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ABSTRACT 

Environmental management has increasingly become a participatory process. In recent times, 

emphasis has been placed on watershed-based solutions to remediate the problems of diffuse 

source pollution and to engage stakeholders in designing solutions. Water quality models are an 

integral part of this process; such models are often inaccessible to lay stakeholders. A review of 

the literature suggests that properly applied partnerships have several benefits that go beyond 

decision-making. Stakeholder education and enhancements to the eventual outcome from 

stakeholder insight and support are two such benefits. To aid engineers and scientists, who often 

do not interact directly with other stakeholders, several best practices were identified that may be 

applied to develop, manage, and evaluate stakeholder partnerships. 

Environmental Decision Support Systems (EDSSs) have been shown to be an effective way to 

promote stakeholder partnerships in environmental decision-making. Many current EDSSs were 

designed to be used by experts, thus limiting their effectiveness for stakeholder engagement. 

Often, these EDSSs, if designed for lay stakeholders, were not coupled with water quality 

models. To demonstrate that complex water quality models may be made accessible to 

stakeholders, without any significant changes to the modeling scheme, a web-based EDSS was 

developed for the Occoquan Reservoir, located in northern Virginia, U.S.A., and its tributary 

watershed. The developed EDSS may also be readily extended to other watersheds and their 

modeling programs. 

The current implementation of the EDSS enables users to modify land use and analyze simulated 

changes to water quality due to these modifications. A local-network server cluster, based on the 

Locally Distributed Simultaneous Model Execution (LDSME) framework, was also developed 

and served as a backend to the EDSS. The server cluster can support simultaneous execution of 

multiple water quality models or any other software on disparate computers. This system was 

employed to study pre-development and other land use modification scenarios in the Occoquan 

Watershed. 
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The pre-development scenario offers an easy-to-understand and universally-applicable baseline 

for measuring waterbody and watershed restoration progress. It enabled computation of a 

measure called the “developed-excess”, which is independent of local conditions and may be 

used for comparisons among various watershed sub-divisions or between watersheds.
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Chapter 1. Overview 
Large-scale anthropogenic environmental changes, along with increased understanding of how 

these changes may adversely affect humans and their ecosystem, have resulted in increasing 

environmental activism. These conditions have moved environmental issues from a largely 

specialized field to the forefront of society, where stakeholder involvement is important. 

Discussion of climate change and other environmental issues in the 2008 U.S. presidential 

campaigns demonstrated the rising awareness about such issues among the general population. 

Because of the increased public awareness a growing emphasis has been placed on making 

environmental management efforts more accessible to diverse stakeholders. Newer computing 

technologies and management strategies have significantly reduced the hurdles in making the 

science more publically accessible compared with a few decades ago. This project demonstrates 

that complex watershed and waterbody water quality models may be made accessible to 

stakeholders, as well. 

1.1 Need for an Integrated System with Stakeholder Involvement  
In the past, catastrophic events, such as the Exxon Valdez oil spill, Bhopal gas tragedy, and the 

London Smog Episode, have typically triggered environmental discussions in the public arena. 

Nowadays, there is a more consistent understanding of chronic environmental issues along with 

interest in appreciating and abating more subtle environmental problems. The United Nations 

Environment Program (UNEP) Year Book for 2009 (UNEP, 2009) suggests that such public 

interest may be used to further the cause of environmental management and contribute to the 

resolution of long standing and emerging environmental problems. While discussing critical 

issues related to the environment, such as ecosystem management, climate change, and 

environmental governance, UNEP identified cooperative participation of stakeholders, including 

experts, governments, and local residents as an important part of any possible solutions to these 

problems.  

Participation and stakeholders go hand-in-hand. For most environmental issues, stakeholders 

may be defined as “people with something at stake such as property, environmental quality, 

economic interest, or a desire for better environmental regulation and management” (Murdock et 

al., 2005). It is also important to distinguish between two prominent approaches used for 
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stakeholder involvement–the participatory approach and the communication approach. A 

participatory approach involves stakeholders in the decision making, and inputs from 

stakeholders affect the final outcome (Leach et al., 2002; Murdock et al., 2005; Randolph and 

Bauer, 1999; Reed, 2008). A participatory approach promotes interactions among stakeholders, 

which is different from a communication approach where the information flow is usually one-

way, from experts to stakeholders (Rowe and Frewer, 2000). Many studies and authors have 

pointed out the benefits of the participatory approach (Diduck et al., 2007; Irvin and Stansbury, 

2004; Leach et al., 2002; Murdock et al., 2005; Reed, 2008; USEPA, 2001, 2012b), some of 

which may be summarized as the following:  

• increased gains from local knowledge of stakeholders 

• reduced chances of project failures due to non-acceptance of solution  

• enhanced fairness and equity in decision making processes  

• increased likelihood of establishing common ground among stakeholders 

• reduced chances of failures due to overreliance on one expert’s opinion 

Chen et al. (2004) in their study have discussed mistrust among stakeholders for optimal 

solutions found through modeling schemes and optimization routines. The authors have also 

advocated the use of consensus-building management tools which allow stakeholders to 

negotiate before finalizing solutions. The negotiation process and stakeholder engagement, to 

some extent, deals with the mistrust of an optimum solution. Recommendation from Chen et al. 

(2004) was based on the observation that stakeholders may change their objectives or be willing 

to accept a less-than-optimal solution for their objective when they learn about the scientific, 

political, and social limitations in the watershed. Further, the negotiation processes may help to 

identify points of contention and more resources may be focused on disputed points, while other 

non-controversial solutions may proceed. 

A participatory approach may give various stakeholders access to information and the ability to 

experiment with different solutions, thus improving their capacity to negotiate and understand 

other stakeholders’ positions. However, the lack of technical information and technical 

understanding of the problem have been identified as some of the issues that may limit 

stakeholder participation and input in the process (Irvin and Stansbury, 2004; Murdock et al., 
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2005; Reed, 2008). These limitations in stakeholder participation may severely hinder the 

benefits expected from successful participation.  

Stakeholder access to technical resources, including output from predictive models, is likely to 

be beneficial. Federal agencies, such as the U.S. Environmental Protection Agency (USEPA), 

have advocated the use of interactive information technologies to encourage community 

partnership and overcome these technical issues. The Spring Creek Watershed Association in 

Pennsylvania, for example, USEPA grant recipient, used a state of the art facility at the 

Pennsylvania State University to enhance their community visioning process among stakeholders 

(USEPA, 2001). When using interactive technologies, they found higher consensus, acceptance, 

and involvement among stakeholders. The authors reported that each of the three-hour sessions 

was equivalent in productivity to a two-day long retreat. Such collaborations may be made 

mobile and cheaper by using web-based systems designed to enhance stakeholder participation.  

A tool that may be used to encourage active stakeholder participation and enhance environmental 

education among stakeholders is an Environmental Decision Support System (EDSS). An EDSS 

is an extension of a conventional Decision Support System (DSS) that organizes all the 

information related to environmental management scenarios for stakeholders to use (Kumar et 

al., 2012). There are multiple examples of such systems in the field of water resource 

management, such as Elbe-DSS (Berlekamp et al., 2007), Catawba Bay DSS (Chen et al., 2004), 

HANDSS (Eusuff et al., 2000), MULINO DSS (Giupponi et al., 2004). The Better Assessment 

Science Integrating Point & Nonpoint Sources (BASINS) (USEPA, 2012a) system of the 

USEPA may also be taken as an example of a multipurpose environmental analysis system for 

performing watershed and water quality based studies. 

1.2 Background 
The Occoquan Reservoir is one of the first large-scale water supply reservoirs in the U.S. to 

implement indirect potable reuse of reclaimed water for the purpose of improving drinking water 

yield. This novel, for the time, water reuse effort also placed great emphasis on monitoring the 

water quality of the Occoquan Reservoir. In 1972, the Virginia Tech Department of Civil 

Engineering (now Civil and Environmental Engineering) was commissioned to establish an 

independent monitoring program for the reservoir and watershed system. The Occoquan 

Watershed Monitoring Laboratory (OWML), affiliated with Virginia Tech, maintains a 
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comprehensive database of the water quality in the reservoir and the tributary watershed dating 

from 1973 to the present. OWML has also been involved in modeling watershed-reservoir 

interactions for the complex watershed system using widely accepted and open source computer 

models. The monitoring program OWML has enabled a high level of characterization of the 

Occoquan Watershed System (Holbrook et al., 2006). 

1.2.1 Occoquan Reservoir and its Tributary Watershed 

The Occoquan Reservoir, together with the Potomac River, serves as the water supply source for 

more than 1.7 million people in Northern Virginia (FW, 2012; OWML, 2005). The estimated 

capacity of the impoundment is about 31.4×106 m3 at a full pool elevation of 37.2 m above mean 

sea level (m msl). The safe yield of the reservoir, which is the continuous draft that may be met 

by the impoundment during a drought of historic record, is estimated to be about 2.5×105 m3/day 

(Xu et al., 2007). Lake Manassas, the other important impoundment in the tributary watershed, 

has a volume of 15.4×106 m3 at a full pool height of 86.7 m msl and a safe yield of about 6.4×104 

m3/day (Xu et al., 2007). The Occoquan Reservoir is a run-of-the-river reservoir, created by 

flooding the stream valley along its longitudinal axis, and characterized by a long, narrow, and 

sinuous shape. At full pool, the reservoir is defined to extend from stations ST10 and ST40 on 

the principal tributaries to the high dam (Figure 1-1). Backwaters of the reservoir may, however, 

extend upstream of these two stations. More details about the system are available from a water 

quality assessment report (OWML, 2005), and research study by Van Den Bos (2003).  

The Occoquan Reservoir tributary watershed drains about 1.47×103 km2 with about 56% forest 

land, 17% agriculture land, and 26% urban area (urban areas include both urban and suburban 

uses). The watershed extends to part of four counties and three cities in Northern Virginia 

(Figure 1-1). Two of these cities, the City of Manassas and the City of Manassas Park, are 

completely contained within the watershed, while a very small portion of the City of Fairfax is in 

the watershed. Most of the watershed is in the expanding Virginia suburbs of Washington DC 

and has recorded population growth and steady increase in urban land uses (ESA, 2011). Details 

about the hydrometeorology and hydrology of the Occoquan Reservoir and its watershed system 

are available from Dougherty et al. (2007) and OWML (2005). Near real-time water quality 

monitoring data may be obtained from the OWML website (OWML, 2012). 
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1.2.2 A Policy for Waste Treatment and Water Quality Management in the Occoquan 

Watershed  

Approximately 10 years after completion of the high dam impounding the Occoquan Reservoir, 

severe water quality problems related to nutrient enrichment were being experienced (OWML, 

2005; Randall and Grizzard, 1995). In 1968, fearing that the drinking water source would be 

compromised, the Virginia State Water Control Board (VSWCB) commissioned a study to 

determine the causes and potential remedies for the extensive eutrophication problem in the 

reservoir. The study was completed in 1970 and identified sewage discharges from Publicly-

Owned Treatment Works (POTWs) as the primary cause of problems in the reservoir. The 

findings and recommendations of the study led to the adoption of A Policy for Waste Treatment 

and Water Quality Management in the Occoquan Watershed (SWCB, 1971). This “Occoquan 

Policy” required construction of a state-of-the-art advanced water reclamation facility to replace 

eleven older POTWs, and to provide for high performance removal of organic matter and 

nutrients. The Occoquan Policy also established the Occoquan Watershed Monitoring Program 

(OWML, 2005). Studies by OWML have shown gradual improvements in water quality after 

adoption of the Occoquan Policy despite a concomitant increase in the area population (OWML, 

2005; Randall and Grizzard, 1995).  

1.2.3 OWML Sample Collection and Analysis Operations 

OWML begin operation in 1972 and has been involved in independent monitoring of the 

Occoquan Reservoir and its watershed system to the present time (OWML, 2012). The 

laboratory has collected an extensive database of water quality and other data for the Occoquan 

system. It operates a network of monitoring stations for collecting water samples manually and 

automatically through auto samplers. Some of these stations are shown in Figure 1-1. OWML 

also performs regular (weekly, bi-weekly) onsite water quality measurement, laboratory water 

quality testing, along with other periodic and less frequent activities such as bathymetric surveys. 

Stream sampling stations in the watershed are equipped to perform automatic composite 

sampling for all storms. The flow-weighted storm sampling scheme used by OWML uses an on-

site microcomputer that is integrated with a level-sensing device. The system using a regularly 

maintained rating table, records flow in the stream. When the flow metering system detects a 

preset number of consecutive increases in stage by a predefined amount (both depending on 
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stream characteristics), it initiates storm sampling. Once storm sampling is initiated, the 

incremental volume is computed every minute using equation 1.1, and summed with the previous 

cumulative flow volume from the beginning of the storm. When a pre-determined volume has 

passed the station, an automatic sampler retrieves a sample of fixed volume, and stores it in a 

refrigerated carboy. Sample collection continues in this manner until the end of storm, which is 

marked by the stream flow declining to the point where the recession limb of the hydrograph 

equals the expected base flow computed by equation 1.2, based on a modified version of 

technique developed by Hewlett and Hibbert (1967) (note that the equation accounts for the 

increase in the base flow due to the storm event). 

