheric deposition. In other remote areas (e.g., in Wisconsin, Sweden, and Canada), 
atmospheric deposition has been identified as the primary (or possibly only) contributor of mercury to waterbodies. 

Wet deposition of mercury has been measured by the Mercury Deposition Network in its first year of operation 
(February 1995-February 1996), the Mercury Deposition Network found a volume-weighted average concentration 
of 10.25 ng/L total mercury in precipitation at 17 stations located mainly in the upper Midwest, Northeast, and 
Atlantic seaboard (http://nadp.nrel.colostate.edu/ NADP/mdn/mdn.html). Volume-weighted average concentration 
of mercury did vary by station, ranging from 3.62 ng/L at Acadia National Park, Maine, to 13.56 ng/L at Bondville, 
Illinois. Average weekly wet deposition at the 17 stations ranged from 63 ng/m2 to 280 ng/m2. 

Only limited monitoring of atmospheric deposition of mercury is available in the Southwest and none in Arizona. 
Dry deposition were measured in the Peña Blanca watersheds (Caballo data), but the monitoring location is about 
150 miles closer to the subject lakes than the Peña Blanca lakes. Lack of geographically closer monitoring 
introduces considerable uncertainty; however, as shown below, direct atmospheric deposition appears to account for 
only a small portion of the total mercury load to the lake. Even if the direct atmospheric loading rate is 
underestimated by a significant amount, it would have only a minor effect on the predicted lake response. The 
Caballo data therefore were selected to characterize mercury wet deposition to the lake surfaces. The short period of 
record available was extrapolated to provide estimates across the period of simulation. Two approaches were 
considered to make this extrapolation: development of a relationship between mercury concentration and rainfall 
volume, and calculation of average deposition rates. The first approach is based on the observation that mercury wet 
deposition concentrations are typically inversely related to rainfall volume. There is considerable scatter in this 
relationship in the Caballo data, particularly at low precipitation volumes. Given this scatter and the short period of 
record available, the concentration approach was rejected. Instead, it was assumed that cumulative deposition mass 
was a more robust estimator than concentration. To make maximum use of the available data, the series of all 
possible running 12-month sums were calculated and then averaged, yielding an average annual deposition rate of 
4.125 µg/m2-yr (79 ng/m2-wk). This annual sum was then apportioned to months based on the observed deposition 
pattern from May 1997 through April 1998.  

The Caballo station does not measure dry deposition. Although there are few direct measurements to support well-
characterized estimates, dry deposition of mercury often is assumed to be approximately equal to wet deposition 
(e.g., Lindberg et al., 1991), as is reported in the Peña Blanca Lake. Because the climate at Arivaca and Peña Blanca 
is wetter than at Caballo, the distribution of wet and dry deposition is likely to be different. Total mercury deposition 
at Arivaca/Peña Blanca is assumed to equal that estimated for Caballo, New Mexico, but Arivaca/Peña Blanca are 
estimated to receive greater wet deposition and less dry deposition than Caballo because more of the particulate 
mercury and reactive gaseous mercury that contribute to dry deposition will be scavenged at a site with higher 
rainfall. 

Model Selection 
The TMDLs needed to be completed on a short time line established in a consent decree and with limited resources. 
This condition required focusing efforts on those aspects of the problem that were most important to the decision 
process. Of the many physical and chemical processes linking mercury sources to bioaccumulation in fish, some 
were, of necessity, addressed through simple scoping models, while for other components, highly sophisticated 
methods were used. Focusing the modeling effort was a key factor in successful completion of the TMDLs and 
depended on two factors: use of a cross-sectional comparison (using a reference lake) and collection of a high-
quality dataset. 
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The Mercury Cycle 
Development of the risk hypothesis, and therefore selection of appropriate modeling approaches, requires an 
understanding of how mercury cycles in the environment. Mercury chemistry in the environment is quite complex. 
Mercury has the properties of a metal (including great persistence due to its inability to be broken down) but also 
has some properties of a hydrophobic organic chemical due to its ability to be methylated via a bacterial process. 
Methylmercury, easily taken up by organisms, tends to bioaccumulate; it is very effectively transferred through the 
food web, magnifying at each trophic level. This transfer can result in high levels of mercury in organisms high on 
the food chain, despite nearly immeasurable quantities of mercury in the water column. In fish, mercury is not 
usually found in levels high enough to cause the fish to exhibit signs of toxicity, but wildlife that habitually eat 
contaminated fish are at risk of accumulating mercury at toxic levels, and the mercury in sport fish can present a 
potential health risk to humans. 

Mercury and methylmercury form strong complexes with organic substances (including humic acids) and strongly 
sorb onto soils and sediments. Once sorbed to organic matter, mercury can be ingested by invertebrates, thus 
entering the food chain. Some of the sorbed mercury will settle to the lake bottom; if buried deeply enough, mercury 
in bottom sediments will become unavailable to the lake mercury cycle. Burial in bottom sediments can be an 
important route of removing mercury from the aquatic environment. 

Methylation and demethylation play an important role in determining how mercury will accumulate through the 
food web. Hg(II) is methylated by a biological process that appears to involve sulfate-reducing bacteria.  Rates of 
biological methylation of mercury can be affected by a number of factors. Methylation can occur in water, sediment, 
and soil solution under anaerobic conditions and, to a lesser extent, under aerobic conditions. In lakes, methylation 
occurs mainly at the sediment-water interface and at the oxic-anoxic boundary within the water column. The rate of 
methylation is affected by the concentration of available Hg(II), microbial concentration, pH, temperature, redox 
potential, and the presence of other chemical processes. Demethylation of mercury is also mediated by bacteria. 

Note that both Hg(II) and methylmercury (MeHg) sorb to algae and detritus, but only methylmercury is assumed to 
be passed up to the next trophic level (inorganic mercury is relatively easily egested). Invertebrates eat both algae 
and detritus, thereby accumulating sorbed MeHg. Fish eat the invertebrates and either grow into larger fish (which 
have been shown to have higher body burdens of mercury) or are eaten by larger fish. At each trophic level, a 
bioaccumulation factor must be assumed to represent the magnification of mercury concentration that occurs up the 
food chain. 

Typically, almost all of the mercury found in fish (more than 95 percent) is in methylmercury form. Studies have 
shown that fish body burdens of mercury increase with increasing size or age of the fish, with no signs of leveling 
off. 

Although it is important to identify sources of mercury to the lake, there may be fluxes of mercury within the lake 
that would continue nearly unabated for some time, even if all sources of mercury to the lake were eliminated. In 
other words, compartments within the lake probably currently store a significant amount of mercury, and this 
mercury can continue to cycle through the system even without an ongoing outside source of mercury. The most 
important store of mercury within the lake is likely to be the bed sediment. Mercury in the bed sediment may cause 
exposure to biota by being: 

•	 Resuspended into the water column, where it is ingested or it adsorbs to organisms that are later ingested. 

•	 Methylated by bacteria. The methylmercury tends to attach to organic matter, which may be ingested by 
invertebrates and thereby introduced to the lake food web. Methylmercury poses the real threat to biota due 
to its strong tendency to accumulate in biota and magnify up the food chain. 
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Data Collection 
Unfortunately, much of the historic database on environmental mercury concentrations is suspect, due to high 
detection limits and potential contamination due to lack of ultra-clean sampling and analysis techniques. Further, 
while methylmercury concentrations are key to predicting bioaccumulation, the methylated component is rarely 
measured.  

To develop a defensible TMDL linkage analysis, high-quality data were needed to describe mercury distribution and 
movement in the waterbodies and their watersheds, but time and resources for data collection were limited. During 
two sampling events representing stratified and unstratified lake conditions, data were collected using ultra-clean 
techniques on mercury species in biota, mercury species and general chemistry in the water column and sediments 
of both lakes. Sampling of inflow was not possible, given the highly intermittent nature of runoff. Watershed 
sampling therefore focused on evaluating mercury concentrations and sediment characteristics in the beds of the 
intermittent stream networks feeding each lake. Another important aspect of data collection was detailed field 
reconnaissance. While there are no permitted point sources or active mines in either watershed, the field 
reconnaissance, together with evidence from stream sediments, identified an important mercury source area in old 
ball-mill tailings in the Peña Blanca watershed. 

Summer stratified surface water concentrations in both lakes were low (about 4 ng/l total mercury in Peña Blanca 
and 8 ng/l in Arivaca), but increased with depth, reaching 20 to 40 ng/l near the sediment. Methylmercury 
concentrations below the hypolimnion were 4 ng/l in Peña Blanca and 14 ng/l in Arivaca. Higher concentrations 
were found in lake sediment, ranging up to 470 ppb in Peña Blanca and 192 ppb in Arivaca. Surveys of watershed 
sediments revealed higher concentrations. Within Peña Blanca watershed, concentrations ranged up 554,937 ppb dry 
weight and in Arivaca watershed up to 1,222 ppb dry weight; however, most samples were less than 100 ppb. 
Background concentrations collected in an area just outside the Arivaca watershed believed to be relatively 
uncontaminated by anthropogenic sources ranged from 12 to 197 ppb mercury, consistent with other studies of 
background mercury levels in soils. Thus, both watersheds appear to be largely in the range of background 
measurements, with isolated mercury hot spots. 

Cross-Sectional/Reference Site Approach 
The complex nature of mercury cycling in the environment can introduce considerable uncertainty into linkage 
analysis modeling. From examination of a single waterbody, it is difficult to determine the relative contributions of 
gross mercury loading, internal mercury cycling, and rates of mercury methylation and food chain accumulation to 
observed body burdens in fish. 

Additional constraints on the analysis can be developed by examining several lakes within the same region 
simultaneously (cross-sectional approach). Explaining the differences in mercury load, cycling, and bioaccumulation 
among several lakes provides a robust basis on which to develop the conceptual model. Therefore, the linkage 
analysis for Arivaca Lake was developed simultaneously with analyses for Peña Blanca Lake and Patagonia Lake. 
Patagonia Lake is within the same region, yet it has acceptable fish tissue mercury concentrations. Patagonia thus 
serves as an unimpaired reference site for the cross-sectional analysis. The basic physical characteristics of the three 
lakes and their watersheds are compared in Table 6-1. 

All three lakes lack known point source discharges of mercury and have a fairly similar distribution of rural 
rangeland and forest land uses. The Patagonia watershed has far more historical gold mining operations (but also a 
much larger watershed area), but it is not known how many (if any) of the Patagonia mines are associated with 
mercury-contaminated ball mill sites. EPA has not detected elevated sediment mercury in the Patagonia watershed. 
Physically, Patagonia differs from Peña Blanca and Arivaca because it has a much larger volume, a larger 
contributing watershed, and a shorter hydraulic residence time. Patagonia is also the deepest of the three lakes. 

EPA collected data from all three lakes and their watersheds in July 1998, providing a valuable basis for cross-
sectional comparison. All three lakes were strongly stratified with anoxic hypolimnia at the time of sampling. 
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Table 6-1.  Cross-Sectional Comparison of Studied Lakes 
Characteristic Peña Blanca Lake Arivaca Lake Patagonia Lake 

Surface area (acres) 49 90 200 

Volume at full pool (acre-feet) 1071 1050 11000 

Average depth (ft) 21.8 11.7 29.1 

Maximum depth (ft) 60 25 86 

Estimated hydraulic residence time 
(yrs), 1985-98 average 

0.36 0.33 0.16 

Watershed area (acres) 8820.6 12696.4 145904 

Rangeland (acres) 845.9 5761.3 55509.7 

Evergreen Forest (acres) 7906.7 6421.1 88503.8 

Cropland and Pasture (acres) 0 420.3 1204.2 

Urban and Residential (acres) 33.2 26.5 408.2 

Water (acres) 34.8 67.3 278.1 

Producing mines identified in MILS 4 inactive 

Mines producing gold 2 inactive 

none 88 inactive 

6 active 

none 51 inactive 

1 active 

Note: “Active” mines include those on temporary shutdown as of the 1995 MIL. Prospects are omitted from the tabulation. 

At the time of the July sampling, all three lakes had similar total mercury concentrations in the sediment but very 
different concentrations in the water column. Lake sediment concentrations in Peña Blanca were somewhat elevated 
relative to Arivaca and Patagonia. All three lakes showed significant amounts of methylmercury in sediment, but 
Patagonia, unlike Arivaca and Peña Blanca, did not have much methylmercury in the water column. This condition 
seems to explain why fish have unacceptable levels of mercury contamination in Arivaca and Peña Blanca but not in 
Patagonia. 

The July data emphasize that there may be little correlation between the total mercury mass stored in lake sediments 
and mercury concentration in fish. Sediment concentrations in Patagonia Lake of both total mercury and 
methylmercury were higher than those observed in Arivaca, yet Patagonia Lake has acceptable fish tissue 
concentrations while Arivaca does not. Sediment concentrations of total mercury in Peña Blanca were three times 
those in Arivaca, but total mercury concentrations in the water column were about twice as high in Arivaca as in 
Peña Blanca. These observations—indicating that total mercury concentrations in sediment are not linearly related to 
fish body burden—suggest that the linkage analysis requires a model that can describe the relationship between 
external mercury load and methylmercury generation. 

Why are mercury levels in the water column higher in Arivaca and Peña Blanca than in Patagonia, despite rather 
similar sediment concentrations?  Strong clues emerge from the water column chemistry results from the July 
sampling. As shown in Table 6-2, sulfate is strongly elevated in the hypolimnion of Patagonia relative to the other 
lakes, while alkalinity and pH are also elevated, and dissolved organic carbon (DOC) is somewhat depressed. 
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These observations suggest that relatively high sulfate concentrations (under alkaline conditions) promote 
precipitation of cinnabar in Patagonia, thus reducing water column concentrations. Differences in sediment 
chemistry might also play an important role. The sediment of Patagonia Lake has a stronger reducing environment 
and lower organic carbon content than the other two lakes. Finally, Patagonia is the deepest lake, which might 
reduce growth of algae and photosynthetic bacteria at the sediment interface. 

Table 6-2.  Comparison of Summer Hypolimnetic Water Chemistry between Studied Lakes 
Parameter Patagonia 	Arivaca Peña Blanca 

Sulfate (mg/L) 185 0.2 7 

Alkalinity (mg/L) 156 91 86 

pH 7.5 6.6 7 

DOC (mg/L) 7 24 10 

Total Hg (ng/L) 2 38 20 

MeHg (ng/L) 0.8 14.3 3.9 

Total Hg in sediment (µg/kg) 148 129 360 

MeHg in sediment (µg/kg) 0.45 0.30 0.95 

Risk Hypotheses 
In sum, the key differences among the lakes appear to be in water chemistry and in consequent effects on mercury 
speciation and cycling, rather than in gross total mercury load (as indicated by sediment concentration). Prior to 
model development, this understanding was summarized in the following risk hypothesis: 

1.	 Mercury concentrations in fish are driven by summer methylmercury concentrations in the epilimnion. 

2. 	 Summer methylmercury concentrations in the epilimnion are driven by mixing from methylmercury 
concentrations in the hypoxic zone just below the thermocline. 

3.	 Methylmercury concentrations below the thermocline are determined primarily by water chemistry and its 
effect on mercury methylation in the anoxic portion of the water column and cycling between the water and 
sediment, and secondarily by mercury concentration in the sediment or gross mercury loads. 

4.	 Total mercury concentration in the sediments is driven by watershed loads but reflects accumulation over 
relatively long periods of time and changes slowly. 

For each lake, the linkage analysis components described in the following sections are designed to provide a 
quantitative investigation of this risk hypothesis. The linkage tools are separated into several general components. 
The first two components address the watershed, and the third and fourth address the lake itself. First is a watershed 
hydrologic and sediment loading model, which represents the movement of water and sediment from the watershed 
to the lake. This model supports the second component, an analysis of watershed loading of mercury to the reservoir. 
A lake hydrologic model is the third component. Finally, a model of lake mercury cycling and bioaccumulation is 
used to address the cycling of mercury in the lake among and between abiotic and biotic components. When 
combined, these components are the TMDL linkage analysis. 
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Model Setup 

Watershed Hydrologic and Sediment Loading Model 
An analysis of watershed loading could be conducted at many different levels of complexity, ranging from simple 
export coefficients to a dynamic model of watershed loads.  Data are not available, however, to parameterize or 
calibrate a detailed representation of flow and sediment delivery within the watersheds. Therefore, a relatively 
simple, scoping-level analysis of watershed mercury load, based on an annual mass balance of water and sediment 
loading from the watershed, is used for the TMDL. Uncertainty introduced in the analysis by use of a simplified and 
uncalibrated watershed loading model must be addressed in the Margin of Safety. 