𝑽 = 𝑸𝒊+𝑸𝒊−𝟏
𝟐

×  (𝒕𝒊 − 𝒕𝒊−𝟏)   …1.1 

where ,      
𝑉 = flow volume from previous stage reading 
𝑄𝑖 = discharge at present stage reading 

𝑄𝑖−1 = discharge at previous stage reading 
𝑡𝑖 = time at present stage reading 

𝑡𝑖−1 = time at previous stage reading 
 

𝑸 = 𝑸𝒃 + 𝟓 × 𝟏𝟎−𝟒𝑨 ∙ 𝒕   …1.2 

where , 
𝑄 = discharge value at flow seperation line (expected baseflow value) 
𝑄𝑏 = discharge at beginning of the storm  
𝐴 = area of drainage basin in sq miles  
𝑡 = time elapsed from start of storm 

 
Apart from storm events, weekly grab samples are collected from base flow in the streams. The 

frequency of sampling is reduced to bi-weekly in winter. From each station, water samples are 

collected for analysis of Ortho-Phosphate Phosphorus (OP), Total Phosphorus (TP), Total 

Soluble Phosphorus (TSP), Ammonia Nitrogen (NH3-N), Soluble Kjeldahl Nitrogen (SKN), 

Total Kjeldahl Nitrogen (TKN), Oxidized Nitrogen (Ox-N), Chemical Oxygen Demand (COD), 

Turbidity, Total Suspended Solids (TSS), Total Dissolved Solids (TDS), Total Hardness, and 

selected cations and anions. Onsite filtering is performed to prepare samples for Chlorophyll a 

(Chl a) analysis. Alkalinity, Dissolved Oxygen (DO), and Temperature testing is also done 
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onsite. Weekly stream sampling is augmented by quarterly water sampling for metals (including 

Cu, Pb, and Zn) and Synthetic Organic Compounds (SOCs).  

Reservoir sampling takes place on a biweekly schedule in winter and weekly for the rest of the 

year. Sampling and on-site measurements are done at various depths at seven sampling stations. 

Water samples are taken from the surface and near-bottom, and are analyzed on-site or preserved 

by refrigeration as appropriate. Preserved samples are analyzed for OP, TP, TSP, NH3-N, SKN, 

TKN, Ox-N, Turbidity, TSS, TDS, TOC, DOC, Total Hardness, and selected cations and anions. 

Depth profiles are constructed, using spot measurement at various depths, of other directly 

sensed water quality parameters such as pH, DO, Temperature, Oxidation Reduction Potential 

(ORP) and Nitrate-Nitrogen (NO3-N). Metals analysis, water SOCs and sediment SOCs 

measurements are performed quarterly. Fish tissue SOC analysis, for bottom dweller and game 

fish, is done twice a year. Most of the water quality testing is done in-house, using established 

accredited methods. Metals and SOC testing is performed in the Virginia Tech Environmental 

Engineering laboratory facilities in Blacksburg, Virginia.
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Figure 1-1. Map of the Occoquan Watershed.
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1.2.4 OWML: Modeling  

Modeling efforts for the Occoquan Reservoir and its tributary watershed (Occoquan system) 

started in 1977. OWML assumed modeling responsibilities in 2002. Figure 1-2 shows an 

approximate timeline of the major modeling efforts for the Occoquan system, beginning with 

early mainframe models and proceeding to the current PC based models. The Occoquan system 

model is a complexly-linked water quality model, designed by connecting seven 

implementations of the Hydrological Simulation Program–Fortran (HSPF) (Bicknell et al., 2001) 

and two implementations of CE-QUAL-W2 (Cole and Wells, 2008) software executed in a serial 

configuration (Figure 1-3). Seven HSPF models are used to simulate seven sub-watersheds, one 

HSPF model representing each sub-watershed, and two CE-QUAL-W2 models are used to 

simulate the two major waterbodies, Lake Manassas, and the Occoquan reservoir. Models are 

executed in series and models that rely on output of  upstream models are executed after all 

upstream model dependencies have finished execution. A sample Occoquan system model 

execution will combine the results obtained from HSPF runs for the Upper Broad Run and the 

Middle Broad Run sub-basins and use it as input for simulating water quality in Lake Manassas 

with the 2-D reservoir model CE-QUAL-W2. The output from CE-QUAL-W2 for Lake 

Manassas and HSPF execution for Cedar Run sub-basin is used as input for Lower Broad Run 

sub-basin HSPF execution. Finally, the Occoquan Reservoir is simulated by CE-QUAL-W2 

using as input results of HSPF runs for the Lower Occoquan, the Middle Broad run, and the two 

Bull Run sub-basins (Figure 1-3). This system is considered complexly-linked as it uses the 

water quantity and quality output from upstream models as input to downstream models, instead 

of available observed data, for scenario simulation.  

The choice of models, HSPF and CE-QUAL-W2, was based on several criteria (Xu, 2005), 

including: 

• use of an open source software 

• public maintenance and support of models 

• wide acceptance of the models 

• publically-defendable modeling scheme 

• state-of-the-art science 
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HSPF is a lumped parameter, hydrological modeling environment, as is part of the USEPA’s 

BASINS suite (USEPA, 2012a). It may be used to simulate hydrological processes, such as 

surface runoff, interflow, base flow, and snowmelt, and several water quality parameters, such as 

nutrient flow, dissolved oxygen, and sediment transport, associated with pervious and 

impervious land, stream, and well-mixed waterbodies. It is a flexible model that allows 

simulation of selected water quality parameters at various time scales. To simulate the runoff and 

several physical, chemical, and biological constituents HSPF requires precipitation and other 

meteorological records as input along with information about the land use, the terrain simulated, 

and the morphology of streams and impoundments. Depending on the parameters simulated 

other input may be required, such as to simulate snow melt, air temperature, dew point 

temperature, solar radiation, and wind are required in addition to other data. HSPF is 

computationally robust and is very widely used to simulate water quality and runoff in 

watersheds and streams. However, it has limited ability to simulate complex hydrodynamic 

process in lakes and reservoirs (Bicknell et al., 2001; Borah and Bera, 2004).  

CE-QUAL-W2 is a two-dimensional hydrodynamic based model that is widely used to simulate 

lakes, rivers, estuaries, and reservoirs (Cole and Wells, 2008). CE-QUAL-W2 has been 

continuously developed since 1975, and the current model version allows for GUI based pre- and 

post-processing. It is a computationally robust model that has the ability to adjust the timestep 

towards the maximum allowable while ensuring that the hydrodynamic stability requirements are 

not violated. Some of the key input requirements for the model include the waterbody 

bathymetry, the volume of inflows, and the constituent flux from various inflows to the 

waterbody. CE-QUAL-W2 allows for simulation of fate and transport of several physical, 

chemical and biological constituents of water, such as temperature, dissolved oxygen, nutrients, 

algae, zooplanktons, and macrophytes. The software also includes a first order sediment model 

that allows for Monod’s kinetic approach for simulating anoxia. However, CE-QUAL-W2 does 

not simulate overland runoff from the watershed. HSPF, on the other hand, has the ability to 

simulate streams and overland flows with limited ability to simulate reservoirs. Hence, to enable 

watershed and reservoir water quality and flow simulation, a complexly-linked model, 

connecting these two modeling environments, is used for the Occoquan system.
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1950 2012

1957
Construction of

 Occoquan High Dam 

1967
Ownership of Occoquan reservoir 

Transferred to 
Fairfax County Water Authority

1950
Low Dam constructed by 

Alexandria Water Company

1969
Study by 

Metcalf and Eddy

1968
Moratorium on 

sewage connection 

1971
Occoquan Policy 

adopted1968
Work on 

T. Nelson Elliott Dam
for Lake Manassas

1978
UOSA water reclamation

 facility starts with 15MGD capacity

1987
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 to 27MGD

1993
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 to 32MGD

5/14/2004
UOSA expansion

 to 54MGD

1995
Inflatable dam added on

Lake Manassas 

1977 - 1982
Occoquan Basin Computer Model 

1982 - 1994
Occoquan Basin Computer Model 

Modified for UOSA

1972
OWML begins

2002
OWML picks up 
Modeling efforts

1971
Lake Manassas 
dam completed 

1994 - 2012
PC model using HSPF 

and later CE-QUAL-W2
(various versions)

 

Figure 1-2. Timeline of major activities for the Occoquan system.  

Sources: UOSA activities (Angelotti, 2009); Lake Manassas 
activities (Eggink, 2001); modeling timeline (Xu, 2005); all 
other activities (OWML, 2005) 
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Figure 1-3. Occoquan Watershed map with model connections.
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1.3 About the project  
A common data and knowledge sharing approach employed in watershed management is through 

interactions between stakeholders and experts, where other tools and data (e.g. water quality 

models) are not available to the stakeholders (Figure 1-4a). This limited interaction leads to 

restricted propagation of information to stakeholders and increases the likelihood of expert bias 

on the outcomes. Furthermore, most interactions are communication-type, where the experts 

communicate the results to the stakeholders, rather than participatory. Another weakness of this 

approach is that it limits the availability of information to the stakeholder requesting, and the 

expert analyzing. Larger stakeholder populations, beyond people directly interacting, do not have 

access to this information, thereby limiting the outreach and educational opportunities.  

With an environment created for stakeholders to interact with current watershed and reservoir 

models, stakeholder interaction and participation may be increased. A review of the literature 

suggests that extended stakeholder involvement, in turn, may lead to improvements in the 

robustness of management decisions (Kumar et al., 2012). Figure 1-4 shows these two 

approaches schematically, one in which stakeholders only interact with the experts (Figure 1-4 

a), and the other (Figure 1-4 b) in which the tools and data required for environmental decisions, 

in addition to expert analysis and opinions, are also available to the stakeholders. The Occoquan 

system has comprehensive and long-established monitoring and modeling programs, making it 

appropriate for use as a case study for evaluating the potential benefits that may be obtained from 

improved stakeholder involvement in environmental management.  
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Figure 1-4. Stakeholder interaction approaches. 

a) 

b) 
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1.3.1 Project goals and outline 

This research project was designed to accomplish the following goals:  

1. Develop an understanding of stakeholder participation in watershed management and 

water quality modeling by a synthesis of the relevant peer-reviewed literature and other 

reported studies. 

2. Research and develop a software environment to enable interaction between stakeholders 

and models of complex natural systems. 

3. Apply the developed software environment to the Occoquan watershed system for 

supporting analysis of the effects of land use change on water quality.  

Research and methods used to accomplish these goals are summarized in following sections. 

1.3.1.1 Chapter 2. Stakeholder Partnership in Watershed Management and Water Quality 

Modeling: A Literature Review 

Chapter 2 is a review of the published literature and other studies involving stakeholder 

participation in environmental management with emphasis on watershed planning. Benefits and 

pitfalls of implementing stakeholder participatory schemes for environmental planning, along 

with lessons learnt in decades of implementing these partnership schemes are described in this 

chapter. Best practices for implementing and assessing a stakeholder partnership scheme were 

identified and reported in this Chapter. Also discussed is the current state of EDSSs reported in 

the literature along with considerations that might be important while designing such a system.  

1.3.1.2 Chapter 3. A Locally-Distributed Computing Framework and its Implementation for 

Simultaneous Executions of Reservoir and Watershed Water Quality Models 

Simultaneous executions of multiple water quality models may be desirable in several scenarios, 

such as when performing sensitivity analysis on model parameters, evaluating uncertainty by 

Monte Carlo methods, and extending water quality models for stakeholder interactions. Chapter 

3 is a description of the Locally Distributed Simultaneous Model Execution (LDSME) 

framework that was designed to harness computing resources from idle computers available on a 

local network to execute water quality models. The LDSME framework enables creation of a 

server cluster, which may be used by clients for faster water quality model executions without 

any modification to the source code of the models being executed. This chapter also contains 
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description of a tool, created in the Java programming language, to implement the LDSME 

framework for the Occoquan system’s complexly-linked model.  

1.3.1.3 Chapter 4. Occoquan Watershed Decision Support System: Making Water Quality Models 

Accessible for Stakeholder Partnership 

Chapter 4 is a description of the online EDSS created for the Occoquan system. The EDSS 

allows user to simulate land use modifications and analyze changes to water quality due to these 

modifications. Water quality responses to land use modifications are simulated by executing the 

Occoquan system model using the LDSME tool, described in Chapter 3. Users may also use this 

EDSS web-interface to design land use modifications by delineating them on a map for the 

watershed, organize several modified land uses in groups to aid in comparisons, share their land 

use modifications with other users, and analyze the water quality change resulting from land use 

modification at any location within the watershed.  

1.3.1.4 Chapter 5. Nutrient Load Reduction Required for Reaching the Pre-Development State in 

the Occoquan Watershed 

Chapter 5 contains a description of a method to compute pre-development fluvial constituent 

loads with water quality models. The pre-development load is an easily understood and 

universally applicable reference point, which may be used to benchmark the progress of nonpoint 

pollution abatement strategies in any watershed-waterbody system. This chapter describes a 

technique that uses the tools described in Chapters 3 and 4 to estimate the background 

(predevelopment, all-forest) nutrient loads for the Occoquan Reservoir. Estimation of 

“development excess loads”–nonpoint loads due to anthropogenic developments–from 

agricultural and residential land is also described. The analysis presented in this Chapter may be 

replicated in other watershed-waterbody systems to design and evaluate nonpoint pollution 

management strategies.  

1.3.1.5 Chapter 6. Summary, Conclusions and Recommendations 

Chapter 6 is a summary of conclusions from this study. This chapter lists some additional 

research questions that were identified while working on this study and may merit further 

explorations. The Chapter contains some suggested upgrades and enhancements that may be 

required to encourage continual and broader application of the EDSS.  
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Chapter 2. Stakeholder Partnership in Watershed Management and Water 

Quality Modeling: A Literature Review 
Saurav Kumar, Adil N. Godrej, and Thomas J. Grizzard 
Occoquan Watershed Monitoring Laboratory. Civil and Environmental Engineering, Virginia 
Tech, Manassas, Virginia 

 Abstract 

In recent times, emergence of diffused/nonpoint pollution as a major contributor to water quality 

degradation has increased the importance of stakeholder involvement in water resources 

management. Stakeholder involvement is deemed essential to control diffused sources as most 

control measures require educating stakeholders as well as support from them. Numerous 

benefits have been demonstrated in the literature for stakeholder involvement in water quality 

management projects. These include more representative expression of viewpoints from all 

stakeholders, incorporation of local knowledge in environmental management schemes, 

increased environmental education of the parties involved, scrutiny of expert opinions thereby 

limiting expert bias, and better likelihood of reaching negotiated solutions. To achieve these 

benefits, a participation scheme should be properly designed and continually evaluated. Review 

of the literature suggests that partnership schemes that are not properly executed have been 

unproductive and, in some cases, adversarial to the purpose for which the scheme was designed. 

Several types of partnership schemes, such as negotiated rule making, referendum, public 

opinion survey, and stakeholder focus groups, have been applied in environmental projects. 

Evaluation of these applications suggests that, before choosing the suitable partnership scheme 

for any environmental project it is essential to analyze the objectives for the partnership scheme, 

the stakeholders involved, and the resources available.  

Environmental Decision Support Systems (EDSSs) present a method to involve stakeholders in 

developing solutions for the watershed. Numerous EDSSs are currently available and many 

potential enhancements to these EDSSs have been proposed, including making water quality 

models available to stakeholders through an EDSS. Designing and developing a new EDSS is 

progressively becoming easier, with the availability of better computing resources and software 

development technologies. Many EDSSs reported in the literature, however, have not leveraged 

these modern software development technologies. Some studies in the literature have also 

suggested that water quality models may be coupled with web-based mapping systems and a 
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Graphical User Interface (GUI) to generate an EDSS that will be more user-friendly. However, 

when an EDSS is interfaced with water quality models users should be made sufficiently aware 

of the inherent limitation of the models and the EDSS.  

2.1 Introduction 
Control of point sources of pollution in most of the developed world has provided impetus to 

public participation in the environmental management sector, too. It is generally perceived that 

increased public participation will help to prioritize and address the nonpoint/diffused pollution 

sources (USEPA, 2001b). Various partnership schemes have been tested, and some of the 

schemes have become an integral part of most modern environmental regulatory frameworks, 

e.g. Project XL framework (USEPA, 2000) and the EU Water Framework Directive (EC, 2012). 

One of the important goals of this chapter is to review and evaluate the effectiveness of various 

stakeholder partnerships reported in the literature for water resources management. It is expected 

that this review will highlight some of the best practices that may be applied while 

implementing/designing stakeholder partnership schemes for water resource management.  

Water resource managers frequently rely on water quality models to simulate and predict the 

impacts of various anthropogenic and natural system changes on waterbodies. These models 

have a pivotal role in planning and management of the watershed. However, these models are 

often not directly usable by planners and other lay stakeholders. Environmental Decision Support 

Systems (EDSSs) have been shown to be a promising solution to bridge the gap between 

planners and water quality models. In addition to decision supports, EDSSs may also be used for 

enhancing the environmental knowledge of the stakeholders. The second goal of this review is to 

identify the current state of EDSSs reported in the literature, along with potential for future 

enhancement. Often, engineers and environmental scientists who design and use EDSSs are not 

actively interacting with stakeholders. This review highlights a few important aspects of 

stakeholder participation (both promises and pitfalls) that may be useful to the scientific and 

engineering community. 

2.2 Watershed Approach and Stakeholder Partnership  
A watershed approach seeks to integrate all public and private environmental management 

activities in the subunits of watersheds (USEPA, 1996). Local watersheds are natural aggregators 

of activities that influence the water quality in a waterbody of interest. It has been found 
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beneficial, both economically and ecologically, to employ a watershed-based approach to 

manage the waterbody and mitigate human impacts (USEPA, 1996, 2000, 2001a, 2008a). 

Effective application of a watershed-based management strategy requires some level of 

stakeholder participation, and some advantages of the watershed-based approach stem from its 

participatory nature. Carol M. Browner (Administrator USEPA) described this relationship as: 

“People working together to protect public health and the environment–community by 

community, watershed by watershed” (USEPA, 1996). This section highlights the relationship 

between the watershed approach and stakeholder participation.  

2.2.1 The Watershed Approach: Definition and Application 

The USEPA’s handbook Developing Watershed Plans to Restore and Protect Our Waters 

(USEPA, 2008a) defines a watershed approach as “a flexible framework for managing water 

resource quality and quantity within specified drainage areas, or watersheds”. Several U.S. 

federal agencies such as the USEPA (USEPA, 2001a, 2005, 2008a) and USDA (Bohn and 

Kershner, 2002; NRCS, 2005), and state level agencies like Virginia Department of 

Conservation and Recreation (VADCR, 2012) have advocated the use of watershed approach for 

maintaining and improving water quality in the waterbody of interest. Watershed approaches that 

use local watershed-scale partnerships are not limited to the U.S.A. Plans using integrated 

catchment management have been drafted in Australia (M-DBC, 2001) and the European Union 

(EC, 2012). The benefits of local watershed-based strategies lie in their geographical distinction 

of being small enough to avoid variability in biological, socio-economic and physical resources, 

and large enough to reveal important processes affecting the waterbody (Bohn and Kershner, 

2002; USEPA, 2008a). Planning through the watershed approach is often holistic, intended to be 

iterative and adaptive, integrated with other planning efforts, and participatory/collaborative, 

which may make it attractive for planners and administrators (USEPA, 2008a). 

The watershed approach has been thrust to the forefront of environmental planning due to the 

increasing recognition of problems associated with nonpoint pollution (Bohn and Kershner, 

2002; Carpenter et al., 1998). For the first 20 years after passage of the U.S. Clean Water Act 

(CWA) there were no negative consequences for listing a waterbody under §303d of the CWA. 

Later, after the problem with nonpoint pollution was recognized, states were required to develop 

Total Maximum Daily Loads (TMDLs) or other watershed-based alternatives for restoring the 
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so-called “Designated Use” of the waterbody (Foster and Matlock, 2001). The designated use for 

a waterbody is decided based on its physical, chemical and biological characteristic combined 

with the waterbody’s geographical location and other economic considerations (USEPA, 2012c). 

Apart from using TMDL to restore a waterbody, other action plans such as the Clean Water 

Action Plan (USEPA, 1998) have also been implemented. These have instigated more funding 

and studies related to watershed management (Bohn and Kershner, 2002).  

2.2.2 Partnership in Watershed Management 

Use of public participation, more specifically stakeholder participation for environmental 

management, has increased in recent decades. This increase is evident from an analysis of 

reported literature (Reed, 2008). Some authors use the term “stakeholder partnership” to indicate 

the involvement of people affected over a long period of time, and differentiate it from 

“stakeholder advisory committees” and “negotiated rule making” which are more structured and 

have invited participants. In this study, the “invited” participation schemes such as advisory 

committee and negotiated rulemaking with invited/chosen stakeholder’s representation will be 

grouped together with other partnership schemes and referred to as stakeholder participation. 

USEPA initiatives like the Project XL (eXcellence in Leadership), National Estuary Program 

(NEP), Watershed Analysis and Management (WAM), Superfund, have several forms of 

partnership integral to the plan (USEPA, 2000, 2001b, 2002, 2005, 2012d). Although there is 

some evidence for the benefits of using such participation schemes, several authors have 

questioned the premise of formulating better plans and implementation using a participatory 

approach and in many cases have also evaluated the premise (Connick and Innes, 2003; Diduck 

and Sinclair, 2002; Duram and Brown, 1999; Irvin and Stansbury, 2004; Koehler and Koontz, 

2008; Koontz and Johnson, 2004; Korfmacher, 2001; Leach et al., 2002; Murdock et al., 2005; 

Reed, 2008; Sabatier et al., 2005; Selin et al., 2000; Wagenet and Pfeffer, 2007).  

2.2.2.1 Stakeholders Defined  

Stakeholders may be grouped together as “people with something at stake, such as property, 

environmental quality, economic interest, or a desire for better environmental regulation and 

management” (Murdock et al., 2005). A similar definition is used by several other authors in 

their studies (Castelletti and Soncini-Sessa, 2006; Leach et al., 2002; Reed, 2008; Rowe and 
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Frewer, 2000; Selin et al., 2000). USEPA in the XL stakeholder involvement plan has grouped 

stakeholders into the following three categories (Murdock et al., 2005; USEPA, 2000):  

1. Direct participants: These are people who work day-to-day with the project and have 

direct influence on the project.  

2. Commentors: These include outside parties that may have an interest in the project but 

are not involved in day-to-day work.  

3. General public: These are people to whom the outcome and plans are generally 

communicated.  

While discussing any stakeholder partnership, it is critical to highlight that in a “participatory 

approach”, stakeholders play an active role in making decisions affecting them (Leach et al., 

2002; Murdock et al., 2005; Randolph and Bauer, 1999; Reed, 2008; Rowe and Frewer, 2000; 

USEPA, 2005). This is different from a “communication approach” where the information flow 

is one-way, usually from experts to stakeholders (Rowe and Frewer, 2000).  

2.2.2.2 Partnership Schemes 

A number of formalized partnership schemes have been prevalent in the literature. Rowe and 

Frewer (2000) have identified eight common participation methods which are the following:  

1. Referenda: Involves a large section of public voting on one or more issues. 

2. Public hearing/inquiry: Involves experts making presentations to interested and motivated 

stakeholders about their findings. Public hearings may sometimes become 

“communication-type” schemes instead of being a true participatory approach. 

3. Public opinion survey: Is usually done through telephonic calls. The number of sample 

participants required is typically high so as to get a representative sample from the 

stakeholder population. 

4. Negotiated rulemaking: Involves partnership scheme where a small group of stakeholder 

representatives participate to resolve/negotiate an issue. 

5. Consensus conference: Involves selecting a representative sample of the stakeholder 

population. The representatives are addressed by experts through lectures, meetings, and 

presentations. Then the representatives ask the nominated expert questions in a 
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conference setting that is open to the general population, before finally deciding on the 

issue. 

6. Citizens’ jury/panel: Is similar to a consensus conference, except that the meetings are 

not open to the general public and are limited to chosen representatives. 

7. Citizen/public advisory committee: Involves a group of chosen stakeholder advisors in 

the planning/management process over an extended period of time. These stakeholder 

advisors may not represent the true stakeholder population makeup. 

8. Focus groups: Involves studying a small section of stakeholders for a short period of 

time.  

It has been reported in the literature that intensive participation schemes, such as advisory 

committee and negotiated rule making, which involve stakeholders at an earlier stage, result in 

increased influence on the eventual outcome (Rowe and Frewer, 2000). These methods are 

usually characterized by participation of small numbers of stakeholders representing the target 

population, which may limit the democratic advantage of the participatory approach (Hampton, 

1999; Koehler and Koontz, 2008; Rowe and Frewer, 2000). Nevertheless, based on 239 cases in 

40 states, Beierle (2002) concluded that in terms of contribution of ideas, information, and other 

technical resources, more intensive stakeholder participation processes, such as advisory 

committees with or without consensus, negotiation, and mediation, provide better results than 

more-general public meetings and hearings. There is further evidence pointed out by Koontz and 

Johnson (2004) that broad partnerships involving more than the required stakeholders may be 

detrimental to the whole partnership process.  

2.2.2.3 Purpose of Partnership Schemes 

It is very important to identify the purpose of partnerships. Various authors have suggested that 

the following specific questions should be addressed for design and evaluation of a successful 

partnership scheme (Cowie and Borrett, 2005; Irvin and Stansbury, 2004; Koehler and Koontz, 

2008; Parker et al., 2002; Reed, 2008): 

1. When to solicit participation? Stakeholder involvement may be incorporated from the 

ground-up, which is likely to slow the process but yield more robust decisions. In 

contrast, stakeholders may also be involved at a later stage for negotiations only, which is 

much more manageable.  
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2. Who should participate? Partnership schemes may involve a few representatives of a 

larger stakeholder population affected. In this scenario, selecting a representative sample 

from the stakeholder population becomes important. Another scenario may involve many 

or all stakeholders, which is harder to undertake.  

3. What should be the level of interaction? Levels of interaction vary from each other based 

on the chosen partnership scheme. For example, a public advisory committee may 

interact with the expert panel throughout the process of decision making, while the focus 

group may express their opinions at an initial-stage only. 

4. How to follow up after the participation process? Schemes may be designed to assess the 

impact of partnership and study one or a combination of the outcomes from the 

participation process, such as the impact of participation in the resultant management 

decision, progress in attainment of the eventual goal, changes in perception of the 

stakeholders for the process used to attain the goal, and knowledge-building in the 

community. 

Voinov and Gaddis (2008), after analysis of five case studies in participatory management, 

identified salient best practices for participatory modeling, which may also be used to formulate 

an effective partnership schemes. These are:  

• identifying problems and explaining them to the stakeholders  

• engaging stakeholders often and as early as possible  

• creating an appropriate representative working group, including experts, policymakers, 

and other stakeholders 

• gaining trust for the tools and establishing neutrality as scientists  

• knowing stakeholders and acknowledging historic conflicts among different parties 

involved 

• selecting appropriate modeling tools with issues such as available resources, stakeholder 

engagement desired, and sound science in mind  

• utilizing all forms of stakeholder knowledge, including data from local agencies 

• explaining and gaining acceptance for the modeling methods from the stakeholders 

before presenting results of simulations  
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• engaging stakeholders in discussion of uncertainties associated with simulation of natural 

processes 

• developing effective and politically feasible solutions  

• interpreting results in conjunction with stakeholders and their decision making objectives 

• treating the modeling exercise as an adaptive and continuous process were multiple 

iterations may be desired 

2.2.2.4 Other Processes for Involving Stakeholders 

The wide usage of models to address environmental problems, along with auxiliary objectives 

for beginning a participatory exercise such as stakeholder education and outreach may make 

non-traditional forms of stakeholder participation more attractive. Several authors have 

successfully used non-traditional processes like “participatory/cooperative modeling” (Cockerill 

et al., 2006), Integrated Assessment Modeling (IAM) (Parker et al., 2002), and Collaborative 

Environmental Decision-making (CED) (Randolph and Bauer, 1999) to integrate stakeholders in 

environmental decision making. Participatory modeling usually involves stakeholders from the 

ground-up, with stakeholders actively participating in building the model (Cockerill et al., 2006). 