Watershed-scale loading of water and sediment was simulated using the GWLF model (Haith et al. 1992).  The 
complexity of this model falls between that of detailed simulation models, which attempt a mechanistic, time-
dependent representation of pollutant load generation and transport, and simple export coefficient models, which do 
not represent temporal variability. GWLF provides a mechanistic, simplified simulation of precipitation-driven 
runoff and sediment delivery, yet is intended to be applicable without calibration. Solids load, runoff, and 
groundwater seepage can then be used to estimate particulate and dissolved-phase pollutant delivery to a stream, 
based on pollutant concentrations in soil, runoff, and groundwater. 

GWLF simulates runoff and streamflow by a water-balance method, based on measurements of daily precipitation 
and average temperature. Precipitation is partitioned into direct runoff and infiltration using a form of the SCS 
Curve Number method. The Curve Number determines the amount of precipitation that runs off directly, adjusted 
for antecedent soil moisture based on total precipitation in the preceding 5 days. A separate Curve Number is 
specified for each land use by hydrologic soil grouping. Infiltrated water is first assigned to unsaturated zone 
storage, where it may be lost through evapotranspiration. When storage in the unsaturated zone exceeds soil water 
capacity, the excess percolates to the shallow saturated zone. This zone is treated as a linear reservoir that discharges 
to the stream or loses moisture to deep seepage, at a rate described by the product of the zone’s moisture storage and 
a constant rate coefficient. 

Stream flow may derive from surface runoff during precipitation events or from groundwater pathways. The amount 
of water available to the shallow groundwater zone is strongly affected by evapotranspiration, which GWLF 
estimates from available moisture in the unsaturated zone, potential evapotranspiration, and a cover coefficient. 
Potential evapotranspiration is estimated from a relationship to mean daily temperature and the number of daylight 
hours. In the arid Southwest, evapotranspiration often exceeds moisture supply, so stream runoff occurs sporadically 
in response to precipitation exceeding infiltration capacity. All the streams feeding Arivaca Lake are classified by 
USGS as intermittent and lack a consistent base flow component. 

Monthly sediment delivery from each land use is computed from erosion and the transport capacity of runoff, and 
total erosion is based on the Universal Soil Loss Equation (Wischmeier and Smith 1978), with a modified rainfall 
erosivity coefficient that accounts for the precipitation energy available to detach soil particles (Haith and Merrill 
1987). Thus, erosion can occur with precipitation but no surface runoff to the stream; delivery of sediment, however, 
depends on surface runoff volume. Sediment available for delivery is accumulated over a year, although excess 
sediment supply is not assumed to carry over from one year to the next. 

GWLF application requires information on land use, land cover, soil, and parameters that govern runoff, erosion, 
and nutrient load generation. 

Watershed Mercury Loading Model 
Estimates of watershed mercury loading are based on the sediment loading estimates generated by GWLF through 
application of a sediment potency factor. A background loading estimate was first calculated, then combined with 
estimates of loads from individual hot spots. 

The majority of the EPA sediment samples showed no clear spatial patterns in sediment mercury concentrations, 
with the exception of the “hot spot” areas identified at Ruby Dump and the St. Patrick Mine tailings pile. Therefore, 
background loading was calculated using the central tendency of sediment concentrations from all samples 
excluding the hot spots. The background sediment mercury concentrations were assumed to be distributed 
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lognormally, as is typical for environmental concentration samples, and an estimate of the arithmetic mean was 
calculated from the observed geometric mean and coefficient of variation. Applying this assumption to the GWLF 
estimates of sediment transport yields an estimated rate of mercury loading from watershed background of 178.9 
g/yr. This load is ultimately derived from a combination of atmospheric deposition on the land, naturally occurring 
mercury in rocks underlying the watershed, and dispersed human activities.  

Loading from the Ruby Dump and St. Patrick mine area are calculated separately but are also based on the GWLF 
estimate of sediment load generated per hectare of  rangeland  (the land use surrounding the hot spots), as reduced 
by the sediment delivery ratio for the watershed. 

Based on assumptions regarding hot spot size and sediment load multipliers, less than 1 percent of the watershed 
mercury load to Arivaca Lake appears to originate from Ruby Dump, which is the only identified hot spot in the 
watershed. Given the uncertainties in estimation of erosion rates and the incomplete status of the USFS 
characterization of the St. Patrick Mine ball mill tailings, the assessment of mercury loading from this area should be 
judged to be only a rough, order of magnitude estimate. The estimate suggests, however, that this source plays a 
significant role in mercury loading to Peña Blanca Lake. Given the assumptions used to estimate loads, 
approximately 69 percent of the watershed mercury load to Peña Blanca appears to originate from the tailings pile 
and contaminated downstream sediments. This large percentage is a result of the high average concentration 
reported for the tailings (287,000 ppb) relative to the average mercury concentration in sediments in the remainder 
of the watershed (48 ppb).  

Direct Atmospheric Deposition to Lake 
The direct deposition of mercury from the atmosphere onto the lake surfaces was calculated by multiplying the 
estimated atmospheric deposition rates times the lake surface area. Although Patagonia Lake has a higher total 
annual mercury load, the load per volume of inflow is much lower than those in the two impaired lakes. 
Atmospheric deposition directly to the lake surface does not appear to be a major source of total mercury load, as it 
is estimated to account for only about 1 percent of the total annual load to the lakes. Atmospheric deposition to the 
watershed could, however, constitute a significant portion of the net loading from the watershed. 

Lake Hydrologic Model 
No monitoring data for inflow, water stage, or outflow are available for Arivaca Lake or Peña Blanca Lake. The lake 
levels are not actively managed, and releases occur only when storage capacity is exceeded. Therefore, lake 
hydrology was represented by a simple monthly water balance, using the following assumptions: 

•	 Inflow from the watershed is given by monthly predictions from the GWLF model application. 

•	 Direct precipitation on the lake surface is estimated from local observed monthly precipitation depth times 
the lake surface area at the beginning of the month. 

•	 Evaporation from the lake surface is estimated from pan evaporation data and a pan coefficient of 0.7. This 
estimate represents the ratio between mean annual lake surface evaporation and average annual evaporation 
from Class A evaporation pans for this area of southern Arizona, and is within the range recommended by 
Dunne and Leopold (1978). 

•	 Net gain from or loss to groundwater seepage through the lake bed is assumed to be zero, lacking any 
evidence to the contrary. 

•	 Potential storage at the end of the month is calculated as the sum of initial storage plus inflow plus direct 
precipitation minus evaporation. 

•	 The stage-area-discharge curve is used to estimate the surface area and elevation of the lake surface 
corresponding to the potential storage at the end of the month. If the lake surface elevation is computed to 
be higher than the spillway elevation, the excess volume is assumed to spill downstream. 

•	 Actual storage at the end of the month is the smaller of potential storage and full-pool storage. 
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• Surface area and elevation of the lake surface at the end of the month are updated to reflect actual storage. 

Lake Mercury Cycling and Bioaccumulation Model 
Cycling and bioaccumulation of mercury within the lake was simulated using the Dynamic Mercury Cycling Model 
(D-MCM; Tetra Tech 1999). D-MCM is a Windows 95/NT™-based simulation model that predicts the cycling and 
fate of the major forms of mercury in lakes, including methylmercury, Hg(II), and elemental mercury. D-MCM is a 
time-dependent mechanistic model, designed to consider the most important physical, chemical and biological 
factors affecting fish mercury concentrations in lakes. It can be used to develop and test hypotheses, scope field 
studies, improve understanding of cause and effect relationships, predict responses to changes in loading, and 
support design and evaluation of mitigation options. 

The major processes in D-MCM include inflows and outflows (surface and groundwater), adsorption/desorption, 
particulate settling, resuspension and burial, atmospheric deposition, air/water gaseous exchange, industrial mercury 
sources, in-situ transformations (e.g., methylation, demethylation, MeHg photodegradation, Hg(II) reduction), 
mercury kinetics in plankton, and bioenergetics related to methylmercury fluxes in fish.  

Model compartments include the water column, sediments, and a food web that includes three fish populations. 
Mercury concentrations in the atmosphere are input as boundary conditions to calculate fluxes across the air/water 
interface (gaseous exchange, wet deposition, dry deposition). Similarly, watershed loadings of Hg(II) and 
methylmercury are input directly as time-series data. The user provides for hydrologic inputs (surface and 
groundwater flowrates) and associated mercury concentrations, which are combined to determine the watershed 
mercury loads. 

The food web consists of six trophic levels—phytoplankton, zooplankton, benthos, nonpiscivorous fish, omnivorous 
fish, and piscivorous fish. Fish mercury concentrations tend to increase with age, and thus are followed in each year 
class. Bioenergetics equations for individual fish (Hewitt and Johnson 1992) have been adapted to simulate year 
classes and entire populations. 

Input parameters for conducting the simulations for all three lakes in this study can be broadly separated into five 
categories: 

• Hydrologic dynamics and lake physical characteristics (morphometry, stratification) 

• External loading rates of Hg (atmospheric, nonpoint source, and point source) 

• Thermodynamic and kinetic rate constants 

• Water, and sediment chemistry 

• Biotic data 

Model Evaluation 

Sensitivity Analysis on Hotspot Sediment Load Multipliers 
Watershed mercury loading from the known mercury hot spots (Ruby Dump and the St. Patrick mine ball mill site) 
was calculated separately from the general sediment-associated watershed mercury loading, as discussed previously. 
For both hot spots, sediment load per hectare from the hot spot is assumed to be four times greater than that for 
normal rangeland. For the Ruby Dump site, this multiplier is intended to reflect the lack of vegetation at the site; for 
the ball mill site, it reflects the fine consistency of tailings. This sediment load multiplier factor may be thought of in 
terms of the USLE equation (RE*K*LS*C*P), which predicts sediment loss. The K factor for rangeland in the 
watershed was set to 0.08, based on data in the STATSGO soil coverage. This K factor represents a sandy soil. The 
consistency of the mine tailings, however, has been compared to that of talcum powder. A typical K factor for very 
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fine sand with low organic content is 0.42, which is 5.2 times the K factor for rangeland soil (and would therefore 
increase sediment loading estimates by 5.2 times). This factor is compensated somewhat by the fact that sediment at 
the ball mill site is likely to be a mixture of native sandy soil and the finer tailings, and by lower slopes at the ball 
mill site than the average for rangeland soils in the watershed (because the site is located at the bottom of the 
canyon). 

For both sites, a simple sensitivity analysis was carried out on the sediment load multiplier to estimate its effect on 
overall load estimates. In the case of the Ruby Dump site, doubling the load multiplier has very little effect on the 
overall estimated load (Table 6-3). The sediment load multiplier is a more important parameter in the Peña Blanca 
watershed (Table 6-4), however, because the ball mill site appears to be the dominant contributor of mercury loading 
to the lake.  

Table 6-3. Sensitivity Analysis on the Ruby Dump Sediment Load Multiplier 
Sediment Load Multiplier Percent of Load Attributed to Ruby Dump 

1 0.1% 

2 0.2% 

4 0.4% 

8 0.7% 

Table 6-4.  Sensitivity Analysis on the Ball Mill Site Sediment Load Multiplier 
Sediment Load Multiplier Percent of Load Attributed to St. Patrick Ball Mill Tailings 

2 54.7% 

4 70.7% 

8 82.8% 

Mercury Cycling Model 
As stated previously, it was necessary to focus the modeling efforts, applying the most sophisticated modeling 
approaches to the processes that seem most important in driving fish mercury concentrations (i.e., cycling and 
accumulation of mercury within the lake). Therefore, though other modeling components (e.g., the GWLF 
watershed model) remained uncalibrated, more effort was expended on the D-MCM component, including 
examining known areas of scientific uncertainty in the model, modifying the model to better represent the lakes in 
this study, and calibrating the model to the three lakes used in the cross-sectional approach. 

Scientific Knowledge Gaps in D-MCM 
The current version of D-MCM has updated mercury kinetics and an enhanced bioenergetics treatment of the food 
web. The predictive capability of D-MCM is evolving but is currently limited by some scientific knowledge gaps, 
including: 

• The true rates and governing factors for methylation and Hg(II) reduction 

• Factors governing methylmercury uptake at the base of the food web 

• The effects of anoxia and sulfur cycling 
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For example, there is evidence that anoxia and sulfides can affect mercury cycling and influence water column 
mercury concentrations in lakes (e.g., Benoit et al. 1999, Gilmour et al. 1998, Watras et al 1995, Driscoll et al. 
1994), but the underlying mechanisms and controlling factors have not been quantified.  

Another important assumption in the current version of D-MCM is that all of the Hg(II) on particles is readily 
exchangeable. This results in longer predicted response times for lakes to adjust to changing conditions or mercury 
loads than likely would occur.  It is quite plausible that a significant fraction of Hg(II) on particles is strongly bound, 
reducing the amount of Hg(II) available for mercury cycling and the time required for fish mercury concentrations to 
adjust to changes in mercury loadings.  The magnitude of this error potentially can be quite large for oligotrophic 
lakes with very low sedimentation rates and very long particulate mercury residence times in the surficial sediments. 
For systems that have very high sedimentation rates such as many reservoirs, the practical consequence of this 
assumption could be small.  

Modifying D-MCM for this Modeling Application 
Because strong anoxia in the hypolimnion is a prominent feature during summer stratification for the Arizona lakes 
simulated in this study, D-MCM was modified to explicitly allow significant methylation to occur in the 
hypolimnion. In previous applications of D-MCM, the occurrence of methylation has been restricted to primarily 
within surficial sediments. That the locus of methylation likely includes or is even largely within the hypolimnion 
(at least for Arivaca and Peña Blanca lakes) is supported by (1) the detection of significant, very high 
methylmercury concentrations in the hypolimnia of Arivaca and Peña Blanca lakes and (2) almost complete losses 
of sulfate in Arivaca Lake in the hypolimnion resulting from sulfate reduction. An input was added to the model to 
specify the rate constant for hypolimnetic methylation, distinct from sediment methylation. 

Calibration of D-MCM 
D-MCM was calibrated to the three study lakes by compiling and inputting data specific to each lake on: 

•	 Hydrology and lake physical characteristics (morphometry, stratification) 

•	 External loading rates of mercury (from the atmosphere, watershed, and Ruby Dump) 

•	 Thermodynamic and kinetic rate constants 

•	 Water and sediment chemistry 

•	 Biotic data 

Data specific to each of the three lakes were input into the model first, followed by data derived from calibrations 
for other lakes where site-specific data were lacking for Arivaca and Peña Blanca lakes. For instance, 
thermodynamic and kinetic rate constants specific to the lakes are not available and were obtained from previous 
calibrations of D-MCM to lakes in other regions. 

Calibration proceeded by running the model with a daily timestep for 10 years and adjusting the model so that 
concentrations of mercury in largemouth bass matched observed averages for each lake.  Because the hydrology of 
these lakes is so dynamic and “flashy,” more weight was placed on matching largemouth bass Hg concentrations 
than on trying to match predicted and observed water chemistry data precisely. This decision was based on the 
following: 

•	 Limited water chemistry data that indicate that chemistry in these systems varies rapidly. 

•	 Hydrologic budgets that show that the hydraulic residence time of all three lakes is relatively short (less 
than 0.4 year).  
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•	 The lack of truly local atmospheric loading data adequate for resolving and validating short-term dynamics 
in any of the lakes. 

•	 The fact that mercury concentrations in older cohorts of largemouth bass reflect dietary intake throughout 
their life history and are rather insensitive to short-term variations in water column chemistry and Hg 
loading dynamics. 

The calibrations used the same kinetic (rate constant) assumptions for all three lakes letting only differences in 
loading, hydrology, and chemistry dictate differences in response. The following paragraphs give a brief overview 
of how the input data were assembled and input to the model. 