IAM is a more exhaustive process involving interdisciplinary participation of experts from many 

fields to generate a better understanding of complex processes and communication of knowledge 

(Parker et al., 2002). CED as described by Randolph and Bauer (1999) includes stakeholder 

involvement, is knowledge-based, employs a holistic approach, involves sharing power with 

joint responsibility, and yields integrated solutions. 

2.2.3 Benefits and Pitfalls of the Participatory Process 

There is an agreement in the literature of the existence of both promises and pitfalls in any 

participatory process employed for environmental management. Although most studies in the 

literature were optimistic about the benefits participatory schemes have to offer (Connick and 

Innes, 2003; Diduck and Sinclair, 2002; Duram and Brown, 1999; Irvin and Stansbury, 2004; 

Koehler and Koontz, 2008; Koontz and Johnson, 2004; Korfmacher, 2001; Leach et al., 2002; 

Murdock et al., 2005; Reed, 2008; Sabatier et al., 2005; Selin et al., 2000; Wagenet and Pfeffer, 

2007). Several of these studies have also focused on analyzing the pitfalls in detail to minimize 

later disappointments or treating the participation exercise as a “check off” or “façade”.  
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Korfmacher (2001) has identified three basic advantages of applying public participation in 

water quality modeling: 

1. Democratic advantage: This is inherent from the process of involving stakeholders in the 

process affecting them.  

2. Substantive advantage: Management solutions being developed by application of models 

may be improved from stakeholder knowledge and input.  

3. Pragmatic advantage: Better acceptance may be expected for the solutions derived with 

participation.  

Irvin and Stansbury (2004) and Trachtenberg and Foch (2005) have also supported the 

aforementioned arguments about participation in water quality modeling. However, some studies 

showed that stakeholder partnership is not always beneficial. Lubell (2004) found little evidence 

among USEPA programs to support that management schemes implementing stakeholder 

partnership worked better than management options without partnership schemes. Selin et al. 

(2000) have cited other problems like circumventing “hard-fought” laws and local minority 

blocking actions that are in the greater public interest with exhaustive stakeholder partnerships. 

Murdock et al. (2005) concluded after studying 10 XL projects that lack of technological 

understanding may contribute to passivity among stakeholders, in turn making the process less 

successful. Similar technological limitations in partnership schemes have been cited by Koehler 

and Koontz (2008). Some other common problems and barriers to participation in watershed 

management pointed to by different studies include the following:  

• information deficiencies, such as deficiency in understanding of the process, uncertainty, 

and over-complicated technology (Diduck and Sinclair, 2002; Irvin and Stansbury, 2004; 

Korfmacher, 2001; Rowe and Frewer, 2000; Sabatier et al., 2005) 

• lack of resources, including technology, financial investment and time, to implement the 

program (Korfmacher, 2001; Murdock et al., 2005) 

• perception of the lack of impact of participation on the outcome among stakeholders 

(Diduck and Sinclair, 2002; Irvin and Stansbury, 2004) 

• no motivation for stakeholders to participate (Korfmacher, 2001; Murdock et al., 2005) 
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• risk of bias by expert or other influential stakeholders (Irvin and Stansbury, 2004; 

Korfmacher, 2001) 

• delegitimization or over legitimization of issues like uncertainty in inputs (Irvin and 

Stansbury, 2004; Korfmacher, 2001) 

It has been recognized in the literature that there is an inherent problem in trying to collect 

evidence or analyze why the partnership was not successful in instigating the kind of response 

expected, as it is hard to quantifiably survey non-participants (Beierle, 2002; Diduck and 

Sinclair, 2002). Diduck and Sinclair (2002) in their exercise to evaluate participation barriers to 

environmental assessment report that about 32% of randomly selected participants from the pool 

of stakeholders responded to their questioner, which was not a large enough sub-sample to make 

reliable conclusions about the population. Implementing smaller, more intensive, participation 

schemes with representative stakeholders may avoid this problem. 

2.2.3.1 Stakeholder Participation and Modeling  

Water quality models allow users to explore the complex relationships in watersheds and 

waterbodies of interest. These relationships are often not well defined and require evaluation and 

judgment, which are to some extent subjective in nature, to address numerous uncertainties 

inherent in simulating natural systems. Korfmacher (2001) has argued that this subjective nature 

makes it reasonable for stakeholders to have access to the models. It has also been reported that 

regardless of the result/outcome of the participatory modeling process, the exercise improves 

stakeholder understanding of environmental system interaction (Brown et al., 2007; Voinov and 

Gaddis, 2008). Differences in the outlooks of modelers and planners (who may be stakeholders) 

toward a watershed model have been highlighted in an exploratory study in Massachusetts by 

Dietz et al. (2004). This different perception among experts and stakeholders about uncertainties 

in the model and scale of output and input makes the task of interfacing the model with lay 

stakeholders harder (Dietz et al., 2004; Johnson, 2009). 

Several studies have reported benefits to the outcome by allowing interaction of stakeholder with 

modeling tools. Brown et al. (2007), based on their work on the Solomon Harbor, Maryland, 

watershed, report a distinctly positive outcome to their participatory modeling exercise when 

using technology tools to visualize and evaluate alternate scenarios. A review of decisions made 

on participatory approach by Johnson (2009) for watershed management programs in the New 
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York State, with special emphasis on “user-friendly models from the perspective of the non-

modeler” recommended the use of appropriate computer technology for watershed modeling 

with applicability, accessibility and accuracy in mind.  

2.2.4 Examples of Participatory Schemes 

There are many examples in the literature which use participatory approach in watershed 

managements. Some of these examples are presented in Table 2-1. However, as pointed out by 

almost all authors cited in Table 2-1 there are biases and non-uniformity in the interpretation of 

results of such schemes. Sabatier et al. (2005) have identified the following limitations that 

should be recognized when using results from other studies:  

• interpretive method studies usually rely on subjective, non-uniform method of data 

collection  

• sampling bias may be present in the results largely due to the problem of quantifying 

non-respondents  

• large numbers of local variables may affect partnership schemes 

• participatory studies are of a localized nature with lack of large scale generalization 

Table 2-1. Some studies in the literature on use of the participatory approach for 
environmental problems and their key aspects/lessons. 

Study  Key aspect/Lessons Citation 
44 partnerships in CA and 
WA, U.S.A. 

Older partnerships (>48 months ), partnerships for 
local and regional scale problems, and partnerships 
addressing acute problems are more successful  

(Leach et al., 
2002) 

Analysis of 10 Project XL 
case studies, U.S.A. 

Type of project should be critical in deciding when 
to use community partnership. Legislative and 
largely technical projects may not benefit from 
partnership and become one way communication. 

(Murdock et 
al., 2005) 

Case study of San 
Francisco Estuary Project, 
the CALFED Bay-Delta 
Program and Sacramento 
Area Water Forum, CA, 
U.S.A.  

Lasting outcomes were reported with participants 
learning form others experience. Attitude and 
action change among stakeholders was also 
reported leading to “high-quality” agreements. 

(Connick and 
Innes, 2003) 
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Study  Key aspect/Lessons Citation 
Case survey of 239 cases 
involving stakeholder 
partnership in U.S.A.  

More intensive partnership schemes yields higher 
quality decision. Increasing order of intensity 
means going down the list from public hearing, 
advisory committees using consensus, advisory 
committees without consensus, and finally most 
intense negotiations and mediations. 

(Beierle, 
2002) 

Catawba River Basin, NC 
and SC, U.S.A. 

Used consensus module for stakeholders to 
evaluate, modify and vote. Use of internet based 
DSS to solicit stakeholder partnership and ideas. 

(Chen et al., 
2004) 

Irondequoit Creek 
Watershed Collaborative, 
Rochester, NY, U.S.A. 

Use of complex, non-user friendly model by 
stakeholders and planners with limited watershed 
modeling expertise was dissatisfactory and led to 
slow termination of modeling program.  

(Johnson, 
2009) 

Jordan Lake Stakeholder 
Project, NC, U.S.A. 

Stakeholders did not report participation as 
pleasant experience. Practical outcomes, like 
immediate product and public acceptance were 
limited. Lengthy nature of the project was 
criticized by the stakeholders.  

(Wyman, 
2008) 

Lake Maggiore Project, 
Alps between Italy and 
Switzerland. 

Participatory and Integrated Planning (PIP) 
scheme was used to resolve problem and achieve 
“win-win” situation for two opposed groups of 
stakeholders.  

(Castelletti 
and Soncini-
Sessa, 2006) 

Maple Leaf Case, 
Manitoba, Canada. 

Following barriers to successful application of 
partnership were identified: foregone conclusion, 
lack of knowledge, lack of interest and lack of 
public speaking skill.  

(Diduck and 
Sinclair, 
2002) 

Middle Rio Grande Basin, 
NM, U.S.A. 

Higher level of satisfaction and understanding 
among stakeholder with participatory modeling 
was seen. Participatory modeling here refers to 
building model with stakeholder involvement. 

(Cockerill et 
al., 2006) 

Solomon Harbor 
watershed, MD, U.S.A.  

Authors found that the use of modeling tools and 
visualization to enhance stakeholder understanding 
of the system was productive. Management 
decisions could be recommended from the exercise 
by analyzing tradeoffs in their case. 

(Brown et al., 
2007) 

Survey of 64 watershed 
projects in 26 U.S. states.  

Collaborative efforts in watershed management 
were more successful, with the problem of 
“identifying and prioritizing issues” benefiting 
most from participation. Communication 
approaches (not participation) were found to be 
less successful. 

(Duram and 
Brown, 1999) 
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Study  Key aspect/Lessons Citation 
Survey of 12 collaborative 
watershed groups, OH, 
U.S.A.  

The composition of participants did not reflect the 
composition of state in terms of education, race, 
gender and other social characters. “Dominant-
status” model seems to be present in their analysis. 

(Koehler and 
Koontz, 2008) 

Survey of 30 USDA 
initiatives with more than 
2 years of existence 

Long term goals for most studies are yet to be 
achieved. However, interim outcomes are usually 
positive, which has enhanced coordination, 
resource sharing, and trust among stakeholders. 

(Selin et al., 
2000) 

Survey of 69 watershed 
groups, OH, U.S.A. 

Broader stakeholder participation is not universally 
equivalent to more tangible benefits. Limited 
stakeholder partnership may yield better results in 
some scenarios. 

(Koontz and 
Johnson, 
2004) 

Upper Hudson River and 
Midland Avenue 
Combined Sewer 
Overflow, NY, U.S.A. 

USEPA framework for partnership was found 
useful in implementing partnership schemes. 
Educated stakeholders are essential for a 
successful participatory project.  

(Wagenet and 
Pfeffer, 2007) 

2.2.5 Evaluation of Partnership Schemes 

Evaluating a partnership scheme is not an easy task (Diduck and Sinclair, 2002; Leach et al., 

2002). The problems stem from the fact that the ultimate objective of a watershed partnership – 

improvement in water quality – is hard to measure and takes a long time. Leach et al. (2002) 

suggested a scheme for evaluating partnership programs based on perceived effects on 

watersheds, human and social capital, the level of agreement reached, and other characteristics of 

the project. They advocate the use of perceptual data as surrogates for real data where the actual 

results were unknown or hard to collect. Further, it has been argued by several authors that 

measuring just the quality of decision might not lead to a complete analysis, as other factors such 

as social learning, and conflict resolutions, which are part of the participatory process and may 

not be included in these evaluations (Beierle, 2002; Hampton, 1999; Murdock et al., 2005). 

Murdock et al. (2005) have suggested and used “fairness” and “competence” as criteria for 

success of USEPA’s 10 XL projects. For water quality modeling, gauging participation in 

various stages of modeling–defining model objectives, deciding on the structure of the model, 

calibrating the model, confirming the model, and applying models–have been used as framework 

to evaluate various partnership schemes (Johnson, 2009; Korfmacher, 2001). 
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2.3 Environmental Decision Support Systems for Stakeholder Participation 
Environmental processes are dynamic, spatially referenced, complex, random, periodic, 

heterogeneous, and often not adequately studied (Rizzoli and Young, 1997). These 

characteristics of natural environmental systems limit the task of environmental analysis and 

assessment to experts. Experts often work with planners and recommend optimum solutions, 

akin to a communication approach. As discussed earlier, this process is not democratic and has 

multiple pitfalls, including, less weight of the expert’s opinion on the eventual decision. To 

enhance participation there is a consensus that an Environmental Decision Support System 

(EDSS) may be beneficial (Jakeman et al., 2008b; Mysiak et al., 2008). This section highlights 

some of the key aspects of using an EDSS as a tool to bring environmental education and 

decision-making to stakeholders. 

2.3.1 Decision Support System 

In its classical form, a Decision Support System (DSS) may be described as a 

computer/technology solution to structured problems, which in-turn, helps in the overall 

management of unstructured scenarios. The term DSS has been used to define many different 

systems, from a repository of data that may be used for decision-making to complicated 

mathematical modeling and optimization tools. There is a rich literature describing different 

forms of DSSes and their contributions in achieving the overall goal of solving unstructured 

problems (Arnott and Pervan, 2005, 2008; Bharati and Chaudhury, 2004; Bhargava et al., 2007a, 

b; Chen et al., 2004; Dymond et al., 2004; Eierman et al., 1995; Matthies et al., 2007; Morgan, 

2003; Power and Sharda, 2007; Shim et al., 2002; Walker et al., 2003). Arnott and Pervan (2008) 

have classified most DSS systems into seven broad classifications. These are: 

1. Personal DSSes: These are designed for small groups or individual managers. 

2. Group DSSes: These are designed for groups to function together.  

3. Negotiation DSSes: These are designed as a tool to facilitate negotiations among parties 

with often opposing viewpoints.  

4. Intelligent DSSes: These are designed to use artificial intelligence (AI) schemes, usually 

for optimization. 

5. Knowledge management DSSes: These are designed to aid knowledge exchange among 

groups and individuals.  
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6. Data centric DSSes: These are designed to be used as a data repository. 

7. Enterprise Reporting and Analysis DSSes: These are designed with automated tracking 

and information mining schemes to operate on data.  

Combination DSSes that may belong to more than one of the above groups also exist.  

Advent of the internet has made the flow of information faster and easier to access. Thus, many 

modern DSSes have become web-based DSS systems, using the benefits provided by the internet 

and the World Wide Web (web). Bhargava et al. (2007a), in their article about web based DSS, 

detail numerous live DSS systems dealing with OnLine Analytical Processing (OLAP), data 

warehousing, data mining, decision analysis, optimization and simulation. In the field of water 

resources management there are many examples of the use of DSS (Table 2-2). Several 

Environmental related DSSes enable more holistic decision making by incorporating socio-

economic impact. In addition to water quality impacts of anthropogenic environmental changes, 

(Chen and Chang, 2006; Dymond et al., 2004; Fassio et al., 2005; Feng et al., 2007; Pallottino et 

al., 2005).  

2.3.2 Components of a DSS 

A typical DSS has three components (Hipel et al., 2008; Power and Sharda, 2007; Shim et al., 

2002): 

1. Database management component with capacity to store and manage large amounts of 

data. 

2. Modeling component which is generally used to mine and interpret dataset and also may 

contain business logic. 

3. User friendly interface component to couple the database and the model. This may be a 

web-based GUI.  

Depending on the key component of the DSS–model, data or web–it may be described as model-

based, data-based or web-based. There are multiple software packages that may be used to 

develop a DSS. Ariav and Ginzberg (1985) describe four types of broad software classes which 

may be used for DSS development. These are: 
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1. General-purpose programming language, which may be used for creating any type of 

DSS but provides limited leverage specifically for creating DSS (for example Java, 

Matlab, .NET).  

2. DSS tool, which is a more specific software building block for DSS built from a general-

purpose programming language. 

3. DSS generator, which is a collection of DSS tools which may be arranged to address 

specific problems. An example is USEPA’s BASINS. 

4. Specific DSS, which is a tool capable of analyzing only one class of problems, like 

GIMMI (Denzer, 2005). 

Rizzoli et al. (2008), citing the expensive nature of building a DSS from scratch by non-

programmers, have advocated the need for a suite of software, akin to DSS tools described 

earlier, for an Environmental DSS. They have used “Environmental Integrated Modeling 

Framework (EIMF)” to describe a set of tools that may be used to develop a generic 

Environmental DSS and other similar systems.  

2.3.3 Environmental Decision Support System  

The need for integrated and multifaceted environmental planning has been highlighted by many 

authors as an important facet of the watershed approach (Harris, 2002; Matthies et al., 2007; 

Miller et al., 2004; Reichert et al., 2007; Rizzoli and Young, 1997). An EDSS is an extension of 

a DSS which may allow multifaceted environmental planning. EDSSs have been widely adopted 

in environmental applications to manage complicated, cross-domain, and interrelated 

environmental issues. EDSS is defined by the 2nd Biennial Conference of the International 

Society of Environmental Modelling and Software (IEMSS 2004) as an extension of DSS with 

database, models and GUI often coupled through a Geographic Information System (GIS) 

(Matthies et al., 2007). As illustrated in Table 2-2, tools that may be considered an EDSS vary in 

application, from specific EDSS like the Catawba Bay EDSS to more generic and customizable 

EDSS like BASINS. Another class of EDSSs is the two-level EDSS which are designed by 

experts for analysis of a specific problem by lay stakeholders (Rizzoli and Young, 1997). The 

benefit of a two-level EDSS is its applicability in extending the traditional water quality models, 

which are often too complex for stakeholders to use directly. Experts may design the EDSS and 

expose certain key analyzable components for stakeholder interaction. Such EDSSs may also be 
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used for negotiations, which often is an important application. Reichert et al. (2007), in their 

DSS, ranked river rehabilitation decision alternatives from various stakeholders perspective and 

found potential conflicts of interest among stakeholders, which blocked any progress. The 

stakeholders involved included recreational organizations, forest rangers, federal administrators, 

industry, environmental organization, farmer’s representatives, local communities, and cantonal 

administration. They eventually added a negotiations alternative to the list of solutions for river 

rehabilitation and the negotiation option suited all the stakeholders, moving the discussions 

further. Several other authors have used and advocated web-based EDSSs which may enhance 

the applicability of an EDSS in negotiation and other scenarios (Chen et al., 2004; Denzer, 2005; 

Dymond et al., 2004; Giupponi, 2007; Giupponi et al., 2004; Rajasekaram and Nandalal, 2005; 

Rizzoli et al., 2008).The USEPA in their report about lessons learned from partnership schemes 

also recommend the use of the internet to display and distribute visual, understandable data 

(USEPA, 2001a).  

Table 2-2. Examples of EDSS used for environmental management. 

 Brief description Target Reference  
AGWA An online (thin) GIS based DSS with KINEROS 

and SWAT models. A thicker client 
(downloadable) allows user to make changes to 
BMP. 

Expert  (Miller et al., 
2004) 

BASINS A thick DSS with data and water quality models 
incorporated in the system. Also includes a GIS 
interface for performing watershed delineation 
and other activities.  

Expert (USEPA, 
2012a) 

Catawba Bay A web-based system for stakeholders to suggest 
new solutions and changes, ask questions and 
request model runs.  

Lay 
Stakeholders 

(Chen et al., 
2004) 

CRP-DSS A GIS based DSS for simulating sediment and 
nutrient dynamics in Oklahoma Panhandle using 
SWAT, ArcIMS (GIS), SQL server database 
engine, and Java. 

All 
Stakeholders 

(Rao et al., 
2007) 

DSS for 
scenario-tree 
analysis 

A system that implements a scenario-tree based 
optimization to handle uncertainty and manage 
water supply storage in reservoirs. 

Researchers 
and Experts 

(Pallottino et 
al., 2005) 

E2 or 
WaterCAST 

An extendible watershed modeling system with 
predefined models. Intended to be used by 
experts as a potential DSS Generator. 

Expert  (Argent et 
al., 2009) 

Elbe-DSS A spatially referenced DSS with MONERIS 
(point source model) and GREAT-ER (nonpoint 

Expert (Berlekamp 
et al., 2007) 
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 Brief description Target Reference  
source model) coupled for pollutant load 
simulation. 

GIMMI  An online tool to assess application of pesticide, 
with online simulation capacity. 

All 
Stakeholders 

(Denzer, 
2005) 

HANDSS An optimization and scenario evaluation based 
DSS for managing groundwater level in Lake 
Hula Israel. 

Managers (Eusuff et al., 
2000) 

I-MARQ A GIS based data mining DSS for coastal water. All 
Stakeholders 

(Denzer, 
2005) 

MedAction 
PSS 

A Policy Support System (PSS) that executes a 
series of models linked to form a single model 
simulating bio-physical and socio-economic 
developments. One of the outputs for policy 
makers is a ternary diagram using three indexes: 
environmental condition, farmers’ profit and 
water scarcity. 

Policy 
makers 
Experts 

(van Delden 
et al., 2007) 

MULINO 
DSS 

A thick (that has to be installed) DSS generation 
tool which does not have models inbuilt but 
provides ability to couple models. The tool may 
also create a decision matrix based on data 
provided for analysis.  

Expert  (Giupponi, 
2007; 
Giupponi et 
al., 2004) 

RWM-CRSS A web based DSS with emphasis on 
communication, using AI, for resolution of 
water conflicts among conflicting requirement 
such as irrigation, and flood control. 

Stakeholders (Rajasekaram 
and 
Nandalal, 
2005) 

Spencer Gulf 
Fishery 

A GIS based data analysis system with some 
statistical simulation capacity. 

Mangers (Carrick and 
Ostendorf, 
2007) 

TUGAI A GIS based simulation tool for experts and 
planners that includes water management model, 
environmental model, and a habitat index. 

Expert and 
Planners 

(Schlüter and 
Rüger, 2007) 

WebL2W A web-based DSS for watershed management 
with hydrologic simulation using HSPF, 
economic simulation and fish health simulation 
capacity. Also integrates some components of 
GIS. 

Expert (Dymond et 
al., 2004) 

WILDSPACE 
DSS 

A web-based, data-centric DSS for analyzing 
wildlife and plant population in Canada. 

All 
Stakeholders 

(Wong et al., 
2007) 
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2.3.4 Models for EDSS 

Power and Sharda (2007) in their review of model driven DSSes have identified the following as 

the key differences between the DSS model and the traditional complicated modeling systems:  

a) ease of use, including the user interface, data and calibration requirement  

b) ability to model similar situations for related decision processes  

A modeling system like the one described by Xu et al. (2007) for the Occoquan Watershed and 

Reservoir has the capacity to model similar situations in related decision processes, but the 

ability of such models to be used easily by non-technical user is limited, thus limiting the 

applicability of the model in a DSS. A review of popular watershed modeling tools shows similar 

complicated calibration and validation processes is often required (Borah and Bera, 2003, 2004). 

These models, however, are useful for simulation of several types of complicated anthropogenic 

activities and the impact of those activities on the water quality in a watershed.  

Most water quality models are often classified into two groups: rainfall-runoff models and 

receiving water body models. The rainfall-runoff models, such as HSPF (Bicknell et al., 2001), 

SWAT (Neitsch et al., 2011), and MIKE SHE (DHI, 2007), concentrate on simulating 

precipitation events and flows associated with them. These models also use a variety of relations 

to simulate ground water and stream flows (Borah and Bera, 2003). The algorithm used to 

perform various operations differs between models. For example, HSPF uses empirical 

relationships for simulating overland flow, sub-surface flow, and channel flow. MIKE-SHE uses 

numerical methods to solve different governing equations such as the 2-D diffusive wave 

equation for overland runoff, the 3-D ground water flow equation for subsurface flow, and the 1-

D diffusive wave equation for channel flow. There are benefits and tradeoffs for each scheme, 

which modelers have to consider before choosing the right model. 

Receiving waterbody models are used to simulate the fate of contaminants in receiving 

waterbodies like lake, reservoirs and estuaries. As for rainfall-runoff models, there are several 

types of receiving waterbody models, such as CE-QUAL-W2 (Cole and Wells, 2008), and 

ELCOM-CAEDYM (Hodges and Dallimore, 2006; Romero et al., 2003). These models may be 

empirical or process based. Process based models, as with rainfall-runoff models, numerically 

solve the governing equation at various time steps to simulate the waterbody.  
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There are some integrated models that simulate both rainfall-runoff and receiving the waterbody. 

Often models are also linked to simulate the whole system, such as the system described by Xu 

et al. (2007) for the Occoquan reservoir and its tributary watershed. Though linking increases the 

complexity of the modeling system, it may be necessary to robustly simulate the watershed-

waterbody system. These complex watershed models may be adapted for EDSS application 

through a two-level EDSS. A two-level EDSS, designed by experts for stakeholders, may 

automate linkages among current complexly-linked models, link models with a GIS based 

frontend, and incorporate other simpler estimation schemes, thereby presenting a reasonable 

solution to the problem of being both scientifically robust and user-friendly. 

Apart from extensive process-based schemes, simpler schemes based on trends and observed 

relations also have been suggested (e.g., meta-models), which may make the task of modeling for 

EDSS faster (Maier et al., 2008). Empirical and statistically based models like USGS Estimator 

and LOADEST have been successfully used for predicting load in larger watersheds (Conn et al., 

1992; Runkel et al., 2004; Yochum, 2000). However, their applicability in simulating smaller 

scale processes needs to be evaluated. Similarly, empirically-based models have also been used 

for eutrophication estimation and water quality trend analysis (Arhonditsis et al., 2007; 

Berryman et al., 1988; Borsuk et al., 2004). Neural network based modeling, like empirical 

modeling, has been applied in numerous water resources applications and also in other fields 

(Chau, 2006; Krasnopolsky, 2007; Krasnopolsky et al., 2005; Krasnopolsky et al., 2008; Maier 

and Dandy, 2000; Mo et al., 2004; Ocampo-Duque et al., 2007; van der Merwe et al., 2007). 

Models based on a neural network have also been used as universal estimators and surrogates for 

time consuming processes of models based on conventional governing equations. All these 

schemes represent possible solutions for making current water quality and watershed models 

more user-friendly and faster to execute.  

Martin et al. (2005), in their study reviewing the interfacing of GIS with water quality models, 

suggest that most authors use one of the following three approaches to make the models work 

together:  

• Linking, which involves manual data exchanges, such as the process employed in 

ANSWERS (Srinivasan and Arnold, 1994)  
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• Combining, which involves automatic data exchange, such as the process employed by 

BASINS (USEPA, 2012a) 

• Integrating, which involves modifying the code to incorporate all the required GIS 

operations, such as the process employed by AGNPS (Liao and Tim, 1997)  

Similar schemes of connection may be applied to linked water quality models for involving GIS 

with various water quality models and other estimation schemes (meta-models).  