Calibration of the model assumed that there were no good a priori reasons to use differing rate or thermodynamic 
constants for each lake to account for differing mercury behavior. Initial application to Arivaca and Peña Blanca 
resulted in large overestimates of the amount of mercury predicted in fish. The particle-Hg(II) partition coefficients 
were adjusted for particles in the sediment and water column to yield stronger particulate binding, thus reducing the 
dissolved pool available for methylation. Higher partition coefficients are appropriate for the epilimnion because the 
hypolimnion becomes seasonally anoxic, which can reduce the ability of inorganic particles to sorb trace elements. 
To further improve the model calibration, focus was placed on one feature of the model known to be potentially 
inadequate—the ability of the model to predict the amount of labile Hg truly available for desorption. Previous 
simulations with D-MCM have illustrated that, although initial sorption of Hg to particles may be well characterized 
by conventional sorption models such as the Freundlich and Langmuir isotherms, desorption of “aged” Hg bound to 
particles may not follow the same models. In others, some Hg may become irreversibly bound after adsorption has 
initially occurred, and the amount of mercury ultimately available for desorption is less than the initial sorption 
models would predict. The final model calibration assumed that watershed background mercury loads were 62 
percent available for desorption, while loads derived from ball mill tailings at Peña Blanca Lake and from Ruby 
Dump at Arivaca Lake were wholly available. This approach yielded a good match to observations of mercury 
concentrations in water and in fish (Table 6-5). 

A comparison of model-predicted internal fluxes in the three lakes shows that the key difference between Patagonia 
versus Peña Blanca and Arivaca lakes is the rate of hypolimnetic methylation of mercury. 

Table 6-5.  D-MCM Calibration  for Peña Blanca, Arivaca, and Patagonia Lakes 

5-year Bass Hg (mg/kg 
Lake Parameter Type Methyl Hg (ng/L) Hg(II)total (ng/L) wet) 

Peña Blanca Observed 3.92 11.38 1.42 

Predicted 0.00 – 4.26 0.00 – 17.69 1.40 

Arivaca Observed 14.3 1.46 – 8.3 1.18 

Predicted 0.00 – 12.07 0.00 – 6.28 1.18 

Patagonia Observed 0.78 1.14 0.14 

Predicted 0.00 – 0.12 0.00 – 11.38 0.05 

Model Application 
The application of the linkage models provides an estimate of the loading capacity of the two lakes, or the rate of 
external mercury loading consistent with achieving the numeric targets. The TMDL represents the sum of all 

72 



individual allocations of portions of the waterbody’s loading capacity. Allocations are made to point sources 
(wasteload allocations) and nonpoint sources or natural background (load allocations). In many cases, it is 
appropriate to hold in reserve a portion of the loading capacity to provide a MOS, as provided for in the TMDL 
regulation. 

After calibration, the model was used to identify the loading capacity and load reductions necessary to meet the 
numeric target in 5-year-old largemouth bass. The response of mercury in 5-year-old largemouth bass to changes in 
external loads is nearly linear for these lakes (after a period of several years’ adjustment). This is because sediment 
burial rates are high and sediment recycling is low, with the majority of the methyl mercury that enters the food 
chain being created in the anoxic portion of the water column. The numeric target of 1 mg/kg in 5-year-old 
largemouth bass is predicted to be met with a 37 percent reduction in total watershed mercury loads to Peña Blanca 
Lake and a 16 percent reduction in total watershed mercury loads to Arivaca Lake. 

Because there are no permitted point sources in the watersheds, there are no wasteload allocations in the TMDL. 
Load allocations represent assignment of a portion of the TMDL to nonpoint sources.  

The current knowledge of mercury sources in the watershed and transport to the lake requires use of a “gross 
allotment” approach to the watershed as a whole, rather than assigning individual load allocations to specific tracts 
or land areas within the watershed. Loading from geologic sources also has not been separated from the net effects 
of atmospheric deposition onto the watershed. Information is currently available to separate sources for load 
allocations into three components: (1) direct atmospheric deposition onto the lake surface, (2) loading from 
watershed hotspots, and (3) generalized background watershed loading, including mercury derived from parent rock 
and soil material, small amounts of residual mercury from past mining operations, and the net contribution of 
atmospheric deposition onto the watershed land surface. 

The allocations are summarized in Table 6-6. It is assumed that the direct atmospheric deposition load was 
essentially uncontrollable at these lakes and is therefore not reduced. For Peña Blanca, loading attributed to the St. 
Patrick Mine hotspot is considerable and is already proposed to be addressed by a removal action; therefore, load 
reductions are focused on that site. For Arivaca, watershed background is most important, and load reductions must 
be achieved there. The allocations are developed as annual average loads and address fish tissue concentrations 
associated with bioaccumulation of mercury. Because methyl mercury accumulates in tissue, concentrations in tissue 
of fish integrate exposure over a number of years; therefore, annual mercury loading is more important for the 
attainment of uses than daily loads.  

Table 6-6.  TMDL Allocations for Peña Blanca and Arivaca Lakes 
Peña Blanca Lake Arivaca Lake 

Allocations 
Allocation  
(g-Hg/yr) 

Existing Load 
(g-Hg/yr) 

Needed 
Reduction 

Allocation 
(g-Hg/yr) 

Existing Load 
(g-Hg/yr) 

Needed 
Reduction 

Atmospheric Deposition 2.3 2.3 0.0 4.2 4.2 0.0 

Hotspot Loads 18.6 133.0 114.4 0.7 0.7 0.0 

Watershed Background 58.6 58.6 0.0 111.2 178.9 67.7 

Total 79.5 193.9 114.4 116.1 183.8 67.7 

Unallocated 65.2 — — 38.7 — — 

Loading Capacity 144.7 — — 154.8 — — 
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Development of a Nutrient TMDL in the Cahaba River, Alabama 

Background and Problem Identification 

Watershed Characteristics 
The Cahaba River watershed (HUC 03150202) in central Alabama encompasses much of the Birmingham 
metropolitan area (Figure 6-1).  The Cahaba River, a tributary of the Alabama River, has three segments listed for 
impairment by nutrients on the Alabama Department of Environmental Management (ADEM) 2002 §303(d) list. 
Historically, nutrient impacts have been documented as nuisance blooms and persistent growth of periphyton. The 
purpose of the modeling effort by Tetra Tech was to evaluate in-stream nutrient dynamics and predict the 
effectiveness of source reductions based on allocations to point and nonpoint sources of TP.  This modeling case 
study describes: (1) nutrient TMDL numeric criteria development and interpretation (35 µg/L growing-season 
median at specific points), (2) watershed and receiving model design and application, and (3) interpretation of 
modeling results to determine TMDL load allocations.  The Cahaba River Nutrient TMDLs were proposed as a 
cooperative effort between ADEM and EPA Region 4 (ADEM 2004b). 

Listing Information 
ADEM listed one of the segments for nutrient impairment in 1996, but the remaining two segments listed for 
nutrients were added to ADEM’s 1998 303(d) list by EPA Region 4, based on consultation with the U.S. Fish and 
Wildlife Service (USFWS) regarding combined nutrient and siltation impacts to overall habitat degradation. 
USFWS, in addition to other agencies such as EPA Region 4, ADEM, and the Geological Survey of Alabama, 
attributed excessive periphyton growth in the Cahaba River as the cause of associated impacts to the aquatic life use, 
including impacts to threatened and endangered species of mussels, fishes, and snails.   
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Figure 6-1.  Location of Upper Cahaba River watershed, Alabama. 

Water Quality Standards and TMDL Targets 
The state of Alabama has narrative rather than numeric criteria for nutrients, which this requires determination of a 
numeric target prior to determining TMDLs.  In other words, allowable pollutant loads must be determined to meet 
numeric TMDL target(s) established by interpretation of the narrative criteria.  Early in TMDL development for the 
Cahaba River, EPA Region 4 and ADEM undertook a cooperative effort to determine appropriate nutrient targets to 
protect the aquatic life designated use as well as threatened and endangered species viability.  These efforts included 
literature reviews, consultation with national experts, and an ecoregion-based reference-stream evaluation of 
ambient total phosphorus. 

After evaluating periphyton growth-limiting nutrient thresholds in the literature, ADEM decided to focus on 
determining ambient water-column total phosphorus concentrations during the growing season that would limit 
periphyton growth and preserve habitat viability. ADEM decided to use an ecoregion reference-stream approach to 
determine the appropriate TP target.  The ecoregion reference approach is recommended by EPA (USEPA 2000) in 
the absence of sufficient data to support a strictly effects-based target.  In a reference-stream approach, ambient 
nutrient levels in comparable least-affected streams are evaluated to determine ambient nutrient levels that protect 
aquatic habitat and that prevent excessive periphyton growth. 

The 303(d)-listed portion of the Cahaba River system is in the southeast portion of the Ridge and Valley province 
(Ecoregion 67), as shown in Figure 6-2.  Six sites located on “least-impacted” reference streams were assessed for a 
few years of monthly ambient water-column nutrient data.  ADEM previously established the reference reaches and 
their associated watersheds using various methods to characterize their condition and determine if they were good 
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candidates.  Such methods include watershed surveys, land use coverage, inventorying point and nonpoint sources, 
conducting field reconnaissance, and ultimately collecting chemical, physical and biological data to ensure their 
condition and verify the streams are of high quality and fully meet designated uses.  A summary of nutrient data at 
these sites is listed in Table 6-7. 
 

# Ecoregion 67 Reference Sites S 
303(d) Listed Segments 

Level III Ecoregions
Piedmont (45) 
Southeastern Plains (65)
Ridge and Valley (67)
Southwestern Appalachians (68)
Interior Plateau (71)
Southeastern Coastal Plain (75) 
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Figure 6-2.  Locations of sites utilized for ecoregion reference-stream analysis. 
 

Table 6-7.  Summary of Median Nutrient Concentrations for April-October at the ADEM Reference Stations in Ecoregion 67 
Median TP  Median TN 

Station Samples 11-digit HUC (µg/L) (µg/L) Stream Name Basin 

DRYC-2 7 03150106240 24 295 Dry Cr (Calhoun Co.) Coosa 

DRYT-9 6 03150106330 32 203 Dry Cr (Talladega Co.) Coosa 

FRMB-8 13 03150202090 26 228 Fourmile Cr (Bibb Co.) Cahaba 

HNMB-4 11 03160111070 28 273 Hendrick Mill Branch Black Warrior 

MAYB-1 20 03150202080 21 173 Mayberry Cr Cahaba 

TCT-5 13 03150106330 19 167 Talladega Cr Coosa 
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The nutrient target was determined to be the 75th percentile TP of all data collected at these sites within the growing 
season (April–October). This target was calculated to be 35-µg/L median TP during the growing season (ADEM 
2004a). 

Source Assessment 
Nutrient loading causing excessive periphyton growth was found to be a result of both point sources and urban 
nonpoint source runoff from municipal separate storm sewer systems (MS4s).  The drainage area contributing to the 
105 river miles of 303(d)-listed segments in the upper Cahaba River is approximately 1,027 square miles, including 
a dozen NPDES-permitted municipal wastewater treatment plants (WWTPs) with discharges greater than 1.0 
million gallons per day (MGD), as shown in Figure 6-3. In the study period 1999–2001, these WWTPs operated 
advanced secondary treatment processes with little or no implementation of nutrient removal. In drought periods, 
wastewater can comprise up to 60 percent of the total streamflow at certain locations, exacerbating eutrophic 
conditions in critical periods. Natural streamflow in the river is further modified in low-flow periods by a reservoir 
on a tributary, the Little Cahaba River, and a major (~80 MGD) drinking water withdrawal in the mainstem river. 
Available data for the TMDL included biweekly nutrient samples collected by local municipalities for three years at 
various locations, in addition to a few USGS streamflow gages and ADEM long-term trend data. 
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Figure 6-3. Locations of major (≥1.0 MGD) NPDES-permitted point source discharges in the Upper Cahaba River 
watershed 

Data analysis to support the water quality modeling effort, specifically prediction of in-stream TP concentrations, 
required compilation of extensive NPDES discharge monitoring reports (DMRs) for the major (≥1.0 MGD) WWTPs 
and estimated discharge and nutrient loading for the minor WWTPs. 
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Nonpoint Source Data Analysis 
Nonpoint source TP loads to the Cahaba River were determined by evaluation of in-stream data collected at 
locations not influenced by point sources.  These nonpoint source evaluation sites and contributing watershed areas 
are shown in the land use map in Figure 6-4. 

Characteristic nonpoint source TP concentrations for each land use category were derived by the simple correlation 
of median TP with MRLC land use classification (urban, forest, and other).  Descriptions of each site are listed in 
Table 6-8.   

Figure 6-4. Water quality sampling sites used to assess nonpoint source concentrations of TP and other nutrients. 

Table 6-8.  Sites Within the Cahaba River Watershed Not Impacted by Point Sources 

Percent Percent Percent Median TP 
Station ID Location Forest Other Urban (µg/L) 

CR1IS Cahaba River at Hwy 11 Civitan Park—Trussville 82 14 3.7 50 

SC1IS Shades Cr at Elder St near Eastwood Mall in Birmingham 67 11 21.5 70 

SC2IS Shades Cr at Columbiana Rd—Lakeshore Drive Junction 57 10 32.9 70 

SC3IS Shades Cr at Hwy 150 Galleria area—Hoover 67 9 24.5 66 

SC4IS Shades Cr at Dickey Springs Rd (02423630) nr Greenwood 71 12 16.6 75 

ST2 Little Shades Creek above Cahaba River 56 9 34.5 160 

ST3 Patton Creek above Cahaba River 55 9 35.5 130 

ST4 Patton Creek at Patton Church Rd. 47 8 44.3 145 
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The correlations of TP/percent urban and TP/(urban, forest, other) are shown in Figure 6-5.  Estimated 
concentrations for 100 percent urban land use (~285 µg/L TP) determined by this correlation corresponded very 
closely with evaluated MS4/stormwater data (Pitt et al., 2004). Further validation of general application of this 
correlation is that estimated forest concentrations (zero percent urban area) are virtually identical to evaluated 
medians of reference stream (least-impacted watershed) data at ~25 µg/L TP (ADEM 2004a).  Based on the 
correlation, nonpoint source concentrations of TP could be empirically applied to tributary streamflows based on 
each tributary watershed’s land use composition of urban, forest, and other land use percent areas. 
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Figure 6-5.  Nonpoint source concentrations of TP as a function of percent urban area. 

Based on the correlation, it was possible to make the estimates of “existing” TP concentrations by land use as 
follows: Urban, 285 µg/L; Forest, 25 µg/L; Other, 60 µg/L.  (The “Other” category was assumed to be between 
Urban and Forest, and the best fit was chosen; the value chosen for “Other” had minimal effect on overall results). 

Although it was important to evaluate nonpoint source tributary concentrations of TP, it was obvious from 
assessment of in-stream data that sources of TP were dominated by municipal point sources, because high TP 
measurements, often in excess of 1 mg/L, corresponded to drought periods of low streamflow and virtually no urban 
stormwater runoff. At the time the point and nonpoint source water quality data compilation was complete, it 
became apparent that simple mixing of high-TP point source effluent with low-TP streamflow was the dominant 
process controlling concentrations of TP in critical locations of the river immediately upstream of reaches where 
periphyton growth was of greatest concern. 

Model Selection 
The modeling system applied to evaluate nutrient TMDLs for the Cahaba River system includes: (1) the LSPC, 
which is an enhanced watershed model based on HSPF algorithms (Bicknell et al. 1996) and including a Windows-
based GIS interface; (2) EPDRIV1, a one-dimensional unsteady-flow hydrodynamic model based on CE-QUAL­
RIV1; and (3) a custom-developed Spreadsheet Model which combines results from both simulation models to 
interpret scenarios for management options.  Load allocations and wasteload allocations necessary to meet the 
nutrient target were determined using the Spreadsheet Model, so that the target would be met as a growing season 
median at three critical locations.   

At the beginning of the effort to model pollutant dynamics in the Cahaba River, because no single model could be 
expected to adequately predict hydrology and nutrient fate and transport in such a complex system, it was 
determined that at least two models would be required—a watershed model to simulate hydrologic response (i.e. 
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runoff as a function of precipitation, geomorphology, and land use) and a receiving water model that would account 
for both hydrodynamic transport and water quality kinetics (i.e., eutrophication). 

Development of a comprehensive modeling system to assess the Cahaba system required consideration of urban and 
rural hydrology, in addition to nutrient fate and transport in the mainstem river.  LSPC was selected as the 
hydrologic model for tributaries and the overall watershed, and EPDRIV1 was chosen to assess the mainstem river 
receiving water (hydrodynamic transport and water quality).  Design of the system was such that tributary and 
subbasin hydrology was determined by using the LSPC model based on precipitation records, geomorphology, and 
land use classification. Although LSPC features the capability to predict water quality constituent concentrations in 
runoff, nutrient concentrations from runoff and tributaries were determined instead by empirical estimates described 
in the evaluation of nonpoint sources above. 