2.3.5 Modeling Uncertainty  

Environmental water quality models are software programs that simulate the natural 

environment, based on a set of relationships. Though indispensable to understanding natural 

phenomena, it has been recognized that there is a high degree of associated uncertainty with 

them that may not be easily eliminated. Several authors have discussed these inherent 

uncertainties along with ways to minimize, and tackle them (Borsuk et al., 2004; Brugnach et al., 

2008; Brugnach et al., 2007; Cao and Carling, 2002; Guo et al., 2002; Jakeman et al., 2008a; 

Jakeman et al., 2006; Jakeman et al., 2008b; Lindenschmidt, 2006; Maier et al., 2008; Marcela, 

2005; Mysiak et al., 2008; Pallottino et al., 2005; Reichert and Vanrolleghem, 2001; Schlüter and 

Rüger, 2007; Walker et al., 2003; Zheng and Keller, 2007; Zimmermann, 2000). Further, it has 

been suggested in the literature that application of modeling software to develop solutions for 

environmental problems without understanding the limitations may lead to misinterpretation and 

misuse of simulated output (Brugnach et al., 2007; Jakeman et al., 2008a; Jakeman et al., 2008b; 

Lindenschmidt, 2006; Marcela, 2005; Reichert and Vanrolleghem, 2001; Zimmermann, 2000).  

The definition of uncertainty tends to vary in literature. Uncertainty is often defined as the 

precision of a predictive distribution generated for estimation of any quantity of interest. These 

uncertainties may be identified using properties of the output distribution or Monte-Carlo type 

simulations (Cha et al., 2010; Cohn, 2005; Guo et al., 2002). More holistically, uncertainty may 

be defined as “a situation in which there is not a unique and objective understanding of the 

problem to be modeled” (Brugnach et al., 2008). The first definition of uncertainty described 

may be handled statistically (Cohn, 2005; Runkel et al., 2004), but statistically-derived solutions 

may not represent the complete picture and be deceptive, providing a false sense of completeness 

in the simulated solution. The second definition is much more general, but harder to quantify.  
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In most model application scenarios, the burden of identifying when modeling software is 

applicable rests on the users who often are experts with a thorough understanding of the process 

being simulated. This burden of understanding uncertainty has been put forward as one of the 

major barriers in extension of water quality modeling software for stakeholder participation 

(McIntosh et al., 2008). It has been reported that even good modeling practices, which include 

clearly identifying the purpose, use of data, stating and testing assumptions, and transparent 

reporting, do not necessarily ensure proper application of the model (Crout et al., 2008). 

Brugnach et al. (2008) and Zimmermann (2000) identified errors in empirical observation, 

complex dynamics of the natural system simulated, ambiguity in interpreting information, total 

ignorance or recognized ignorance for parts of simulated systems, and human values along with 

beliefs as the primary causes of uncertainty.  

Uncertainty classification may also be based on the actors and components involved in a 

modeling exercise. Maier et al. (2008) used ‘data’, ‘model’, and ‘human’ as the broad categories 

and identified multiple sources of uncertainty in each. Sources of data type uncertainty identified 

included measurement, type, length, and presentation of data. Modeling methods, calibration, 

and validation were potential sources of uncertainty associated with models. Knowledge, 

experience, the political attitude of stakeholders/decision makers/experts were some of the 

sources of human associated uncertainty. Their method to address such uncertainty included risk-

based assessment to identify important sources coupled with computationally intensive Monte-

Carlo type simulations with original models, developed meta-models, and different modeling 

software.  

Brugnach et al. (2008) suggest utilizing the purpose of modeling exercises (e.g. prediction, 

exploratory analysis, communication, and learning) to identify and address the sources of 

uncertainty. These sources for uncertainty may include errors in empirical observation, complex 

dynamics, ambiguity, ignorance, and human beliefs. For example, models that are used for 

predictive purposes may use different strategies to address uncertainty due to errors in empirical 

observations than models that are used for other purposes. The output of predictive models is 

greatly dependent on the empirical input data. Thus, establishing uncertainty bounds on input 

data by means of sensitivity analysis might be beneficial. For exploratory analysis, however, 
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taking averages may suffice. Further, for other communication and learning purposes just 

acknowledging data uncertainty might be enough.  

EDSS with automated data collection along with modeling schemes may also be used as a tool 

for evaluation of these uncertainties (Larocque et al., 2008; Maier et al., 2008). It is necessary 

that an EDSS built to interact with stakeholders should be designed to recognize human 

uncertainty perceptions and present results appropriately. Mysiak et al. (2008) suggest that the 

perception of these uncertainties by stakeholders may be influenced by the following: 

• conformation bias, where stakeholders try to confirm their bias using uncertainty of the 

modeling process  

• over-confidence, where stakeholders underestimate the uncertainty in the modeling 

process 

• under-confidence, typically seen in the scientific community, where uncertainty is 

exaggerated 

• conjunction fallacy, where people relate probability of multiple events happening 

together more than on its own and address uncertainty under that perception 

2.3.6 Visualization of Results for EDSS 

The pattern recognition ability of the human eye makes visualization of data an effective method 

for providing information (Fayyad et al., 2002; Keim, 2002; Lotov et al., 2005). One of the 

important purposes of an EDSS is to convey the information by using an effective information 

visualization system. However, designing an effective information visualization scheme for 

EDSS output is not easily accomplished, typically due to the complexity of the dataset. The data 

generated for most environmental solutions are both spatially and temporally variable. If the 

myriad of chemical, biological and physical constituents of water quality simulated, along with 

dependent water quality parameters, are considered, the data are multidimensional. Additionally 

this complex dataset has to be presented in a user-friendly manner, for non-expert stakeholders, 

creating more difficulty in displaying results.  

Several studies by federal and local agencies in the U.S. have used measurements of physical, 

chemical, and biological constituents of water or combinations of these constituents as 

waterbody health and quality indicators (Barbour, 1999; Cude, 2001; Lipscomb, 2003; Schultz, 
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2001; USEPA, 1999, 2008b, 2012b). In the Report on the Environment (ROE) 2008, USEPA 

uses “high and low flow”, “lake and stream acidity”, “stream bank stability”, nitrogen 

concentration, and phosphorus concentrations as indicators for wadeable streams (USEPA, 

2008b). Often, water quality constituent measurements are combined to develop indexes, such as 

the Oregon Water Quality Index which is based on eight water quality variables (Cude, 2001). 

This method of developing indexes based on observable quantities is not unique to watershed 

and water quality studies. Other fields like finance and economic studies have also used 

indicators successfully to convey information (e.g., NASDAQ 100 Index; DJ-AIGCI, composed 

of futures contracts on physical commodities; and USEPA’s UV Index).  

In the water quality management domain three major types of indexes have been used, these are: 

• simple indexes, such as the “Sneaker index” (USEPA, 1999), nitrogen concentration, and 

Secchi disc measurement  

• empirical indexes, such as the Carlson tropic state index (USEPA, 2012b) 

• statistical indexes, such as the computed low-flow index, and 7Q10 (USEPA, 2008b)  

Multi-criteria indexes which integrate social and economic aspects in the water quality index 

have also been used (Kiker et al., 2005; Schultz, 2001; Stahl et al., 2002). Multi-criteria indexes 

present the users with a more comprehensive picture, with easy choices for the decision makers. 

Multiple indexes, that capture different aspect of the output, have also been used. van Delden et 

al. (2007), recognizing the tendency of complicated models to generate outputs which needs 

experts in all domains to derive information, have used three indicators for different domains. 

They report that these indexes made the output easy to understand and directly relevant to the 

stakeholder. 

Most of the indexes reported in the literature do not use the interactive interface present in web-

based and similar modern systems. With increasing computational ability and use of online 

systems, animated and other interactive graphics are possible, which may yield better indicators. 

There are schemes such as parallel coordinates, glyphs, and attribute clouds, which have been 

used to visualize and analyze multidimensional information (Fayyad et al., 2002; Glatter et al., 

2008; Jänicke et al., 2008; Keim, 2002; Xie et al., 2006), and these may find utility in describing 

water quality. Studies in the literature have looked into visualizing spatiotemporal data 
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(Andrienko et al., 2003; Dykes and Mountain, 2003; Jolma et al., 2008; Maceachren et al., 

1999), and have recommended schemes like “Space Time Cube”, with interactive operations, for 

representing spatiotemporal data (Andrienko et al., 2003; Gatalsky et al., 2004). Similar schemes 

may be used for visualizing spatiotemporal water quality data. Several issues with water quality 

modeling, such as uncertainty, missing information, may also be addressed in multidimensional 

plots by varying the graphical parameter (e.g. color, width, etc.) (Xie et al., 2006).  

Lipscomb (2003) has identified criteria for evaluating a good environmental indicator (Table 

2-3) and used them to evaluate USEPA community based partnership indicators. Schemes 

similar to the one presented in Table 2-3 may be used to evaluate and develop the best 

indicator/index for any EDSS. 

Table 2-3. Framework to evaluate single parameter or compound parameter indicators and 
visualization scheme in an EDSS. 

Scientific Consideration    
Prediction accuracy Modeling scheme should be able to predict indicator parameter(s) 

with reasonable accuracy. 
Sensitivity Should be sensitive to land use change or other input variables 

analyzed by the EDSS. 
Reproducibility  Should be reproducible. 
Representativeness Should be usable for whole watershed and time scale. 
Anticipatory by experts Reasonable anticipations should be possible by experts. 
Practical Consideration   
Data availability  Should be based on available data, like model output. 
Difficulty in understanding Should be easy to understand for all stakeholders. 
Trend applicability Should enable trend analysis and be free from perturbations that 

hide trends. 
Decision Supportive Should enable decision support features like comparisons. 
Fast rendering Should not be too complicated to render if in an interactive 

environment. 
Sustainability Consideration 
Extendable  Should be extendable to other studies and future enhancement. 
Participatory Should enable wide-scale stakeholder involvement, interaction and 

education.  
Adapted from: Lipscomb (2003) 
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2.4 Conclusions 
It is clear from the volume of the literature available that stakeholder participation has been 

extensively applied in the environmental arena. It was also observed that there are extensive 

commonalities between public participation in other social and political science fields, and the 

stakeholder participation being used in environmental management. These commonalities allow 

planners to extend experience, knowledge, and best-practices about implementing partnership 

schemes from fields where such participations have been extensively studied, to the relatively 

new appellation in the environmental field. There is agreement in the literature that appropriate 

application of stakeholder partnerships to environmental management should enhance the quality 

of solutions and improve acceptance. However, it must be noted that the literature might be 

biased towards success, as many failures are not reported. To prevent this bias, analysis of 

failures, if deemed that way by the researchers, should be reported in the literature so that lessons 

may be learned for future implementations. 

An appropriate application of stakeholder partnership should be able to answer questions such as 

whom, when, how, and how long, before initiating stakeholder involvement. Several times 

applications have been found to be unsatisfactory, merely serving as a façade or a checkmark and 

not well planned. These issues, among others, have been shown to cause failure of participation 

schemes and adoption of non-optimal solutions. Thus, it is required that before application of any 

partnership scheme a clear implementation and evaluation plan should be designed, and 

identified stakeholders should be involved as early as possible. Further, while planning it might 

be beneficial to foresee the potential common issues with stakeholder interactions. These issues 

include deficiency in understanding of the process, uncertainty and over-complicated technology, 

lack of resources (e.g., technology and time), perception lacking impact on the outcome, low/no 

motivation for stakeholder to participate, risk of bias by one group including experts, and 

delegitimization or over legitimization of results obtained.  

There has been a sustained effort to involve stakeholders in water quality modeling. In the last 

two decades, numerous authors and model developers have tried to include stakeholder 

partnership in water quality modeling exercises. Efforts have concentrated on developing models 

with stakeholder involvement from the ground-up, along with making state-of-the-art water 

quality models (often more complex than models developed with stakeholders) accessible to 
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stakeholders. Significant progress has also been made in analyzing and visualizing uncertainties 

inherent to model simulations. However, use of modern web-enabled technology has lagged. 

There was no evidence of any modern web-based EDSS or similar systems that were designed to 

allow stakeholders to interact directly with water quality models. It is expected that by using web 

technologies backed by modern computing power, water quality models may be made much 

more accessible and informative to stakeholders. Modifications to current water quality models 

that may make them more accessible, for example, using web-enabled modeling system, simpler 

ways for result presentation, and straightforward input methods, have been recognized in the 

literature as the new modeling frontier. However, numerous EDSS systems that exist are 

excessively complex, and usually specific to one scenario. Significant changes have to be made 

to these systems before they may be used by lay stakeholders for planning and education 

purposes.  
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 Abstract 

Watershed managers and other experts frequently use water quality models to manage and study 

watershed-waterbody systems. Many modern water quality models have become increasingly 

complex and require a significant amount of computational resources to execute. This situation is 

further exacerbated by linked models, which require sequential execution of multiple models to 

simulate the entire system, along with data conversion to transfer data between the linked 

models. Many tasks, such as evaluations of the robustness of the modeling system through 

sensitivity analysis and applications of water quality models as a tool to aid decision-making, 

require multiple executions of water quality models and are problematic to undertake with 

standard computational abilities. The Locally Distributed Simultaneous Model Execution 

(LDSME) framework and tool described here creates a server cluster from disparate machines to 

increase the computation resources available for model executions, thereby enabling 

simultaneous execution of several water quality model instances. Moreover, the LDSME 

framework has the ability to execute any modeling software with ease, which allows for easy 

comparison of various modeling software, and the extension of the existing modeling system by 

the incorporation of additional modules. As a test, an implementation of the LDSME framework 

for the Occoquan Reservoir and its tributary watershed modeling system was used to execute 

eight scenarios of urban land use expansion. The server cluster used for the test scenario 

comprised of computers with varying capabilities that were available on the local network, and 

did not require any new hardware. 