Overall, the watershed and receiving water models accurately represented nutrient dynamics in the Cahaba River, 
but it was necessary to simplify the issue in order to evaluate existing conditions and propose TMDL allocations. 
To combine the dynamic elements of watershed hydrology, urban nonpoint source and background phosphorus 
loading, and predict in-stream mixing and dilution of major point source inputs, a mass-balance spreadsheet model 
(“Cahaba Spreadsheet Model”) was created with Microsoft Excel, using and combining information from USGS 
streamflow gages, daily LSPC model-predicted hydrology, land use classification and associated TP concentrations, 
river geometry, EPDRIV1 dynamically predicted stream velocity, and historical WWTP data from NPDES DMRs. 
In this way, the Cahaba Spreadsheet Model is essentially a postprocessor for the dynamic model results for tributary 
steamflow and transport, but also incorporates empirical and raw data for upstream flow, tributary TP, point source 
flow and point source TP. 

Model Setup 

Watershed Hydrologic Model 
Configuration of LSPC was supported with the ArcView application known as the Watershed Characterization 
System (which uses datasets specific to states within EPA Region 4) and the WCS-to-LSPC autoconfiguration tool, 
which automatically delineates watershed subbasins guided by streamlined user input, overlays and tabulates land 
use areas, and calculates reach lengths and slopes based on DEM and NHD data.   

WCS was used to automatically delineate 300 subbasins within the watershed.  Using the WCS-to-LSPC tool, land 
use areas for each MRLC classification were tabulated for each subbasin and converted to the LSPC database 
format, which uses Microsoft Access.  A pictorial example of land use areas within subbasin boundaries for a few 
headwaters subbasins is shown in Figure 6-6. 

More than 300 subbasins were delineated, and each was assigned to one of a dozen hourly and daily precipitation 
stations featuring complete records for three years (1999–2001).  Average subbasin size for the LSPC watershed 
model is approximately 3 mi2. The model was run for a three-year period corresponding to available precipitation 
data at all of the sites, although some had to be patched with adjacent stations for short periods, and, in some cases, 
daily rainfall was disaggregated to hourly totals.  Locations of the 12 precipitation stations are illustrated in Figure 
6-7.   

LSPC model output for daily streamflow at 88 subbasins corresponding to tributary subbasins were passed to the 
EPDRIV1 mainstem hydrodynamic model. Both daily streamflow and monthly median tributary flows were 
incorporated into the Cahaba Spreadsheet Model.  An example of the LSPC model interface is shown in Figure 6-8.   
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Figure 6-6. MRLC land use aggregation calculated by LSPC subbasin delineation. 
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Figure 6-7.  Precipitation sites with 3 years of hourly or daily data used in the LSPC watershed model. 
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Figure 6-8.  Example of LSPC GIS interface for selecting headwater subbasins. 

Mainstem Hydrodynamic Model 
In-stream hydraulics and transport in the mainstem Cahaba River were calculated using the EPDRIV1 model, the 
Cahaba application of which was originally configured by Jefferson County Environmental Services Division in 
conjunction with a SWMM watershed model (now superseded by the LSPC watershed model).  For TMDL 
development, the EPDRIV1 model’s extent was expanded upstream and downstream to encompass 303(d) listed 
segments of the Cahaba River, using additional cross-section surveys from Federal Emergency Management Agency 
(FEMA) flood studies for a total of 160 cross sections and 105 river miles. A minimum flow was instituted at times 
of zero flow in the headwaters to allow the model to run.  Examples of model cross sections are shown in Figure 
6-9. 

Output tributary streamflow predictions from LSPC were linked to the EPDRIV1 input fileset at 88 cross-sections 
via a custom post-processing routine (LSPCRIV1) written in FORTRAN.  Due to hydraulic modification at the 
drinking water withdrawal and operation of the Lake Purdy reservoir, streamflow was corrected mid-river to 
correspond with the USGS streamflow record at a nearby location, and calibrated at downstream locations based on 
calculated hydrodynamic transport and additional LSPC-derived inflows.   
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Figure 6-9.  Examples of EPDRIV1 cross-sections derived from FEMA survey data. 

Mass-Balance Spreadsheet Model 
The Cahaba Spreadsheet Model estimates monthly median TP concentrations at 160 points along the Cahaba River 
(corresponding to EPDRIV1 cross sections) from Trussville to Centreville, for each month in the study period 1999– 
2001 and based on historical and projected point source loads, historical flows, and estimated nonpoint source loads. 
The transport scheme was simplistic in nature, accounting for TP loss from the system by simple first-order decay 
based on time of travel (cf.. SPARROW work of Smith et al. 1997). The decay parameter was chosen to be 0.25 
day-1 by best fit to measured in-stream data. 

Inputs for the Cahaba Spreadsheet Model included the following combination of data sources: 

•	 River geometry (segment length) from EPDRIV1 cross-section input 

•	 USGS monthly median streamflow at Trussville (upstream boundary) and Caldwell Mill (below US 280 
dam) 

•	 Predicted monthly median streamflow at 88 tributary points from LSPC watershed model 

•	 Estimated empirical nonpoint source nutrient concentrations based on percent urban land use for all 88 
tributary subwatersheds 

•	 Reported and estimated monthly WWTP effluent discharge and nutrient concentrations from DMR reports, 
as available 

•	 Predicted monthly median in-stream velocities from EPDRIV1 simulation output 
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A schematic of the basic process of combining these data in the Cahaba Spreadsheet Model is shown in Figure 6-10.   
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Figure 6-10.  Schematic of the functional relationship of data inputs in the Cahaba Spreadsheet Model. 

Calculations of in-stream TP are performed on a monthly timestep, the smallest timestep on which point source 
nutrient data are available.  Because the nutrient target was established as a growing-season median, the monthly 
results from the Spreadsheet Model have been aggregated to examine in-stream TP concentrations for three years of 
growing seasons. 

Model Evaluation 

Watershed and Mainstem Streamflow 

Streamflow predictions from LSPC were calibrated to USGS streamflow in multiple locations, including the upper 
Cahaba River headwaters and tributaries such as Shades Creek. An example of hydrologic predictions in a tributary 
of the Cahaba River is shown in Figure 6-11. 

Hydraulic transport results were calibrated in EPDRIV1 using friction factors and with particular attention to the 
hydrologic discontinuity at the US 280 dam, water withdrawal, and controlled discharge from Lake Purdy. 
Ultimately, the EPDRIV1 model average velocities were evaluated to derive daily time of travel between cross-
sections, which was transferred to the Cahaba Spreadsheet Model.   
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Figure 6-11.  Example of hydrologic model calibration: model and observed streamflow. 

Spreadsheet Model: Mass Balance for Flow and Total Phosphorus 
Mass balance for flow in the Cahaba Spreadsheet Model was established by combining flows from USGS daily 
streamflow data at the upstream boundary and below the US280 dam, 88 watershed tributary daily inflows to the 
mainstem, and 9 major and 22 minor point sources on a monthly basis.  Monthly median combined flows, used 
because long-term water quality analysis ultimately was performed monthly, compare favorably to USGS data, as 
shown in Figure 6-12.   
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Figure 6-12.  Example of monthly streamflow predictions compared to USGS data at seven sites. 

Mass balance for total phosphorus was calculated by mixing upstream cross-section TP concentrations with tributary 
and point source TP concentrations (where applicable) and their associated monthly median streamflow values. 
Losses during downstream transport were estimated by a first-order exponential loss factor based on EPDRIV1 time 
of travel.  An example of predicted longitudinal TP concentrations (in this case, monthly median concentrations) is 
shown in Figure 6-13.  Data from grab samples from random times during a given month were not expected to 
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precisely match the monthly median of daily model results, but the results are very similar and trends are identical 
(primarily dominated by longitudinal locations of major point sources and tributaries). 

Estimated Historical TP Concentrations from Trussville Downstream 
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Figure 6-13.  Estimated monthly median TP concentrations in the Cahaba River in September 1999, from Trussville 
(upstream at left) to Centreville (downstream at right).  Gray lines indicate maximum and minimum monthly predicted TP 
concentrations based on streamflow variation. 

Model Application 

Spatial Interpretation of Nutrient Target 
Once the integrated results of the Spreadsheet Model made it possible to evaluate long-term (growing-season) TP 
conditions to compare to the ecoregion reference stream target of 35 µg/L TP, it was still necessary to determine the 
spatial applicability of the target.  ADEM determined that evaluating TP concentrations at three sites (rather than 
every reach of the river) would be sufficient to prevent periphyton growth at levels that would potentially affect 
aquatic life uses.  These sites were determined to be upstream of critical sites where periphyton had been confirmed 
to be a major problem.  At the critical sites, it was apparent that the greatest periphyton growth effects observed had 
been due to not only historically high TP levels but also geomorphological conditions:  wider and shallower reaches, 
more sun exposure, and higher availability of substrate.  Based on these observations, the spreadsheet model was 
used to evaluate growing-season TP conditions at three sites upstream of critical periphyton reaches.  The selection 
of three sites also simplifies ADEM’s future workload of follow-up monitoring for comparison of in-stream ambient 
conditions to the TMDL target.  The three sites selected for TMDL evaluation are illustrated in Figure 6-14. 
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Figure 6-14.  Cahaba River nutrient TMDL evaluation points upstream of critical reaches. 
 
 

TMDL Results:  Determining Wasteload Allocations and Load Allocations 
Based on the three critical years (1999–2001), the TMDLs were determined as the necessary load allocations and 
wasteload allocations to achieve the growing-season median water quality target of 35 µg/L (April–October) at the 
three designated critical locations along the river.  Point source TP concentrations at maximum permitted flow were 
reduced such that the target was not exceeded at the three evaluation sites for the average of the three (1999–2001) 
growing-season median values.  In addition, nonpoint source concentrations were reduced from urban land areas by 
65 percent in the final scenario.  A longitudinal perspective of growing-season median TP concentrations, the final 
TMDL scenario is shown in Figure B-15. 
 
ADEM and EPA determined the Cahaba River Nutrient TMDLs to be achieved in three phases of implementation 
over 15 years.  Wasteload Allocations and Load Allocations necessary to meet the three phases of the TMDL are 
shown in Table 6-9. 
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Figure 6-15.  TMDL scenario, growing-season median TP for 1999–2001 and three=year average 

Table 6-9.  TMDL Summary for Cahaba River Phased TP Reductions 
Reduction Growing Season Nonpoint Source Load Continuous Point LA and MS4 WLA 

Phase (April-October) Allocation and MS4 Source Percent Percent Reduction by 
Wasteload Wasteload Allocation by Reduction from MRLC Land Use 

Concentration (µg/L MRLC Land Use 1999-2001 loads Classification 
TP) Classification (µg/L TP) 

Phase 1 400 major WWTPs 285 urban/MS4 36% 0% urban/MS4 

(Initial (≥1.0 MGD design) / 25 forest 0% forest 
Reductions 
2005-2010) 2000 minor WWTPs1 60 other 0% other 

(<1.0 MGD design)2 

Phase 2 200 major WWTPs 214 urban/MS4 62% 25% urban/MS4 

(Intermediate (≥1.0 MGD design) / 25 forest 0% forest 
Reductions 
2010-2015) 500 minor WWTPs 60 other 0% other 

(<1.0 MGD design)1 

Phase 3 43 major WWTPs 100 urban/ MS4 81% 65% urban / MS4 

Final Reductions 
(2015-2020) 

(≥1.0 MGD design) / 

300 minor WWTPs 

25 forest 

60 other 

0% forest 

0% other 

(<1.0 MGD design)1 

1Minor WWTPs with a current permit limit less than that proposed will keep their current limit.

2Margaret WWTP (0.5 MGD), due to its headwaters location, is required to meet the following: Phase 1—1000 µg/L; Phase 2—250 

µg/L; Phase 3—150 µg/L.


MS4 and urban nonpoint source loads (considered identically as land use-based sources in this analysis) were 
determined by the empirical method using percent urban, forest, and other land uses described above.  Urban loads 
were derived from empirical data and fraction of USGS MRLC land use classification designated as urban types 
(high-intensity residential, low-intensity residential, and high-intensity commercial/industrial/transportation).  MS4 
loads included in the WLA are defined as urban area loads within designated NPDES MS4 boundaries, but urban 
area loads outside of MS4 areas are defined as part of the LA, in order to be consistent with EPA guidelines.  No 
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reductions are required from forested areas or “other” land use classifications.  Reductions in loading from MS4 and 
urban areas are required beginning in Phase 2 because marginal benefits of such reductions would be negligible in 
Phase 1.  Continuous point sources (WWTPs) dominate in the low-flow summer period; therefore, only WWTPs are 
required to make a reduction in Phase 1. 

Table 6-10 shows existing and predicted in-stream growing season (April–October) median total phosphorus 
concentrations for the three phases of implementation at the three critical evaluation points on the Cahaba River.   

Table 6-10. Existing and Predicted Instream Growing Season Median TP in the Cahaba River 
Evaluation Site Existing Condition 

(1999-2001) 
Phase 1 (Initial 

Reductions 2005-2009) 
Phase 2  

(Intermediate 
Reductions 2010-2014) 

Phase 3 (Final 
Reductions 2005-2010) 

1999-2000 Instream 
Growing Season 

Median Conditions1 

(µg/L TP) 

Predicted Instream 
Growing Season 

Median Conditions1 

(µg/L TP) 

Predicted Instream 
Growing Season 

Median Conditions1 

(µg/L TP) 

Predicted Instream 
Growing Season 

Median Conditions1 

(µg/L TP) 

Cahaba River at Roper Rd. 1,1402 124 67 31 

Cahaba River at Old 
Montgomery Hwy 

895 247 126 35 

Cahaba River at Shelby Co. 
Hwy 52 

560 156 82 25 

1Instream conditions are evaluated as median value of growing season April–October. 
2Downstream of Trussville site existing conditions shown due to lack of data at Roper Rd. 

The Cahaba Spreadsheet Model, using and simplifying results from the dynamic watershed model LSPC and 
mainstem river model EPDRIV1, has proven extremely useful as a management tool to judge at a screening level the 
results of proposed management actions (i.e., NPDES point source wasteload allocations for nutrient TMDLs). 
Although the watershed system exhibits extremely dynamic hydrology and water quality conditions, at the high 
concentrations of TP caused by primarily WWTP effluent in low-flow critical conditions, consideration of the 
dominant process of mixing and dilution has proven sufficient to evaluate the system for management alternatives, 
namely a 3-tier phased implementation schedule of nutrient TMDLs (ADEM 2004b).  Furthermore, the system of 
linking models together to take advantage of the strengths of each can be extended in a modular fashion.  For 
example, output of LSPC and EPDRIV1 has been used to drive an experimental application of WASP6 simulating 
periphyton conditions in the Cahaba River, and the water quality module of EPDRIV1 can be used if necessary in 
the future, although its data requirements are more extensive than those of the Cahaba Spreadsheet Model. 
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Chapter 7 Research Needs 

The research needs for supporting modeling for TMDL development are as varied as the watersheds and water 
impairments throughout the United States.  Examining research needs for modeling must address many issues, 
including the interface between users and models; the fundamental science and physically based processes employed 
by models; and the supporting framework of reference data, training and application guidance.  This section builds 
on the previous model evaluations and case studies to identify key recommendations for model capabilities, 
supporting tools and systems. 

Methodology for Identifying Research Needs 
In Chapters 1 and 2, the needs for TMDL modeling were Dominant Trends in Application Needs  
discussed and some of the critical limitations in existing 

��Integration of water systems.  Many traditional models models identified.  Chapter 3 focused on the general 
specialize in individual waterbody types such as lakes, types and formulation of models.  In Chapter 4, the rivers, or estuaries. Watershed-based studies may require a 

available models were identified and described. In comprehensive assessment on a larger scale and the ability 
to evaluate multiple management alternatives.  Increasingly, 
modeling studies need to address the linked behavior of 

Chapter 5 the models’ capabilities to meet specific 
TMDL analysis needs were discussed.  Applicability of 

multiple surface waterbodies or multimedia, including rivers models was evaluated across multiple performance and lakes, estuaries, and coastal regions.  In other 
criteria, including hydrology, sediment, water quality applications, considerations of interactions between air, 

surface, and groundwater need to be evaluated. simulation, BMP simulation, and user interface and 
supporting tools.  Examination of the model review 

��Model Complexity. The typical perception of scientific tables also highlighted areas where models can provide progress is a trend to develop increasingly detailed physical 
detailed and comprehensive representation (e.g., representations of systems.  This trend is demonstrated by 

the use of physically based models, models that include 
solutions of fundamental equations, and 3-dimensional 

eutrophication processes). In addition, integrated 
modeling systems were discussed and the current 

representations of waterbodies.  However, in TMDL and availability of modeling linkages and supporting tools watershed-based applications, there is an equally strong 
reviewed. Chapter 6 demonstrated the use of multiple need to employ simplified solution techniques. Users are 

searching for reasonable simplifications, practical solutions, 
and easily applied tools. The need for simple techniques is 

linked models in the evaluation of TMDLs for mercury 
and nutrients.  The review and case studies demonstrated 

driven by data, time, and resource constraints. some of the current strengths and limitations of modeling 
systems.  A variety of supporting tools were needed in 

��Management Planning. TMDLs and related watershed-
based programs (e.g., NPDES stormwater, 319 NPS plans) 
are moving toward implementation planning and 

the analysis and the case studies showed a diversity of 
approaches used.  Depending on the pollutant type and 

assessment.  Implementation planning requires analysis of critical conditions the emphasis of the modeling varied. BMP performance, management alternatives, and 
The case studies indicated that continued work is needed consideration of cost.  Implementation planning might 

include examination of multiple solutions and selection of 
preferred approaches based on a broader assessment of 

in supporting the various linkages and expanding the 
science of nutrient/algae and mercury simulation. 

efficiency, cost and social-political considerations. 

To identify specific recommendations for future development, the modeling needs were evaluated in the context of 
TMDL requirements and watershed applications, current trends, and evolving model application needs.  In addition, 
the needs analysis recognizes that future model development efforts can exploit emerging technology in computer 
hardware and software, Internet access, and current research.  Historically, several leaps in modeling interfaces and 
user support tools occurred with the emergence of GIS technology.  The convergence of disparate technologies and 
science continue to provide an opportunity for innovation and significant expansion of the capabilities of models and 
applicability of more detailed, physically based simulation techniques.   

Modeling systems or interface development has always been closely linked to the availability of new computing 
technology.  Early advances in modeling were closely linked to the availability of personal computers (1980s) and 
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later the emergence of GIS (1990s).  Technological advances continue to provide opportunities to facilitate model 
application.  Creative adoption of new technologies can profoundly change the ways that users work with data and 
models in the future.  New technologies also can influence collaboration during model development and review and 
interpretation of model results.  Key recent and potentially relevant technological advances include: 

•	 Significant increases in computing speed and parallel processing capabilities can support more complex 
and computationally intensive applications. 

•	 Reduction in cost and increase in size of data storage devices allow users to store and process much larger 
datasets efficiently. 

•	 The proliferation of broadband access can facilitate data access, remote data storage, and on-line analysis 
capabilities (e.g., databases, mapping, searches).  Broadband can affect all stages of model development 
and application. 

•	 Research and development of “grid-based” computing technologies and “middleware” can provide 
techniques for Internet-based data exchange, data management, and distributed computing techniques. 

•	 Visualization software is now more widely available and affordable.  Broader availability of visualization 
software encourages use of dynamic displays and interpretative tools for modeling results. 

•	 Remote sensing systems and software are available and can more reliably provide spatially heterogeneous 
land cover, stream quality, soil moisture, and precipitation information. 

The following sections provide specific recommendations developed by combining an understanding of the needs 
with the availability of modeling tools and the emerging technological trends.  Some recommendations for 
supporting tools and guidance are also identified.  Application of models also relies on the availability of appropriate 
guidance, reference documents, and supporting information.  Specific needs for model support are identified as well. 
The recommendations provided below are organized in the following major areas:  

•	 Model capabilities 

•	 Data 

•	 Model defensibility 

•	 Systems development/supporting tools 

•	 Integrated modeling systems 

Model Capabilities 
Currently available models support assessment of a range of sources and This section discusses model 

capabilities for the following topics: waterbody types.  Described below are recommendations for enhancing and 
broadening the capabilities of models to encompass specific source behavior, 

��Sources  provide more sensitivity to management changes, and improve resolution of 
��Hydrology 

results.  These changes could be implemented by enhancing existing modeling 
��Sediment Loading  

systems or through development of new models or supplemental components. ��Mercury 
��Pathogens Where appropriate, enhancements or updates for specific models are 
��Management Practice Simulation recommended.  The recommendations are grouped according to sources (e.g., 
��Hydrodynamics irrigation, septic systems) and functional groups, including hydrology, 
��Sediment Transport 

sediment, nutrients, pathogens, ecological simulation, and evaluation of 
��Nutrients/Eutrophication 

management practices. ��Ecological/Habitat 
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Sources 
Development of a TMDL allocation includes the distribution of the load among sources.  Sources are often grouped 
in categories and subcategories such as agricultural and urban areas.  Source groupings may vary in detail and type, 
depending on the regional dominance of source types and the desire of the TMDL developers to explore source 
behavior and management options.  In some applications, dominance of a particular source type or the dynamic 
nature of source behavior (e.g., time variable management or change) will require new modeling approaches or more 
refined, detailed model development.  Listed below are the major research needs that have been identified for 
improving representation of source behavior in models. 

•	 Variable Land Use and Cover. Existing watershed models should be enhanced through improved spatial 
data interfaces or new models developed to better simulate time-variable land uses or changes in land use 
management activities over time.  Currently, watershed models are applied based on a fixed or static land 
use coverage.  Future or alternate land use configuration is represented by using a separate, static land use 
coverage.  Remote sensing technology could provide a more dynamic representation of historic land use 
conditions.  Land use planners also simulate projections of land use conversion over time.  A system that 
can integrate land use simulation and watershed modeling in one framework could be used to dynamically 
incorporate land use conditions and the effects on watershed loading.  Variable land use and cover 
representation can improve the accuracy of predicted conditions compared to historic flow and water 
quality measurements.  This type of dynamic land use change could be especially important for western 
watersheds where timber harvesting and fires can dramatically change conditions in a matter of years. 
Similarly, areas experiencing rapid urban growth could be modeled more accurately through 
implementation of a variable land use schema.  The LEAM provides an approach for simulating the 
evolution of urban systems by using the Cellular Automata approach combined with the open architecture 
tools of STELLA and SME (http://www.rehearsal.uiuc.edu/projects/leam/). LEAM simulates land use 
transformation and effects on multiple metrics, including water quality.  Potential linkage of this 
technology with more detailed representations of water quality processes will benefit TMDL evaluations of 
dynamic land use conditions. 

•	 Tile Drainage. Existing watershed models (e.g., GWLF, HSPF/LSPC) should be enhanced to better 
simulate the hydrologic and water quality effects of tile drainage.  Many areas of the country include 
extensively drained areas that affect the hydrologic response of the system.  Models that include 
capabilities for representation of drainage and examples of their application are needed. 

•	 Irrigation.  Irrigation practices have a significant effect on the water balance, runoff, and water quality of 
watersheds.  Irrigation transfers water from surface and groundwater sources and increases water available 
for evapotranspiration.  Better tools for assessing effects of irrigation on water quantity and quality could 
be built into existing watershed models.  Significant modeling work has been done to simulate irrigation for 
agronomic purposes.  For example, watershed models such as HSPF and GWLF do not explicitly 
incorporate irrigation practices.   

•	 Roads.  Paved roads provide significant impervious coverage, and unpaved roads are often major sources 
of sediment.  Existing models can be used to represent a variety of surfaces through use of pervious and 
impervious land use coverages, but a more systematic approach (similar to WEPP) could be incorporated in 
frequently used watershed models (e.g., SWMM, HSPF, SWAT) to enhance their ability to accurately 
account for loadings from different types of roads. 

•	 Septic Systems. Septic systems are a potential source of nutrients and pathogens in many rural and 
suburban areas.  Watershed models do not typically include a standard approach for representation of septic 
systems.  Potential septic system loading is often estimated as a function of failure rate and provided as a 
direct input (i.e., discharge) to watershed models.  Septic system loading is typically a function of location 
(proximity to waterbodies), failure rate, and water table elevation.  Currently available watershed models 
should be enhanced to simulate nutrient and pathogen loads from septic systems. 

•	 Coalbed Methane.  In western states (e.g., Wyoming), coalbed methane extraction has resulted in the 
discharge of waters with elevated concentrations of sodium and total dissolved solids.  The water has 
limited suitability for domestic and animal consumption—its high saline and sodium content make it 
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unsuitable for agriculture—and it has the potential to damage wildlife habitat and surface water supplies. 
These issues have been the central focus of TMDL development efforts in the Tongue River, Powder River, 
and Rosebud Creek watersheds in southeastern Montana and northeastern Wyoming 
(http://www.deq.state.mt.us/wqinfo/TMDL/TonguePowderRosebudTMDL.asp). Currently, the effect of 
coalbed methane is simulated using simple mass balance approaches or with continuous watershed 
modeling that addresses only direct discharges.  Both of these approaches simplify the in-stream kinetics, 
however, and do not address the potentially significant affects on groundwater from leaking containment 
ponds.  Modeling could be improved by better integrating detailed groundwater models with existing 
watershed models, as well as obtaining additional data on the fate and transport of discharge water that is 
pumped to containment ponds. 

Hydrology 
Hydrology in watershed models is well understood, and various levels of simulation are available in numerous 
models (e.g., GWLF, SWAT, HSPF, SWMM, GSSHA).  Depending on the specific application, annual, seasonal, 
daily, hourly or smaller timesteps can be used, and simulation can include sensitivity to rainfall intensity.  Many 
models include various formulations for representation of snow accumulation and melting processes as well. 
However, improvements could still be made in the application and understanding of existing models, the structural 
formulation of hydrologic systems (e.g., representation of land surface), and surface-groundwater interactions. In 
addition to the traditional hydrology modeling systems, there has been a growing trend toward developing 
physically based distributed watershed models over the past decade. These models are necessary because decision 
makers are asking questions that require a more refined examination of the spatial heterogeneity of watershed 
systems.  Distributed models have the potential to examine changes in management techniques, provide sensitivity 
to fine variations in location and changes in slope or regrading, and represent a diversity of soils and land use 
characteristics.  Distributed models can predict at spatial scales smaller than what can be modeled with lumped 
parameter models. A distributed model’s primary advantage is its physically realistic representation of hydrological 
and pollutant transport processes, instead of the generalizations used by lumped models.  Key limitations are the 
availability of spatially distributed soils and management information, lack of water quality simulation capabilities, 
and the processing time required for analysis.  Recent advances in remote sensing, availability of spatially detailed 
data, and computer processing capabilities continue to support the application of distributed models.  The distributed 
models will remain an essential part of research designed to understand watershed system processes. 

The following are the primary research needs regarding model simulation of hydrology: 

•	 Models Based on the Soil Conservation Service (SCS) Curve Number Equation.   Guidance should be 
reviewed, tested, and developed on where the use of the simplified SCS Curve Number approach is 
adequate for continuous hydrologic simulation.  The Curve Number approach is used in models such as 
GWLF and SWAT (one option) that are employed in many TMDLs; however, the Curve Number 
(developed for event volume estimation) can provide biased and inappropriate estimates of hydrograph 
components in certain soils and landscapes.  The use of Green and Ampt or other alternative infiltration-
based approach should be provided as an alternative, similar to the optional formulation provided in 
SWAT. 

•	 Spatially Distributed Meteorologic Data. The Next Generation Weather Radar (NEXRAD) system, 
operated by the U.S. Departments of Defense, Commerce, and Transportation, provides data and 
processing software for weather observations throughout the United States.  This system operates 
approximately 159 Weather Surveillance Radar - 1988 Doppler (WSR-88D) stations throughout the United 
States and select international sites, with data available through the National Climatic Data Center. 
Through the transmission and reception of electomagnetic signals, the system provides improved spatial 
and temporal resolution of rainfall estimates over traditional rain gage networks.  This increased spatial 
precision of rainfall estimates may improve hydrologic simulation capabilities.   To fully use the NEXRAD 
data for input, watershed models must include similar capabilities in simulating spatial variability.  Grid-
based watershed models can provide more of a one-to-one linkage to spatially variable meterological data 
for input.  For lumped parameter models spatial data would need to be distributed by subwatershed. 
Because the datasets involved are extremely large, techniques are needed to process and input data into 
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either watershed-based or grid cell-based watershed modeling systems.  The NEXRAD system has 
functioned since 1988, but the number of stations and length of historic records for each station vary. 
Stations are continually added to the system, but many of them are limited to more recent years. As a 
result, use of NEXRAD data for model configuration also limits the period of simulation.  Model 
calibration may require simualtion of longer periods for analysis of model performance based on statistical 
methods. Also, the use of NEXRAD data can confine simulation to recent years that do not indicate long-
term or critical conditions necessary for analysis of the TMDL.  Therefore, rainfall gage networks are often 
selected over NEXRAD data for calibration and validation of models.  This limitation will diminish as 
more data are collected over time. 

•	 Meteorologic models can also be used to develop grid cell-based estimates of time variable meteorologic 
inputs (http://www.waterboards.ca.gov/lahontan/TMDL/Tahoe/Tahoe_Index.htm). Ultimately, input of 
time varying and spatially detailed meteorologic information can support more accurate calibration and 
application of watershed models, particularly in the prediction of hydrology.  Hydrology is particularly 
sensitive to variations in the spatial distribution of precipitation and temperature.   

•	 Grid-Based Models. Most traditional watershed models are built on a lumped parameter network of 
subwatershed units and stream reaches.  The hydrologic connectivity between these components is used to 
route runoff through the system.  This type of configuration is appropriate for the prediction of downstream 
hydrographs and is particularly well suited to systems that have a well-defined hydrologic network. Some 
limitations of this formulation are the necessary “lumping” of heterogeneous spatial information (e.g., soils, 
slopes, land use) into virtual land units within each subwatershed.  Grid cell-based models have potential 
applicability in areas with more complex or low gradient hydrologic systems, areas with highly 
heterogeneous soils or land use practices, and areas with surface-to-groundwater interactions (i.e., high 
water tables).  Development and testing of grid cell-based models, and improvement in the development of 
input data and computational efficiency, are needed to bring this class of models into practical application. 
Linkage of the hydrologic processes to water quality simulation is needed to provide the water quality 
analysis needed for TMDLs. 

•	 Surface-Groundwater Models. Currently, watershed-scale simulation is largely confined to conceptual 
and pseudo-distributed surface water models that are poorly linked to subsurface models or have highly 
simplified representation of subsurface storage and transport.  Traditional watershed models have used 
groundwater components to calculate stream baseflow.  The groundwater simulation was not oriented to 
addressing dynamic water tables, changes in baseflow due to groundwater withdrawals, or more dynamic 
interactions between surface and groundwater systems. As the realization increases that groundwater and 
surface water are closely interconnected and need to be thought of as one hydrologic system, studies of 
their conjunctive use and management are also increasing. If one or the other system is modeled 
independently, a technique must be found to represent changes in the other system in the model, but such 
techniques usually have serious limitations related to reconciling the scale and averaging across the 
interface.  A more accurate approach is to model the systems as a single integrated system. This approach 
can account for process changes in both the groundwater and surface water systems and their mutual 
interaction as such changes occur. Presently, there are watershed and groundwater models that solve 
various components of the hydrologic cycle. However, there is no single model that solves the entire 
hydrologic cycle in satisfactory detail. Nor are there any models that include dynamic transport and fate of 
distributed pollutants in both surface and subsurface regimes. 

In many areas with low gradients, hydro-modification, and high water tables, the surface and groundwater 
systems are tightly and dynamically linked.  Evaluation of management and source loading implications, in 
these cases, requires consideration of groundwater and surface water interactions.  For example, in many 
areas of Florida, the management of water quality in canal systems requires concurrent and linked 
evaluation of water table elevation, groundwater quality, canal and lock operations, evapotranspiration, and 
rainfall-runoff processes. Although a number of detailed watershed hydrologic models and groundwater 
models are available, they are not dynamically linked.  Some applications have used a linkage between 
HSPF using variable water table options and the USGS’s MODFLOW.  Few models are designed with this 
capability, and the currently available models are proprietary (e.g., MIKE SHE).  Continued research and 
testing of linked surface and groundwater models for areas with high water tables and complex hydrology 
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are a significant need.  Enhancement, linkage, or new development of public domain or open source models 
are also encouraged. 