3.1 Introduction  
Water quality models are important in the management of watersheds and waterbodies. These 

models aid in understanding interactions among various complicated factors affecting the 

watershed and the waterbody. Brugnach et al. (2008), in their discussion about addressing 

uncertainty in water quality models, identified four common usage scenarios for water quality 
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models, namely, prediction, exploration, communication, and learning. In a predictive scenario, 

the modeling system is used to forecast the state of a waterbody and/or watershed system with 

reasonable accuracy. In an exploratory scenario the modeling system may be used to study 

changes to the system when modifications of interest are made to various inputs. These changes 

to the input need not necessarily reflect real-world scenarios, and hypothetical modifications, 

such as changes to land use to study development pattern, and changes in meteorological 

parameters to study climate change, may be analyzed. When used as a communication tool, the 

water quality model provides information about the waterbody and/or watershed system to users 

who are typically also stakeholders. Finally, when used in a learning setting, the water quality 

models may be used to explain complex relations among various water quality processes to the 

users. This can be achieved by either developing the models from the ground-up with users or 

using already-developed models. 

Some of the water quality models available for watersheds and their receiving waterbodies have 

come a long way from early 1st generation simple equation-based models to current 4th and 5th 

generation models (Abbott et al., 1991). These modern 4th and 5th generation water quality 

models are often complex, simulating many water quality processes simultaneously, and require 

users to have significant technical expertise to calibrate, validate, and use the models. Different 

specialized models have been coupled together or complexly-linked to represent the receiving 

waterbody and watershed (Brandmeyer and Karimi, 2000), which has further increased the 

complexity of water quality modeling systems. One such coupled model is the Chesapeake Bay 

model for the Chesapeake Bay Watershed and Estuary in the eastern United States (U.S.), which 

links the watershed model, estuary model and airshed model to simulate the approximately 

64,000 square mile watershed and the Chesapeake Bay Estuary (Hopkins et al., 2000; Linker et 

al., 2002).  

It has been suggested in the literature that the environmental models may gain by joining 

stakeholder participation with the complex water quality models as these linkage may aid in 

improving the triple bottom-line of economic, societal and environmental benefits (Matthies et 

al., 2007; Rizzoli and Young, 1997). Numerous benefits, such as better acceptance of the 

solution, improved negotiation ability, and robust solution through fair representation, may be 

achieved by utilizing water quality models in properly applied participatory schemes (Kumar et 
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al., 2012). However, the complex nature of water quality models, and a steep learning curve, acts 

as a significant obstacle in readily making them available to stakeholders.  

Advances in computing, the internet, and the world-wide-web have removed the technological 

barrier to enable stakeholder interaction with water quality models, though various other 

practical limitations, particularly dealing with stakeholder understanding of the modeling system, 

have to be addressed. Review of the literature suggests that research is being done to address 

these limitations, and they are not expected to be prohibitory to enhance stakeholder involvement 

(Kumar et al., 2012). Once models are accessible for unrestricted stakeholder interaction, it may 

be expected that large numbers of model simulations will have to be executed. This is likely to 

create a strain on existing dedicated computing resources for modeling. Other analyses, for 

example uncertainty analysis for the scenario simulated, may need Monte Carlo-type simulations 

(Brugnach et al., 2008), which for present day complex models may be limited by computational 

efficiency (Maier et al., 2008). In addition to stakeholder usage, simulations and applications 

performed by experts (model developers and direct users/operators), such as calibration and 

sensitivity analysis for the models, may need multiple model executions, thus straining the same 

computational resources further. This paper presents one possible solution to the problem of 

computational resource limitation by demonstrating a system that was developed to be similar to 

traditional distributed computing systems, leveraging the available free local computing 

resources to execute water quality models. In most scenarios, this should result in faster overall 

performance of the modeling system.  

3.1.1 Distributed System 

A distributed system is a collection of individual computers acting coherently but appearing as a 

single system to the user (Tanenbaum and Van Steen, 2007). Distributed computing harnesses 

the power of multiple devices to perform many related tasks. It is, however, different from 

parallel computing where one task is divided and performed on multiple machines (Attiya and 

Welch, 2004). Distributed computing has been applied in many scenarios where large and 

numerous repetitive tasks have to be executed. Climateprediction.net is an example which allows 

geographically separated users to contribute computing resources (Allen, 1999). Distributed 

computing does not necessarily have to be spread geographically. A locally-distributed system 

comprising of local-area networked computers may also offer significant performance 
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advantages (Shivaratri et al., 1992). An approach to reduce model execution time may be to 

modify the original code for the model to harness parallel processing and distributed computing 

operations as done by Zhan (2005). This process of parallel processing may have computational 

efficiency advantage over distributed computing, but requires significant investment in 

reassembling the models. Further, reassembling the model is subject to availability of source 

code and many water quality models may not be reassembled with ease. Another problem is that 

when code updates become available, the process of parallelization has to be redone. In cases 

where many simulations have to be executed for a single or linked model a simpler locally-

distributed computing system, like the one described here, may be used to achieve significant 

reduction in model execution time.  

3.1.2 Aim for Locally Distributed Simultaneous Model Execution (LDSME) 

The LDSME framework, and the tool implementing this framework, were designed for 

computation resource constrained scenarios, where multiple models (linked or not) have to be 

executed. Analysis, such as sensitivity analysis, and uncertainty analysis, or schemes that create 

a decision support system with complex models for stakeholders are some scenarios where 

multiple model executions may be desired and conventional method to execute models on single 

machine might be inadequate. In such scenarios, dedicated resources may be limited but often 

other free computational resources are available on the local network. A tool based on LDSME 

framework will use these free resources to assist in model execution task.  

The main objective of the tool based on the LDSME framework was to create a water quality 

model execution system for the Occoquan Reservoir and tributary watershed (Occoquan system). 

Other secondary objectives that enabled wider application beyond Occoquan system were also 

incorporated, such as the system should be seamless and transparent to both expert and lay users, 

flexible enough to handle execution of various types of software packages, and smart to allow 

dynamic addition and removal of computing resources as they change.  

3.2 The Study Area: Occoquan Watershed and the Occoquan System Model 
The Occoquan Reservoir is located in Northern Virginia, U.S.A., in the suburbs of Washington, 

DC, and drains an area of about 1.4×103km2. Its tributary watershed also includes another major 

impoundment, Lake Manassas. The land use in the watershed area consists of about 56% forest, 

17% agriculture and 26% urbanized land. The Occoquan Reservoir was one of the first large-
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scale water supply reservoirs in the U.S.A. to have implemented planned indirect potable water 

reuse for improving drinking water yield. Together with the Potomac River, the Occoquan 

Reservoir continues to serve as an important source of water for more than 1.7 million people in 

Northern Virginia (FW, 2012). The Occoquan system model is a complexly-linked model 

different from most linked models (Xu et al., 2007). In a complexly-linked system, the sub-

models use the output from upstream models, instead of the observed dataset, to simulate the 

whole system. The complexly-linked Occoquan system model was calibrated in a similar way, 

using water quality simulation results from calibrated upstream sub-models as input to the 

downstream models. The newest version of the system model uses seven implementations of 

Hydrological Simulation Program–Fortran (HSPF) (Bicknell et al., 2001) and two 

implementations of CE-QUAL-W2 (Cole and Wells, 2008) software. 

3.3 Framework for Locally-Distributed Simultaneous Model Execution  
The framework for locally-distributed simultaneous model execution defines a set of rules to 

create a server cluster using computers on the local network that enables clients to use the server 

cluster through a common router (Figure 3-1). These servers are typically computers on the 

network that may have different hardware and software configurations, and their availability to 

participate in the server cluster may be dissimilar, too. For example, several computers that are 

used during regular office hours may be accessible only in off-hours, while the computers 

dedicated to the task of executing models may be available throughout the day. This framework 

makes individual characteristics of any server transparent to the client by using a common 

routing mechanism for all servers. The client always requests and retrieves results from a 

gateway and does not interact with the servers directly. This gateway acts as a public router that 

initially processes client requests and in-turn requests the servers to do computations, such as 

execute water quality models, as required and return results to the client. The gateway obtains 

information about the servers available in the cluster and identifies the best server for a particular 

process by using an administrative program on the server cluster (referred to here as the resource 

farmer). The resource farmer acts on requests from the gateway and also independently checks 

on the status of the servers in the cluster. The server cluster, the gateway and the resource farmer 

form three major components of the framework. There are other components in the framework 

which allow configuration of the servers and enable data transfer (Figure 3-1). The bulk of the 

data transfer between the gateway and server cluster (shown by broad arrows in the figure) may 
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be achieved by using an external system component, such as a File Transfer Protocol (FTP) 

server. Remote or local procedure calls are used to communicate between the components 

(represented by line arrows).  

This configuration is close to the traditional three-tiered server cluster, where the client sends all 

requests and receives response from a common gateway, different from systems where the 

gateway may just act as a switch that identifies the server in the cluster to process requests and 

all future request responses are handled directly by the server (Tanenbaum and Van Steen, 2007). 

Because the client always requests and gets a response from the same fixed gateway the server 

cluster may be hidden from the client, allowing for easier client application development and 

enhanced security for the server cluster. A drawback of the three-tiered architecture is that a 

failure of the gateway may render the whole cluster unusable, and redundant gateways may be 

required to overcome this drawback.  
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Figure 3-1. Basic components of the LDSME framework. 

3.3.1 The Servers 

All the machines that process the requests in the cluster are called servers. These are typically 

user machines, buy may include higher end specialized machines too. The task of any server is to 

execute the water quality model or any other software as required. It is important to note that the 

LDSME framework is not limited to execution of water quality models as any other software 
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may be executed by the framework. While executing a linked water quality model, a server may 

execute one or more of the linked models depending on the computation load of other servers 

available in the cluster. However, in other modeling situations (non-linked) the whole model will 

be executed by one server. The framework is designed so that the server does not need prior 

information particular to any software before its execution. This property of the framework 

should allow for easy extensibility of the server cluster to handle many different types of 

software. The commands to enable software execution are created by the gateway based on the 

client’s request and sent to the server identified to execute the software. Some software, like 

HSPF, needs to be installed on the target server for execution, while others, like CE-QUQL-W2, 

are self-contained windows executable. For this reason, the servers use the configuration 

database to publish and limit the allowed software that may be executed by them. 

3.3.2 The Gateway  

The gateway processes client requests for all software execution on the server cluster. It is an 

intermediary which generates the objects required for software execution. These objects 

implement the basic functions to execute and perform other operations, and are used by the 

server. In a linked modeling scenario, where a downstream model may be reliant on the upstream 

model results, the gateway ensures that all the dependencies for the model input generation are 

met. The gateway creates a new thread for each software to be executed and calls the available 

function on the processing server to execute the software and retrieve results when the execution 

finishes. These function calls on the server are usually sequential blocking calls. Thus, by using 

separate threads, one for each software being executed, multiple software may be processed 

simultaneously on the server cluster. The number of threads being processed at any time is 

adjusted based on the resources available on the server cluster. Finally, the gateway implements 

a data-transfer mechanism, such as FTP, to exchange input and output data that might be needed 

for software execution and generated by the execution on the server.  

3.3.3 The Resource Farmer 

The resource farmer aids the gateway to identify the best server to execute the next task. The 

identification process takes into account the computational resources available at the server, the 

type of software to be executed, and the expected availability of the server, and adapts 

accordingly. For example, if a server is expected to be used by the operator of that machine, that 
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server machine, though still part of the cluster, will not be used. The resource farmer maintains a 

list of servers available in the cluster and dynamically updates the list if the status of the server 

changes from online (participating in the cluster) to offline (not participating in the cluster), 

which may be due to infrastructure failure, such as failure of hardware, software or network, or 

any other planned operation. 

3.4 Implementing the LDSME Framework for the Occoquan System 
The LDSME framework requires remote method execution on the server. These remote method 

executions are initiated by the gateway which acts as a client to the server. There are many 

software implementations which allow this type of client-server interaction. For the Occoquan 

system model test scenario, Java and Java Remote Method Invocation (RMI) were chosen to 

implement LDSME. The Oracle® (previously Sun®) implementation of Java RMI included with 

their Java Development Kit (JDK) 6 (update 19) was used for most of the development work. 

Java RMI framework and its Oracle® JDK implementation were chosen due to availability and 

ease of use. The Java RMI mechanism allows client machines to call functions available on 

servers running on different Java Virtual Machines (JVMs). The object transfers and 

communications between server and clients are implemented by Java RMI distribution. This is 

done by the marshaling and unmarshalling of serializable parameters and return types for all 

remote methods (Oracle, 2011). Sun’s Java RMI implementation handles most of the 

communication out of the box between the gateway, acting as client, and multiple servers in the 

cluster. For development on Java RMI, appropriate server object stubs have to be created for the 

remote objects in different server JVMs and methods are invoked on these stubs obtained from 

the server. More details on Java RMI are available in a white paper (Oracle, 2011).  

3.4.1 Execution of the Modeling Software  

As discussed earlier, the Occoquan system water quality model links seven HSPF software 

instances and two CE-QUAL-W2 software instances. Since downstream models use upstream 

model output as an input, the sequence of runs shown in Figure 3-2 has to be maintained. All 

implementations of HSPF and CE-QUAL-W2 models have a wrapping Java class that 

standardizes input, output and execution procedures. This Java class also allows the water quality 

model to run independently on any server in the cluster. The wrapping class achieves this by 

providing implementations for basic functions (Table 3-1) that may be used by any server for 
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setting up the model, executing the model, terminating execution of the model, returning results 

to the gateway after model execution, and reporting current execution status. These wrapping 

class objects are created by the gateway based on the water quality model software that needs to 

be executed, and are transferred to the designated server using mechanisms provided by Java 

RMI. Figure 3-3 shows schematically the activity diagram for the process of execution on the 

gateway. “Process Model” sub-activity in Figure 3-3 is detailed in Figure 3-4, illustrating the 

sequential steps taken by the gateway to execute any software. While processing the model, the 

gateway selects the server to execute the model on by querying the resource farmer. Figure 3-5 

illustrates the communications between different components for the “Setup Model on Server” 

sub-activity of Figure 3-4. Once the server is selected, it uses the methods implemented by the 

wrapping class to fetch input, execute models, identify progress and return results on demand 

from the gateway (Figure 3-4). 