Among the numerical methods for solving hydrology and transport equations, the finite difference method 
seems to be more popular for the ease of implementation and its relative simplicity. However, the finite 
element method has potential for addressing more complex geometries and should be further investigated 
for addressing hydrologic simulation. 

In general, watershed hydrologic modeling research must continue to modify and improve existing algorithms to 
more accurately account for physical processes, especially as affected by altered hydrology, sediment erosion, 
interaction with groundwater, and watershed restoration alternatives, such as BMPs and constructed or restored 
wetlands. Watershed modeling’s future is very strongly linked to investigating interactions between runoff processes 
and chemical and biological processes, which are crucial for water quality predictions (sediments, nutrients, 
contaminants, etc.).  One solution is to develop a hybrid hydrologic model, in which an adaptive selection of 
kinematic, diffusive, or dynamic wave approaches can be made over all ranges of slopes in a watershed.  The 
hydrologic models must be linked to dynamic contaminant transport in the overland planes, transport in the rivers, 
vertical transport in the unsaturated zone, and multidimensional transport in the saturated aquifer zone.  

Sediment Loading  
Watershed models have been extensively used to estimate overland flow or runoff sediment loads to surface 
waterbodies.  For example, HSPF and LSPC essentially predict a sediment mass loading time function 
corresponding to the flow hydrograph for each subwatershed or watershed unit.  For pervious surfaces, the empirical 
formulations incorporating gross watershed characteristics, such as land use, slope and antecedent conditions, are 
used to predict the mass loading, but for impervious surfaces, a particle buildup and washoff approach is used. 
Other models, such as SWMM, SWAT, and GWLF, use formulations based on various versions of the USLE to 
generate sediment loading as a function of soil, slope, and precipitation characteristics.  Some models specialize in 
sediment loading and include more detailed spatial heterogeneity such as KINEROS, GSSHA, and WEPP. 

Linking or transferring the sediment mass loading time function from the watershed to the receiving water model 
generally requires user definitions of how the total sediment mass loading is distributed among sediment type 
classes simulated in the receiving water model.  Both the empirical approach for total loading and the necessity of 
user intervention to define the sediment type distribution for linking with the receiving water model pose limitations 
on predictive ability.  Similar to many other modeling needs, improvement in sediment calculations is needed across 
the interface between watersheds and receiving waters, including dynamic changes in head-cutting of channels, rill 
erosion, stream bank erosion, and riparian zones.  Most often, the calibration process for linked watershed-receiving 
water sediment modeling requires that the watershed component be interactively calibrated with the receiving water 
model, with the watershed loading as a primary calibration parameter for the receiving water models.  Because the 
physics of sediment transport on impervious surfaces and saturated pervious surfaces in the watershed are the same 
as those in stream channels, there is considerable opportunity to improve the ability of watershed models to predict 
both the total mass and size distribution of sediment loads by the incorporation of a higher level of physics with 
more quantitative information regarding soil types.   

Research needs vary depending on the application type.  For large multipurpose applications, often including 
multiple endpoints, enhancement of traditionally used watershed models is needed.  For more specialized 
applications focusing on sediment management, enhancement or development of sediment modeling systems is the 
focus.  The following are major research needs for simulation of sediment loading: 

•	 Enhancement of HSPF/LSPC Sediment Simulation.  HSPF/LSPC have been used extensively for 
TMDL development, including many applications where sediment and sediment-associated pollutants are a 
concern.  Improvement of the sediment simulation capabilities in these particular models would be of great 
benefit to many large-scale watershed and TMDL studies.  Use of kinematic and diffusive wave theory 
incorporating vegetation resistance slope variations in a watershed unit would improve estimates of flow 
stress responsible for surface erosion. Likewise, a better quantification of soil properties would allow the 
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differing processes responsible for cohesive and noncohesive resuspension to be represented.  These two 
improvements would contribute significantly to the ability of a watershed model to predict sediment 
loading by sediment type.  HSPF/LSPC would also benefit from an alternative formulation that would 
allow use of USLE-type erosion algorithms (rather than the Negev model).  This would facilitate the 
derivation of parameter values directly from USDA soils databases. 

•	 Refine SWAT Modified Universal Soil Loss Equation (MUSLE).  Review, validation, and refinement of 
SWAT MUSLE implementation are needed. The code appears to contain a units error for MUSLE, and the 
implementation for Hydrologic Response Units containing impervious land can be improved. 

•	 Update SWMM Sediment Simulation. SWMM is also a commonly applied watershed model that would 
benefit from an improved sediment simulation capability. This improvement would enhance the ability of 
SWMM to be used in mixed land use watersheds.  The current SWMM system uses the original USLE 
formulation parameterized based on land unit characteristics.  SWMM’s current approach could be updated 
to the more recent formulation of MUSLE with the ability to set land unit-specific parameters.  Additional 
improvements could be achieved by allowing for seasonal or year-to-year variations in settings. 

•	 Overland Sediment Transport.  Models for describing sediment transport in shallow overland flow need 
improvement. Currently used equations were developed for channel flow conditions, which differ 
significantly from shallow, overland flow conditions. 

•	 Distributed or grid-based modeling systems. Additional research, development, and applications of grid-
based hydrologic and sediment modeling systems are needed.  These models show promise for detailed 
spatially heterogeneous applications, can link more effectively with receiving waters and riparian areas, and 
can be used to evaluate a variety of spatially detailed management techniques.  Further research is needed 
to demonstrate their efficacy and demonstrate their use in TMDLs. 

Pathogens 
Pathogen sources, transport and behavior in water (e.g., growth and decay) are represented in general forms in 
several models including HSPF, LSPC, and SWAT.  Pathogen predictions, in particular fecal coliforms and E. coli, 
are extremely variable and unreliable.  Localized sources (e.g., wildlife) can significantly effect pathogen modeling 
results.  New genetic identification techniques have been used to identify specific sources present in discrete 
samples; however, analysis of discrete and limited samples is insufficient to describe the dynamic loading of 
pathogens from multiple sources.  A complicating factor is the use of new indicator organisms for pathogen 
presence including E. coli and enterococci.  For example, Georgia’s Environmental Protection Department recently 
added E. coli in upland streams and enterococci in coastal waters to the existing fecal coliform bacteria criteria. 
New indicators have additional limitations resulting from the lack of data, historic records, and modeling 
experience.  Several specific recommendations below suggest enhancements or alternatives to current modeling 
techniques. 

•	 Statistical Modeling of Pathogens. Guidance and additional techniques for modeling pathogens using 
statistical techniques are needed.  Building statistical models that associate sources or localized loading 
potentials could help support evaluation of management alternatives.  Simple spreadsheet tools could be 
developed to facilitate analysis. 

•	 Guidance. Examples, guidance and applications of modeling E. coli and enterococci should be developed. 
An expanded dataset and compilation of available source loading and die-off characteristics would assist in 
parameterizing models.  Increased data collection will assist in developing calibrated applications. 

•	 Genetic Tracer Analysis. Genetic source typing can provide a discrete representation of the sources 
present at a particular location.  Guidance and examples are needed on how to link genetic source typing 
information with dynamic modeling applications.   

•	 Growth and Die-off Rates. Models typically represent bacteria behavior by using a first-order decay term. 
However, in many systems, bacteria appear to die-off or regrow depending on environmental conditions. 
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Development of second-order equations or functional relationships that more accurately represent bacteria 
growth and die-off rates would significantly improve modeling accuracy.  The regrowth potential is of 
particular concern in coastal areas with shellfish beds and beaches. 

•	 Shellfish Areas.  In tidally influenced areas, often located in the vicinity of shellfish beds and beaches, 
specialized modeling techniques are needed to evaluate loading and associated pathogen counts.  The 
ability to comply with water quality standards for pathogens in tidal areas strongly correlate to the tidal 
circulation and configuration of the shoreline.  Areas with poor flushing potential are particularly prone to 
high pathogen counts, in some cases due to highly localized sources.  Some options proposed for 
simulation of these tidal areas include linkage of watershed models such as HSPF and LSPC to the Tidal 
Prism Model.  Other techniques have included simplified loading estimates using monitoring data or 
genetic tracer information in combination with receiving water models such as the Tidal Prism Model. 
Additional research is needed to better characterize sources and develop protocols for linking monitoring 
with models. 

Nutrient Loading Simulation 
Watershed models are used to develop estimates of nutrient loading to receiving waters.  For watershed management 
or nutrient TMDL development, the simulation might need to provide sensitivity to changes in land use practices 
such as fertilizer application, tillage, and land cover management.  Several existing models provide the ability to 
track nutrient applications, crop uptake, and nutrient processes in soils.  However these capabilities are traditionally 
available only in agriculturally oriented models, such as SWAT.  Nutrient loading is also an issue in mixed land use 
or urbanizing areas.  Comprehensive approaches are needed to evaluate changes in land use and the management of 
nutrients in urban areas.  In addition, because atmospheric deposition is a significant source of nitrogen, models 
should provide the ability to track atmospheric sources.  The following areas of research or enhancement of existing 
models are recommended: 

•	 Mixed land use watersheds.  Although algorithms are available to track accumulation, uptake, and 
washoff of nutrients from land areas, these techniques are not uniformly available for mixed land use 
watersheds.  One of the nutrient loading-related research needs includes providing and facilitating nutrient 
simulation in mixed land use watersheds. 

•	 Urban Area Nutrient Simulation.  Urban areas can be significant sources of nutrients from fertilizer 
application and pet waste and atmospheric deposition.  Most urban models have limited representation of 
the accumulation and transport of nutrients.  Improving the simulation of nutrients in urban areas could 
facilitate the exploration of management alternatives and the benefits of various education, street sweeping, 
and infiltration or impoundment practices.   

•	 Atmospheric Deposition.  Most watershed models estimate nutrient availability through pollutant buildup 
and washoff (e.g., SWMM), concentrations in runoff and soils (e.g., GWLF), or more detailed application, 
transformation, and washoff (e.g., SWAT).  Most models do not include atmospheric deposition as a 
discrete source.  For large-scale simulation of the Chesapeake Bay, HSPF includes a discrete term for 
atmospheric deposition.  The ability to separate atmospheric nutrients as a source is recommended for 
nutrient budget development and alternatives analysis. 

•	 Nutrient Transport Simulation.  Simulation of nutrients should consider the linkage to various pathways 
through overland flow, infiltration to groundwater, or across riparian buffers.  There is also a need to 
improve the simulation of nitrogen and phosphorus transformation in overland flow.  Development of 
improved nitrogen accounting models to allow better simulations of nitrogen transformations and 
availability of various nitrogen species in surface-groundwater systems is needed as well.  In addition, 
current models could be improved by adding or facilitating the simulation of nutrient capture and 
transformation in riparian areas (i.e., filter strips, riparian zones).   
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Mercury 
Mercury simulation continues to challenge modelers due the complex chemical processes and atmospheric source 
loading.  Many model applications are limited by field data to characterize toxic and mercury contamination levels 
in the sediment bed, which generally are significant sources of water column contamination. Field collection of 
such data is often beyond the resources of many model applications.  Also, nonpoint sources and nonpermitted point 
sources of contamination are difficult to determine.  Improved model parameter estimation procedures offer promise 
in estimating bed contamination levels and source locations and magnitude for data limited applications.  EPA has 
supported the development of simplified modeling systems (e.g., Mercury Tool in the TMDL Toolbox), and 
continued enhancement of this system is ongoing.  The most detailed modeling techniques are not in the public 
domain.  Detailed models are considerably more data intensive and difficult to apply.  The mercury case study in 
Chapter 6 reinforces the need to continue research and development in mercury modeling, including continued 
improvement in detailed models, development of rates for mercury methylation, model testing, and linkages 
between models.  Specific recommendations for improving mercury modeling include: 

•	 Detailed Mercury Models. A public domain or open code version of the MCM model should be made 
available, and a user interface and modeling techniques to facilitate the application of the system to 
decision-making should be provided.  The more detailed description of chemical processes should be 
included in a wider distribution of modeling systems. 

•	 Fire Mobilization. Further research is needed in the role of fire in mobilization and transport of mercury 
from the watershed.  Recent TMDL development in New Mexico suggests this is a significant factor in the 
watershed mercury budget in the arid West. 

•	 Mercury Methylation. Improved methods are needed to estimate rates of mercury methylation in the 
stream network (riparian wetlands, hyporheic zone, etc.).  Research is needed to improve simulation of 
mercury methylation in the water column (e.g., at metalimnion boundary) rather than bedded sediment, 
which may be a dominant process in some turbid western lakes. 

•	 Model Testing.  New evaluation and testing of mercury transport models on detailed, radio-label studies 
(e.g., METAALICUS) could assist in verifying models.  To further refine models, the development and 
statistical analysis of large cross-sectional databases are needed for correlation between mercury 
methylation rates and other environmental variables and for correlation between methyl mercury 
concentrations and biotic accumulation rates.  Many assumptions are built into various models, but further 
refinement and validation are needed. 

•	 Organic Mercury Compounds.  Model capabilities need to be improved to simulate other organic 
mercury compounds (e.g., mercuric acetate) derived from anthropogenic sources. 

•	 Model Linkages. Model linkages and examples of integrated atmospheric, watershed and waterbody 
models for mercury are recommended.  Support is also needed to develop and link air models to watershed 
models. 

•	 Mercury Snowpack Modeling. Evaluation of storage, transformation, and release of atmospheric mercury 
in snowpack is needed for simulation in cold climate regions. 

Other Pollutants and Toxics 
Other pollutants and toxics addressed by models can include: PCBs, DDT, Dioxin, other pesticides, and heavy 
metals (i.e., copper, zinc, selenium).  Chlorides, although naturally occurring, can be a significant pollutant if 
accumulated in toxic amounts.  Various toxics, such as PCBs, DDT, and dioxin, are rarely included in watershed 
loading models due to lack of active sources and limited data characterizing their availability, sources, or behavior. 
Some actively used pesticides (e.g., atrazine) could be modeled as toxics; however, even these materials are rarely 
modeled on a larger scale because specific data on application rates, decay, and transport behavior are limited. 
Some models have the flexibility to be parameterized to include soil adsorbed and dissolved concentrations of a 
variety of pollutants and toxics, so simulation is possible when needed.  Generally required are better techniques for 
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evaluation of sources, setup and parameterization of models, and examples for application techniques.  More 
information on rates, constants, and modeling techniques is needed.  One frequently observed need in TMDL 
modeling relates to problems associated with irrigated areas and chloride and selenium accumulations. 

Chloride and Selenium 
Areas of the country affected by irrigation and drainage practices may have elevated concentrations of chlorides and 
selenium.  These elevated concentrations have resulted in water quality impairments and the need to assess 
management alternatives.  Modeling of these conditions is rather complex and can require a combination of surface 
and groundwater simulation, examination of irrigation and crop management practices, and leaching of pollutants 
from soils.  The first major limitation of these studies is the lack of reliable, public domain systems for simulation of 
surface groundwater interactions.  Ultimately, more robust hydrologic models should include the chemical processes 
and accounting for the transport of pollutants (e.g., chloride, selenium, and others) through multiple pathways.   

Management Practice Simulation 
Management practices can include a combination of landscape management activities (e.g., fertilizer application), 
impervious area reduction or control, and various structural management techniques (e.g., detention ponds).  Point 
source controls can include reduction or removal of discharges under various treatment technologies.  Nontraditional 
point sources can include urban areas under stormwater programs.  Stormwater management, including both 
structural and nonstructural management techniques, is needed to achieve water quality improvements under 
stormwater program initiatives or for impaired areas to meet TMDL requirements.  Implementation of TMDL 
allocations will typically require a combination of point and nonpoint source control practices.   

For TMDL development, models are applied to represent various levels of point and nonpoint source control 
sufficient to meet water quality improvements or load allocations.  Models of receiving waters (rivers, lakes, and 
estuaries) can typically evaluate impoundments (e.g., ponds, reservoirs).  Many models do not explicitly include 
representation of management practices.  For TMDLs, detailed implementation planning is not required, and the 
limitations of management simulations are not an initial concern.  River, lake and estuary models typically accept 
input information on discharges from point sources or upstream tributaries (including point and nonpoint sources). 
As discussed previously, many models represent load reduction alternatives through a generalized percent reduction 
from individual sources and point source dischargers.  However, a more detailed analysis of management options 
requires models that support simulation of practices (or groups of practices), evaluate the implications of BMP 
location, and allow for examination of management alternatives.  As more TMDL studies result in implementation, 
the use of models for management planning and alternatives analysis is increasing.  Evaluating management 
alternatives and considering financial investments will need more sophisticated BMP modeling systems.  

•	 Large Scale Watershed Allocation Strategies. Continued development of tools that support large-scale 
TMDL allocations at the subwatershed/source scale is needed.  For example, the LSPC system includes 
techniques for sequential allocations to multiple subwatersheds and sources and has been successfully 
applied in systems with thousands of subwatersheds.  Additional tools that provide optimization or cost-
related analysis and various alterative allocation techniques could facilitate development of cost-effective 
and user-supported allocations. 

•	 Comprehensive BMP Simulation Systems.  For implementation planning, modeling systems are needed 
that seamlessly provide support for watershed loading analysis, subwatershed and source level allocations, 
and BMP placement and analysis.  The majority of traditional BMPs (e.g., detention ponds, infiltration 
techniques, conservation tillage) can be modeled by one or more systems.  However, the practical 
application of these techniques on a large-scale watershed-based application is limited.  Most models that 
include BMPs are not easily applied and require significant expertise in setup and adjustment of the various 
BMP components, resulting in uneven levels of detail and incomplete application for management 
planning.  New comprehensive systems are needed, or existing watershed models should be enhanced to 
provide the capability. 
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•	 BMP Simulation Techniques.  Multiple techniques are available to simulate individual BMPs.  Most rely 
on a combination of infiltration, deposition/settling, and first-order decay.  For example, SWMM includes 
techniques for the simulation of detention ponds that incorporate these techniques.  Agricultural models 
include representation of land practices such as conservation tillage and crop rotations.  Continued research 
is needed into the transformation and transport of pollutants in BMPs.  In particular, most BMP simulation 
techniques provide limited representation of nutrient transformation.  A more physically based approach 
could improve understanding of the nutrient removal potential and the movement of dissolved and 
adsorbed forms through one or more BMPs.   

•	 Riparian Areas. Riparian zones and stream buffers filter runoff and remove sediment and pollutants. 
Riparian zones also provide shading with potential reduction of in-stream temperatures and improved 
aquatic habitat.  Typical watershed models have limited capabilities for simulation of the benefits of 
riparian zones on water quality.  The HSPF model has the capability of simulating land-to-land transfer, 
which can be used for limited riparian area simulations.  Specialized models such as REMM can be used to 
evaluate individual riparian areas, but research is needed to provide practical techniques that can be used to 
represent the benefits of riparian zones on a watershed scale. 

•	 Bioretention Simulation Techniques.  Bioretention and infiltration practices are increasingly used in 
watershed retrofit or new development applications.  Bioretention is a commonly used practice in the 
application of Low Impact Development procedures or in areas where small-scale and distributed 
management techniques are employed.  Several models include techniques for simulation of infiltration-
type practices; however, more detailed simulation of evapotranspiration as a function of land cover types 
and nutrient/chemical processes are needed.  Techniques or monitoring data are needed to evaluate the 
efficacy of small-scale bioretention practices on watershed scale. 

•	 Economic Analysis of Management Strategies. TMDL allocations are typically selected to provide an 
equitable distribution of the load reduction that results in meeting water quality standards.  Improved 
techniques are needed for evaluating the economics of allocation strategies and tradeoffs between 
management techniques.  Improved economic analysis tools could result in lower cost allocations and more 
efficient use of resources.  Analysis tools could include cost models, databases of management practice 
cost, or optimization tools. Research is ongoing to develop optimization tools that support placement and 
selection of BMPs and allow users to select water quantity, quality, and cost-related objectives for 
optimization (Lai et al. 2003). 

•	 Demonstration of Management Success. As more TMDLs are implemented, it will be important to 
document and demonstrate the reduction of loads and progress or achievement of meeting water quality 
standards.  To demonstrate progress, monitoring of the baseline conditions is needed with follow-up on 
management practice adoption and continued monitoring of the watershed.   

•	 Management Practice Information. Datasets that compile information on location, type, and 
characteristics of structural and nonstructural management practices should be developed and maintained. 
For traditional point sources, such as industrial discharges, states and EPA maintain detailed databases of 
permit numbers, location, and discharge monitoring records.  However, for nonpoint source and stormwater 
BMPs, the estimation of load reduction opportunities is often limited by a lack of consistent information on 
management practices.  If information is available that includes the areas served by BMPs, models or 
simplified accounting techniques can be used to evaluate potential progress made toward load reduction 
targets and the potential for additional management.   

Hydrodynamics 
Hydrodynamic modeling of surface water systems is very mature.  Model physics is well established, and three-
dimensional model applications are now the norm for coastal, estuary, lake, and reservoir applications.  The major 
challenge in hydrodynamic modeling tends to be model run time, as grid resolutions become finer and model 
simulation periods increase.  Key recommendations include: 
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•	 Models and systems that support parallelization of hydrodynamic model codes are essential to address 
demands of finer spatial resolution and extended simulation periods. 

•	 Additional software is needed to facilitate model input data preparation and display and animation of output 
data.  Although propriety systems have been developed, a broader distribution and support of public 
domain systems are needed.  The EPA TMDL Toolbox includes a public domain EFDC interface. 
Continued development of user support tools is needed.   

Sediment Transport 
Sediment transport remains the major unsolved problem in hydraulic engineering and environmental fluid dynamics.  
With respect to clean and contaminated sediment TMDL development and contaminated sediment remediation 
studies at Superfund sites, predicting the source of in-stream sediment and associated sorbed contaminants and their 
ultimate fate remains a particularly difficult problem.  Sediment sources include erosion or resuspension of the in-
stream sediment bed, bank erosion including mass failure during high flow events, and sediment delivered via 
overland flow from adjacent watersheds.  Recommendations for improving source loading capabilities were 
discussed above.  Key recommendations for improving sediment transport capabilities are provided below. 

•	 Laboratory and Field Research.  For resuspension and erosion of in-stream beds, fairly reliable 
experimentally derived relationships are available to parameterize resuspension under homogeneous bed 
conditions where either cohesive or noncohesive sediment classes dominate a system.  Garcia and Parker 
(1991) provided a critical evaluation of the predictive ability of widely used formulations for noncohesive 
sediment resuspension, and their findings remain valid today—15 years later.  Recent formulations for the 
resuspension of cohesive sediment are exemplified by the work of Sanford and Maa (2001) and Lick and 
McNeil (2001). However, most natural surface water systems are characterized by heterogeneous sediment 
bed mixtures.  For example, relationships for noncohesive sediment resuspension typically fail to be 
predictive when the cohesive fraction approaches 10 percent.  Because laboratory results necessary to 
parameterize resuspension of heterogeneous sediment mixtures are extremely limited—Gailani, et al. 
(2001) being a notable exception—recourse must be made to expensive site-specific field resuspension 
studies, which are well beyond the budget for many sediment modeling applications.  Laboratory and field 
research as well as accompanying theoretical studies are needed to develop heterogeneous bed resuspension 
formulation for use in surface water models. 

•	 Stream Bank Erosion – Simple Methods.  Bank erosion is a significant source of sediment in some 
stream systems and can be a source identified for load reduction in TMDLs.  Techniques are needed to 
evaluate the potential source as a function of local physical and hydrologic conditions.  Existing watershed 
models should be updated to include a stream bank erosion source to help account for the sediment sources 
during calibration and for evaluation of allocation alternatives.  In addition, information or techniques that 
relate management actions (i.e., reduced imperviousness, riparian buffers) to the potential reduction of 
stream bank and channel erosion are needed to demonstrate potential restoration. 

•	 Laterally Averaged Bank Erosion Techniques. Bank erosion is likely the primary source of excessive 
in-stream sediment levels and contributes to event-driven redistribution of contamination.  Several 
sediment transport models incorporating mass failure erosion of cohesive sediment banks have been 
developed using the bank stability approaches (Darby and Thorne 1996b).  They include the model 
reported by Darby and Thorne (1996a) and the USDA-ARS CONCEPTS model (Langendoen 2000), both 
based on one-dimensional longitudinal hydrodynamic and sediment transport.  The CONCEPTS model 
incorporates a piecewise description of the channel bed perimeter with the steeper side portions of the 
perimeter representing the banks. Although appropriate for many applications, the averaged cross-sectional 
approach is a simplification of bank erosion and overbank processes.  Providing a more efficient approach 
for application of CONCEPTS would assist in broader application of the technique.  CONCEPTS has been 
applied with AGNPS and is included in the EPA TMDL Toolbox.  Developing a linkage between 
watershed models (LSPC, HSPF) and the CONCEPTS model would provide additional utility and more 
opportunities for application. 
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•	 Multidimensional Sediment Transport. Multidimensional evaluation of cohesive and noncohesive 
sediment transport is needed.  This formulation can be used to evaluate contaminated sediment transport in 
complex river systems.  Continued development of solution techniques, sample applications, and 
supporting software is needed.  Further research is recommended to test and validate physically based bank 
erosion formulations, such as those in the EFDC model, and to provide procedures for their application to 
data limited sites.  

•	 Turbidity. The ability to predict turbidity (an optical property) from inorganic sediment, algae, and DOC 
concentrations should be improved and tested. 

Nutrients and Eutrophication 
Nutrient cycling and eutrophication dynamics in natural waters is fairly well understood.  The major challenge in 
nutrient and eutrophication modeling is calibration or estimation of kinetic coefficients and quantifying uncertainty 
in model predictions.  Optimization is a possible technique to address this challenge and is discussed further in 
Model Defensibility.  In addition, selected areas of research and improvement can broaden the applicability of 
models to various algal species and eutrophication processes.  Evaluation of nutrient processes in the hyporheic 
zone, active areas at the interface between receiving waters and riparian or stream beds, could expand applicability 
of models.  For the Cahaba nutrient case study the Toolbox provided many of the needed tools for building the 
modeling applications, assessing the various nutrient concentrations and evaluating the algal response.  However, 
the ability to model benthic algal and periphyton is still limited and relatively untested.  Specific areas for additional 
research in nutrient and eutrophication techniques include: 

•	 Benthic Algae.  Benthic algae can be a significant source of impairment in streams.  Some limited 
modeling of benthic algal response in streams has been developed (e.g., QUAL2K), and users have 
customized CE-QUAL-W2 and WASP to estimate benthic algal growth.  However, simpler, empirical 
methods would be useful additional tools for analysis of streams.  To date, these simple methods do not 
adequately account for effects of scour, which appear to be a dominant control in many streams.  Biggs’ 
New Zealand work showed that including “days of accrual” as a measure of scour frequency significantly 
improved ability to predict benthic algal density from nutrient concentrations; however, the work in this 
wet climate does not appear directly transferable to Mediterranean-type hydrologic regimes (Biggs 1988). 

•	 Macrophyte. Macrophyte processes and hydrodynamics interaction simulation technology are needed for 
riverine and lake systems. The ability to simulate macrophyte growth and submerged aquatic vegetation as 
a function of nutrient loads is needed for many TMDLs. A more rigorous and predictive formulation 
should be developed to account for the interactions between macrophytes and hydrodynamics. By 
predicting not only the mass of macrophyte growth but also the height and volume, the effect of 
macrophytes on dissolved oxygen, pH, and water circulation patterns can be evaluated. 

•	 Evolution of Macrophyte/Periphyton. One potential technique to evaluating long-term growth of 
macrophyte and periphyton is to use the Cellular Automata technology with traditional hydrodynamic and 
water quality modeling technology to simulate evolution of macrophyte and periphyton over multiple years 
(Marsili-Libelli and Giusti 2004). This technology could be extended to simulate aquatic habitat variations 
over time. 

•	 Buoyancy-compensating Algae. The ability to simulate buoyancy-compensating algae (primarily 
cyanophytes) in lakes, integrated with hydrodynamic simulation, could assist in better simulation and 
calibration of local conditions.  Some algae move according to light and local conditions.  This process can 
affect accuracy of the vertical layers in the simulation model. 

•	 Bacterial-Nutrient-Algae Interactions.  Bacteria can be associated with algal processes.  Storage and 
regrowth of bacteria can also be linked to algal processes.  Additional research and development of 
simulation algorithms are needed to support linked evaluation of bacteria and nutrients. 
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•	 Wetland and Riparian Zone Processes. Enhanced procedures are needed to address the water quality 
processes that occur at the interfaces between wetland and riparian zones and receiving waters.  Because of 
the extensive interactions between these systems multimedia modeling capabilities are needed.  For 
example, EFDC includes capabilities for addressing wetting and drying of tidal wetland areas.  Further 
enhancement of these capabilities and the exchange of nutrients could be beneficial, especially for studies 
that include preservation or enhancement of riparian areas. 

•	 Nutrient and Eutrophication Endpoints and Targets. Closely related to modeling of nutrient and 
eutrophication processes is the derivation of the specific indicators or thresholds used to evaluate 
compliance with water quality standards.  Some TMDLs are directly keyed to a numeric dissolved oxygen 
standard.  However, in many rivers and streams, the numeric measures of eutrophication effects are not 
well defined. Additional research is needed to develop locally derived effects-based targets for sediment, 
nitrogen, and phosphorus. 

•	 Monitoring to Support Periphyton and Macrophyte Modeling.  As new modeling techniques are 
developed for periphyton and macrophytes, additional guidance is needed on monitoring techniques, field 
procedures, laboratory analysis techniques, and input parameter development. 

Ecological/Habitat 
Ecological modeling can provide simulation of conditions that relate to key indicators of designated use support. 
For example, an ecological model could predict fish propagation as a function of habitat conditions.  Ecological 
models can be used to evaluate response of aquatic life to elevated concentrations of toxics or the effects of 
bioaccumulative substances.  Other systems can evaluate response to habitat conditions, including shading, 
temperature, and sediment, on fish.  Application of ecological models may go beyond typical TMDL development 
needs and address potential changes in water quality criteria or direct interpretation of designated uses or narrative 
criteria. Key areas where new or enhanced ecological modeling techniques are needed include: 

•	 Impervious Areas Impacts on Habitat. The ability to link changes in storm hydrographs to changes in 
habitat quality and benthic biota response is needed.  Impervious areas and associated hydrologic effects 
are widely believed to be associated with aquatic health impairments.   However, the response to changes in 
imperviousness is not easily related to specific, measurable endpoints representative of aquatic health.     

•	 Dissolved Oxygen Criteria. Evaluation of water quality criteria for dissolved oxygen may require the 
assessment of the effect of low dissolved oxygen on fish.  Improved ecological modeling tools could 
support the development of site-specific criteria, where appropriate. 

•	 Bioaccumulation of Toxics.  In areas with contaminated sediment or excess loading of bioaccumulative 
toxics, additional modeling tools could be used to evaluate bioaccumulation rates.  Food chain models can 
be used to evaluate bioaccumulation under various loading scenarios. 

•	 Habitat. Techniques are needed to simulate the effects of stream channel habitat indicators on the aquatic 
habit, including stream shading, fine sediment substrates, and flow frequencies.  Traditional approaches use 
a weight of evidence process and statistical analysis to evaluate the response of aquatic life to a variety of 
habitat indicators.  Modeling systems could provide enhanced multimedia analysis techniques to integrate 
the various habitat indicators, predict response to land use changes, and evaluate the potential effects on 
aquatic life. 

Data 
Modeling and environmental analysis requires data to apply models.  Sufficient data are needed to verify that 
models are performing appropriately and build confidence in model predictions.  Typical data needs include spatial 
coverages (e.g., soils, topography, land cover), water quality monitoring, point source discharges, management 
activities or structures, and land use practices.  Current state and local data collection studies need to continue to 
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support the development of comprehensive and long-term monitoring records. As watershed model sophistication 
increases, the demand for more frequent and higher resolution data will also increase to setup, calibrate, and validate 
models.  The challenges faced in watershed modeling have reflected the need to deal with spatial variability while 
considering the linkages among climatology, hydrology, biology, and geochemistry. The more physically based 
models require significant information on meteorology and chemistry.  Some of the most important advances in 
watershed modeling during the past decade have involved approaches that employ GIS and remotely sensed data. 
The availability of GIS coverages and remotely sensed data has stimulated model development and facilitated the 
representation of landscape heterogeneity. Continuous improvements in the ability to process very large distributed 
sources of remotely sensed and space-based hydrologic and climatic data, combined with advanced data assimilation 
algorithms, should lead to benefits in both watershed modeling and TMDL studies. With the use of remote sensing, 
radar, and satellite technology, the ability to observe data over large and inaccessible areas and to map these areas 
spatially is vastly improved, making it possible to develop truly distributed models.  Identified below are some of 
the key areas where new research can facilitate data collection and improve the quality and comprehensiveness of 
data. 

•	 Remote Sensing. Remote sensing provides a technique for developing spatial heterogeneous information. 
Key areas where remote sensing might improve data gathering include Moderate Resolution Imaging 
Spectroradiometer (MODIS) satellite data to evaluate algae and turbidity in larger fresh waterbodies, 
techniques to reconcile satellite-based land cover and parcel-based land use information, estimation of 
directly connected impervious areas (DCIA), and estimation of soil moisture content.  Remote sensing 
shows promise for developing detailed representation of soil moisture content that can affect infiltration 
and runoff calculations.  NEXRAD data can provide more spatially detailed precipitation data.  Spatially 
detailed information could significantly benefit development and application of distributed (grid-based) 
hydrologic models. 

•	 Specialized Monitoring Guidance. Guidance is needed on how to collect data for complex environments 
such as SOD, sediment nutrient fluxes, reaeration, photosynthesis and respiration, mixing zones, diurnal 
dissolved oxygen, periphyton and macrophytes. 

•	 Geomorphic Evaluations. Guidance is needed on how best to perform geomorphic assessments to 
determine sediment impairment, evaluate sources and causes, and provide insights into management 
techniques.  Methods are needed to collect data that can support stream sediment transport and in-stream 
sediment evaluations. 

•	 Implementation Monitoring.  Guidance is needed on monitoring approaches for measuring water quality 
conditions in large watersheds and evaluating the performance of management practices.  Guidance should 
include targeted and probability-based sampling and management practice tracking techniques. 

•	 Testing Data. Data are needed to verify models at multiple scales.  Many watershed models use individual 
land units as the fundamental simulation unit.  Existing models were developed and tested initially on 
small-scale test plots.  The USLE was developed based on an extensive national network for test plots. 
Historically test plot data have been collected to support modeling of forest and agricultural lands. 
However, similar datasets are not available for suburban residential lands, which comprise significant land 
areas considered in many TMDLs.  This information can be used to build a library of loading rates and 
EMCs. Additional data gathering is needed to describe the national variability in loading from urban and 
suburban land areas.  An approach is needed to improve access to existing and ongoing monitoring data 
and standardize data collection approaches.   

Model Defensibility 
Model defensibility has generally involved two components—the defensibility of the model code or computer 
program and the defensibility of the model application.  Defensibility of the model computer program, termed 
generic defensibility, is generally inferred from previous model applications, peer reviews, and the general 
acceptability of the model with respect to regulatory agencies.  Although these things are certainly an important 
component of generic defensibility, they provide no guarantee that the model computer program is verified. 
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Verification is here defined as determining if the model program or code is error-free and makes no judgment as to 
whether the physical and biogeochemical process upon which the numerical algorithms in the program are based are 
correct.  Errors have been found and will continue to be found in widely accepted surface water modeling systems.   

The emerging discipline of computational science and engineering has developed robust methodologies for verifying 
computer models (Roache 1998; Knupp and Salari 2002) and these methodologies should be applied to major 
surface water modeling systems.  Generic model verification addresses issues associated with the correctness and 
acceptability of the physical and biogeochemical process representation upon which a model is based and the 
accuracy and robustness of the numerical algorithms used in the model code.  Additional guidance is needed on 
verification of computer models, and fundamental testing of publicly applied models should be encouraged and 
documented.    

The defensibility of each model application is evaluated and documented through a process of model calibration and 
validation.  The model setup requires parameter estimation as part of calibration and can include additional 
sensitivity and uncertainty analyses. Calibration is the adjustment of model parameters to achieve an acceptable 
level of agreement between model application predictions and prototype observations.  Validation is the independent 
evaluation of model performance without further adjustment of model parameters.  A major concern in the 
demonstration of model defensibility is the lack of consistent techniques, measures, and procedures. Both watershed 
and receiving water modeling studies include ample examples of calibration and validation but the measures are not 
consistent, and the “goodness of fit” required for various studies is not defined. In addition, the use and accuracy of 
models for predictive simulations of future conditions are not well defined.  Key considerations in using models for 
alternatives and forecasts need to be identified and addressed in more specific guidance.  Guidance is needed to 
support consistent and robust approaches for evaluating model defensibility.  Specific recommendations include the 
following: 

•	 Model Performance Criteria. Various model developers and reviewers have suggested model 
performance criteria for hydrologic and water quality simulation of watershed and receiving waters. 
Standardized statistical tests and application procedures are needed to provide a common context for the 
evaluation of model performance.  Compilation of a set of typical model performance criteria and measures 
would help standardize model evaluations and documentation and provide additional confidence in model 
predictions by stakeholders and federal, state, and local agencies.   

•	 Model Calibration and Validation Guidance. Additional guidance is needed on model calibration 
techniques and approaches.  Guidance can help to standardize approaches, statistical techniques, and 
appropriate techniques for rivers, estuaries, and lakes.  Guidance should define techniques performing 
uncertainty analysis that put “error bars” on model predictions.  New guidance could build on the initial 
development of generalized modeling guidance provided by CREM (USEPA 2003). 

•	 Optimization Techniques for Model Testing. Optimization can provide a framework for evaluating 
model calibration, parameters, and measures of sensitivity and uncertainty. A general class of 
optimization-based parameter estimation procedures, including generalized software packages, is available 
but has found limited use in surface water modeling with respect to both nutrients and toxics.  Research to 
develop and make available a number of optimization-based calibration and parameter estimation systems 
compatible with surface water modeling systems is essential.  Uncertainty analysis using existing methods, 
including Monte Carlo and Latin-Hypercube, is rarely used due to the intensity of efforts required, or, when 
they are used, only limited-duration model simulations are conducted. A new class of highly efficient 
stochastic response surface methods offers significant advantages for uncertainty analysis and can be 
incorporated in a streamlined manner with optimization-based model calibration.  One approach is to 
express the level of agreement as an objective function, such as the weighted space-time squared difference 
between model predictions, and observations, at multiple locations and times, with respect to a set of model 
parameters.  The classical minimization methods require estimation of the gradients of the objective 
function sequentially as the minimum condition is approached.  These gradients in turn define the 
sensitivity of the model’s ability to predict prototype observations with respect to model parameters over a 
range of parameter sets.  Thus, the optimization approach to model calibration accumulates a significant 
amount of information on sensitivity. 
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The primary obstacle to employing an optimization-based model calibration-sensitivity analysis approach is 
obtaining a sufficient number of estimations of the objective function gradients in model parameter space.  The 
gradient estimation approach includes brute-force parameter perturbation, tangent-linear sensitivity, and variational 
adjoint methods.  The later two are extremely promising but have received relatively little attention in surface water 
modeling.  Given probability distributions of model parameters, the probability distributions of the response surface 
can be determined with significantly fewer model simulations than are necessary for Monte Carlo or Latin-
Hypercube uncertainty analysis.  It is highly recommended that further research be directed to this potentially 
powerful approach that combines model calibration, parameter estimation, sensitivity analysis, and uncertainty 
analysis in a unified and potentially efficient manner.    

Systems Development and Supporting Tools 
Development and application of models requires trained and experienced modelers.  The development of shared 
resources, datasets, and guidance is essential to promoting the knowledge among the user community. Listed below 
are the major recommendations for guidance and tools to support the modeling community.  Specific technical 
guidance is also recommended in the capabilities sections included earlier. 

•	 Linkage Tools.  Standards and software tools for model interlinkages and data transfer need to be 
developed and improved.  Key linkages that should be supported include watershed models to receiving 
water models, such as:  GSSHA/HSPF/LSPC/SWMM to EFDC/WASP or CE-QUAL type models.  

•	 Universal Database Systems.  Universal databases that include water quantity, quality, biological, 
physical habitat, fish, and geomorphic data should be provided to support model development, test, 
calibration, and validation.  One option is to link Water Resources Database (WRDB) in the EPA TMDL 
Toolbox with the Ecological Data Application System (EDAS).   

•	 Rates and Constants Manual Update.  Databases and guidance are needed on key parameters and 
datasets used for initial setup and parameter selection for models.  The “rates and constants” manual 
(Bowie et al. 1985) has provided modelers with an excellent reference document. An updated system could 
include an on-line searchable database and documentation.  Significant experience and data gathering has 
been performed during the past 20 years.  Compilation of this new information would be a great service to 
the modeling community. 

•	 Application Library. Model applications either completed or under development can provide a useful 
repository of knowledge and experience.  A library of completed applications, provided on-line, could link 
to project reports, model input files, parameters used, and documentation of model updates.  This library 
could link to available on-line reviews of models, such as CREM (http://cfpub.epa.gov/crem/) 

•	 Modeling Guidance.  Additional guidance is needed on available models, model selection, calibration, 
application techniques, and allocation procedures, including optimization.  Model guidance could be 
delivered through on-line materials, case studies, on-line or workshop training courses, and interim 
technical notes. 

•	 Training.  Additional training is needed in watershed and receiving water modeling fundamentals, 
watershed modeling techniques, and the application of multiple linked modeling systems. 

Integrated Modeling Systems 
Flexible and adaptable integrated modeling systems are needed that can address the many technical, data, and 
systems recommendations identified above.  These integrated systems, if developed with a universal format and data 
exchange structure, could share information and modeling modules to achieve a variety of modeling needs. 
However, in the current development of systems, there are still a multitude of standards, unique data structures and 
formats, and disparate systems.  EPA’s BASINS and Toolbox systems share information and utilities; however, the 
linkage between the various systems is not yet complete.   
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Encouraging open architecture and modular modeling systems could facilitate the future development and 
integration of models.  The EPA TMDL Toolbox (http://www.epa.gov/athens/wwqtsc/Toolbox-overview.pdf) is 
designed with an open architecture that could lead to the integration of the individual model components into a 
variety of modeling systems.  Adoption of the most flexible modeling systems, such as Precipitation-Runoff 
Modeling System (PRMS) and MMS, will require continued development, demonstration applications, and more 
rapid application timeframes.  Training a broader audience in the development and application of modeling using 
these tools will be needed before they will be widely adopted.   

The continuous improvement in the science and the description of the physical processes is inconsistently distributed 
and adopted by modeling systems.  By providing on-line or desktop access to modular modeling components, new 
algorithms can more easily be shared among applications.  For example, by building on a hydrodynamic modeling 
framework, an unstructured set of modules can be developed to simulate any number of species of phytoplankton, 
zooplankton, macrophytes, or higher-level organisms, including fish. With a flexible set of modules, models can be 
applied at various levels of complexity to address water quality problems and ecological system analysis without the 
need for users to modify the code.   

Modular modeling systems provide an opportunity to address many of the specific recommendations for expanding 
technical capabilities of models.  If a unified framework is developed, new models or algorithms can share data 
management, post-processors, and analytical tools.  In an Internet environment, the maintenance of systems and user 
support techniques can be more centralized and potentially more efficient. 

More aggressive development of Internet-based modeling systems is highly recommended.  Internet-based systems 
are fully possible with emerging software for GIS, visualization, and data management now widely available and 
suitable for practical use.  The maintenance and application of Internet-based software can significantly reduce the 
distribution and management of software systems.  Internet-based systems reduce the need to address compatibility 
with multiple desktop software and hardware specifications.  The systems can be used without requirements for 
desktop proprietary software for GIS or database management.  Software updates can be provided seamlessly 
through a single copy, and model runtimes can be reduced by the use of parallel processing techniques.   

Future systems can provide on-line access to stakeholders to evaluate alternatives and interactively examine 
assumptions.  The development of on-line modeling systems has another significant potential benefit in providing 
public access, transparency of technical analysis and assumptions, and interactive interfaces for community 
decision-making. An on-line system can provide a dynamic representation of alternatives where users can select 
criteria and see alternative predictions of results (e.g., pollutant loading, measures of ecological conditions).  For 
TMDLs, systems that allow users to evaluate the load allocation alternatives or implications of various user-defined 
choices can encourage more involved and proactive comment and agreement with selection of preferred allocations. 
One example of an on-line user interface is an evaluation of land use patterns and growth developed by the Illinois 
LEAM group (http://www.rehearsal.uiuc.edu/projects/leam/KaneFinal/Model6.html) for the Kane County, Illinois, 
project.  This example is specific to land use planning activities but provides an example of a format and approach 
that could be used with water quality modeling approaches.  These more transparent and inclusive modeling 
approaches can significantly expand the acceptance of models by the community at large. 

Conclusions 
An understanding of current trends in technology and research can help increase an understanding of how modeling 
might evolve and how to support the next generation of modeling systems.  However, anticipating trends is a 
“crystal ball” exercise, and sometimes adoption of technology can take surprising turns.  This review concludes that, 
although significant progress has been made in model development, major areas of research are still needed to 
expand the capabilities, defensibility, and application of models.  Research has an opportunity to capitalize on the 
emergence of new data management and processing technologies (e.g., GIS, graphic user interfaces, data collection 
techniques (e.g., remote sensing), and the burst in enhanced performance of modern-day computers and Internet 
communications. 

The research needs identified are diverse and consistent with TMDL and management needs that encompass a wide 
range of sources, pollutants, and processes.  The diversity of the needs is indicative of the current status of the 
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TMDL program and environmental management applications.  Over the past 10 years, development of analytical 
tools has emphasized simulation of dominant pollutants (i.e., nutrients, sediment, metal, pathogens).  More recently, 
the emphasis has shifted to addressing a more diverse group of listed waters and areas with specialized problems. 
Although some of these concerns may affect only a small group of waters, the analytical needs are still relevant. 
Continued model development should encourage building linkages and multimedia models that address air, surface 
water, and groundwater interfaces more accurately. Linkage of meteorlogic, atmospheric, and watershed models 
can support the evaluation of potential long-term climate changes.  Multimedia-linked models encourage a holistic 
and integrated approach to water quality management that can result in improved decision-making.  Grid-based 
models show particular promise as a framework for linking multiple media in a more physically based approach.  As 
development of TMDLs continues, the most significant emerging need is the evaluation of management options and 
selection and determination of optimal solutions.  Ultimately, more comprehensive systems are needed that can 
evaluate management options and solutions at multiple scales.  

New and more flexible modeling systems and tools could support a diverse set of technical needs.  Common 
databases and GIS systems can support multiple solution techniques at various scale and levels of complexity. 
Technical innovation can be encouraged by providing integrated systems and work environments that are flexible 
and modular.  These integrated systems can provide the commonly needed tools and support integration of new 
solution techniques, source representation, and algorithms.  In particular for BMP simulation, a flexible modeling 
environmental that can incorporate new solution techniques will be beneficial.  Providing integrated system 
platforms can help minimize duplication of effort (shared on-line data management, data display, shared resources), 
while maximizing resources for more fundamental development and research of key components. 

The vision of a consistent, Web-based framework so far has proved elusive and difficult to implement.  However, 
continued rapid expansion of broadband accesses and Internet-based GIS and data management technology make 
this vision more realistic.  The use of Internet-based technologies has emerged as a viable and practical medium for 
management of data, analysis techniques and tools to support TMDL and more generalized watershed analyses. 
Development of a standardized Internet-based framework could provide significant cost saving for the management 
and application of models.  In addition, a standardized and open framework, with clearly defined linkage 
capabilities, could encourage research and continual testing and update of new components. 

Guidance and consistent metrics and methods for assessing defensibility of models and model predictions are critical 
needs to support the reliable application of models and maintain user confidence in applications. Continued 
emphasis on high-quality data collection and guidance on data collection methods that can support parameter 
estimation and testing are also critical needs. 

Future development of models and the supporting infrastructure of data and guidance will improve our ability to 
support informed environmental decision-making, help improve understanding of the physical systems in our world, 
and ultimately provide information to support the effective restoration and protection of the nation’s waters. 
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