The exposed methods for all wrapping classes (for all software) are the same. Therefore, the 

server does not need to know which model is being executed. The gateway will ensure that the 

selected server has the necessary hardware and software infrastructure required to execute the 

model. For example, in the case of executing an HSPF model, the gateway will ensure that the 

HSPF modeling software is installed on the selected server by querying the centralized server 

configuration database. Data exchange between two connected models is also handled by the 

model wrapper class in the setup function.  

 

Figure 3-2. Series of models to be executed, in sequence, for simulating the Occoquan 
system. 
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Table 3-1. Basic functions performed on the server using the model software wrapper class 
object. 

Function Name Operations Performed 
Setup  • Download the model codebase from the server. 

• Perform conversions between formats for input. 
• Ensure necessary environment and libraries for execution are present. 

Execute • Starts execution of the sub-model software on the selected server. 
Stop execution • Stops execution, if directed by the gateway. 

• Clean up all the files created during execution. 
Return results • Communicate if operation has finished with error code, if any. 

• Return results to the Gateway. 
Find current 
execution status 

• Identify the current model execution status.  

3.4.2 Data Transfer and Communication 

3.4.2.1 Water Quality Model Input and Output Data 

Data transfer and communication are handled by Java RMI and an FTP server. The FTP server is 

initiated by the gateway and the data needed for model executions is placed on it. The model 

wrapper object created by the gateway contains the information needed to access the FTP server. 

The server executing the model can retrieve and place processed data on the FTP server using the 

information in the model wrapper object.  

3.4.2.2 Client and Gateway Communication 

Communication between client and gateway is buffered by using a database. The client makes a 

software execution request by adding requests to the database. The gateway periodically reads 

the database and executes requests depending on their priority, defined by the client requesting 

the software execution. At any time several tasks representing software execution requests are 

simultaneously processed on multiple threads. The maximum number of threads running is 

dependent on the available servers in the server cluster. A limit for the maximum number of 

threads may also be set by the administrator for the system.  

3.4.3 Error Handling 

Java errors and model link execution errors are handled by the gateway. Network communication 

and other runtime errors generated by Java are handled by retrying the task execution 

periodically for a predefined number of times. If the error persists, the task priority is increased 

and the task is added back to the pool of tasks to be executed. Execution errors, generated during 
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task execution and not reported to the wrapper class, are identified by watching the disk and 

CPU activity on the server for the task being processed. An error is said to be detected if for a 

prolong period of time there is no CPU and disk access activity on the server associated with the 

task being processed. When an error is detected, it is marked in the database to be communicated 

back to the client requesting the task execution. For such errors, further execution is stopped and 

resources are freed up by directing the operating system to terminate the process executing the 

software on the server. 

 

Figure 3-3. Overall activity diagram for the gateway, executing models in parallel on the 
server cluster. 
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Figure 3-4. Sequential steps taken by the gateway to execute any model.
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Figure 3-5. Illustration of the “model setup activity” involving communication between the three components.
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3.5 Application of LDSME implementation for the Occoquan Reservoir 
The locally-distributed computing tool integrated with the current calibrated Occoquan system 

models was used to study the water quality response to urbanization of a limited area in the 

Occoquan Reservoir’s tributary watershed (sub-watershed). The main purpose of this experiment 

was to study the changes in nutrient load expected at the outlet of the sub-watershed with 

increasing urban land use and associated currently-employed Best Management Practices 

(BMPs). Since the BMPs are already incorporated into the land use, the outcome may help in 

highlighting gaps in the current BMP strategy. Knowledge of the expected increase in fluvial 

nutrient flux with increasing urban development may also aid in formulation of other mitigation 

strategies, like incorporating Low Impact Development (LID) practices, to reduce the impact of 

increasing nutrient loading. The design of this experiment, where multiple instances of water 

quality modeling software had to be executed (one for each change in land use), made it ideal for 

implementation via the LDSME tool for Occoquan system described earlier. 

3.5.1 Simulation Design 

The Occoquan model classifies land use in the watershed under ten broad categories. These 

categories include: 

• Three largely agricultural lands, namely, pasture, high tillage cropland, and low tillage 

cropland.  

• Three urban residential lands based on Dwelling Unit (DU) density, namely, low density 

residential (0.05-0.2 DU/acre), medium density residential (3.0-6.0 DU/acre), and 

townhouse/garden apartments (>6.0 DU/acre). 

• Two other urban commercial lands, namely, industrial, and institutional. 

• Forests. 

• Waterbodies.  

A series of simulations, each representing a step change in land use (increase in urban land use 

types) was designed. It was assumed that for the new development, the proportion of various 

urban land use types remained unchanged. The results for each simulation were compared at the 

outlet of the sub-watershed with the base scenario, represented by the current land use. These 

simulations were performed using the metrological data for the 2002-2007 period. The same 
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dataset was also used to calibrate the base model with current land use conditions. For all the 

land use scenarios analyzed, the parameters that varied between simulations were the land use 

area and the spatial distribution of these land use types in the sub-watershed. All other 

parameters were kept constant. It should be noted that the land use changes studied are 

hypothetical, and do not necessarily reflect the probable development in the area.  

To increase the urban land use, residential, institutional and industrial land use areas were 

increased. This increase was achieved by reducing an equal amount of adjoining forested area. 

Areas for other land use classifications used in the Occoquan system model (agricultural and 

waterbody) were not changed. Urban land use growth was simulated in multiple iterations using 

a rasterized (80×80 feet) version of land use data. All operations were coded in Java and used 

ESRI ArcGIS® Engine 9.3.1 for geo-processing. Each iteration increased the area of urban land 

use types being operated upon by 1% and forest/idle land was reduced by an equivalent amount.  

Figure 3-6 illustrates the areas of various landuses in the sub-watershed at different iterations. 

The location of the cell to expand the urban land use was randomly chosen from the forested 

cells available on the periphery of current urban land use in the sub-watershed being analyzed. 

Thus, larger urban centers with bigger circumference and more available forested areas to 

expand into had a higher probability of increase and larger growth. Snapshots of changed land 

use conditions were taken after 10, 20, 40, 50, 60, 70, and 80 iterations. Figure 3-7 shows the 

land use spatial distribution at various iterations. These snapshots constituted the input land use 

for the series of simulations being executed on the LDSME tool for the Occoquan model.  

It may be noted that the HSPF models used to simulate the land use modifications in the 

Occoquan system model are robust to handle land use changes within a reasonable range. The 

current calibrated HSPF models already have various empirical constants required to simulate 

these land use modifications, thus reducing the approximation required for these simulations. 

Increasing urban landuses, as is the case here, increases the area associated with these land use 

types while reducing equivalent area for the landuses replaced, but does not add any unknown or 

new estimated coefficients. However, due to the lack of any observed data that may validate the 

results obtained, these simulation results should be only used to analyze trends in the water 

quality.  
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Figure 3-6. Total area of various land use types in the sub-watershed analyzed. 

          Cumulative iterations  
“base” in current land use scenario. 
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Figure 3-7. Land use after increase in urban land use at different cumulative iterations. 
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3.5.2 Results from the test application 

Results obtained for the scenarios described earlier were analyzed for changes in nutrient 

concentration, nutrient loads and flow rates at the outlet of the sub-watershed. An increasing 

trend in the median concentrations of the nutrients orthophosphate-phosphorus (OP) and total 

inorganic nitrogen (TIN) was seen with reduction in forest area. A similar increasing trend was 

seen in the flow rate. However, the change in all three cases was not substantially, within <5% of 

the base case. The peak (99th percentile) flow rates and nutrient loads analyzed showed a larger 

increase.  

A consistent trend of increasing OP and TIN load was observed with increasing urbanization for 

all six years simulated. Among the years simulated, 2003 had higher precipitation and, as 

expected, the simulated fluvial load for both TIN and OP was also the highest in 2003 for all 

simulated land use scenarios. The percentage increase in fluvial load from the base land use 

(present land use pattern) for 2003 was also higher than other years, indicating that the relative 

increase in fluvial load is larger for the wet years. Percentage increases for the TIN load 

compared to the base scenario, however, were less than the percentage increases in OP (Figure 

3-8). This may be partly attributed to the presence of a major Water Reclamation Facility (WRF) 

operated by the Upper Occoquan Service Authority (UOSA) in the sub-watershed. In these 

simulations, done to analyze the impact of diffuse pollution, the point source load was kept 

constant. Because UOSA WRF is a major contributor of oxidized-nitrogen load, approximately 

73% of the annual TIN load in the sub-watershed is due to UOSA WRF, compared to 38% of the 

annual OP load. The relative increase in TIN load due to land use changes may be concealed by 

the constant UOSA WRF discharge. However, even after discounting for the UOSA WRF fluvial 

load, the rate of increase in TIN fluvial load was less than the rate of increase in OP fluvial load 

with increasing urbanization (Figure 3-9). TIN nonpoint fluvial load increased linearly with 

increasing percentage of urbanization at a rate of about 0.3 (% increase in TIN Load=0.3 × % 

increase in urbanization). The rate of increase for nonpoint OP load was found to be about 0.8. 

This observation suggests that increasing urbanization at the cost of forest land, even with 

currently employed BMPs, is likely to increase the OP load much more than the TIN load. 

In the Occoquan Reservoir, high concentrations of TIN have served as a management strategy to 

reduce autochthonous cycling of phosphorus, especially in summer months (Randall and 
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Grizzard, 1995). However, the receiving waterbody for the outflow form the Occoquan 

Reservoir, the Chesapeake Bay, is known to be nitrogen limited (Malone et al., 1996). Hence, 

increased TIN may which may result in excess nitrogen flux to the Bay, when not consumed in 

the reservoir, is not desirable. Increase in OP is likely to have a more direct impact and increase 

eutrophication, as the reservoir is known to be Phosphorus limited. Thus, it is essential to address 

the insufficiency of the current BMP implementation, designed to remediate the impact of 

urbanization.  

 

Figure 3-8. Percent change in loading at the outlet of the sub-watershed compared to base 
scenario. 

Cumulative iterations  
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Figure 3-9. Percent change in loading at the outlet of the sub-watershed compared to base 
scenario with the UOSA WRF discharge removed. 

3.6 Summary and Conclusions 
Environmental scientists and city planners often have to deal with scenarios that may require 

numerous executions of the integrated watershed and reservoir water quality models. These 

scenarios vary between the analysis of changes in zoning regulations, planning development with 

least impact to the ecosystem, evaluation of current BMP schemes, and the like. Similarly, 

scientific explorations for the validity and robustness of water quality models such as sensitivity 

analysis, calibration of rate constants, and uncertainty analysis require multiple simulations, too. 

These tasks may be performed on a typical standalone, dedicated modeling computer, but time 

and effort costs in executing them may result in the resource costs for these tasks becoming 

prohibitive. 

By harnessing the power of a locally-distributed server cluster, the LDSME framework offers a 

simple solution to computing resource problems. The demonstration study presented here, 

Cumulative iterations  
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simulating the water quality impacts of increasing urban land use in the northern part of 

Occoquan Watershed illustrates the power of such a system. Eight urban land use increase 

scenarios were simulated in this study, and the results obtained highlighted the insufficiency of 

the current BMPs in dealing with the increased nutrient load generation due to possible future 

urbanization in the watershed. Though the results were obtained from simulations near the 

northern part of the watershed, they are expected to apply to the entire watershed. This is due to 

the fact that the nonpoint pollution mitigation strategies and BMPs are very similar for the entire 

watershed. Thus, given the increasing urbanization trend seen in the watershed (ESA, 2011), it 

may be expected that nutrient loading to the waterbodies in the watershed will increase unless 

better nonpoint remediation strategies are applied. 

In the framework discussed, the local grid may be comprised of computers, even older ones, with 

free resources. Typically, these are basic computers that are not used for performing 

computationally intensive tasks, and are available in many research settings. Computers that are 

used according to a schedule can also be added to the model server cluster by implementing 

time-based policies in the load scheduling algorithm, further increasing the productivity and 

computational power of the local grid with minimum hindrance to regular work.  

The ability to execute models simultaneously gives users the opportunity to analyze results and 

make quick changes. This ability may be of particular utility if stakeholder participation is 

desired in the modeling exercise without stakeholders being required to learn the arcana of the 

modeling system. For such scenarios, the computational power of the localized grid can be made 

available to stakeholders through a controlled web-interface, giving them the ability to execute 

multiple scenarios automatically without the involvement of experts. Apart from serving the 

purpose of stakeholder education this type of stakeholder partnership may also help in building 

trust for the modeling system among stakeholders (Assaf et al., 2008; Crout et al., 2008; Parker 

et al., 2002; USEPA, 2001). In an integrated setup for stakeholders, cost-benefit analysis and 

other models may also be added to compare scenarios.  

The LDSME lends itself to easily perform uncertainty analyses, particularly those that use 

repetitive simulations, such as Monte Carlo analysis. Further, LDSME tools, being independent 

of model software and able to process multiple simulations, may aid in development of 

Environmental Integrated Modeling Frameworks (EIMFs). EIMFs are systems used to design 
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and develop Environmental Decision Support Systems (Rizzoli et al., 2008). Another advantage 

of using LDSME tools is the improved organization for simulation results and associate metadata 

obtained due to application of automated schemes for model execution and results retrieval. For 

the test scenario presented, this was observed to aid in data mining and knowledge building from 

the simulation results, rendering the task of searching through results of many simulations easier 

compared to manually executed scenarios where results of simulation were often not properly 

indexed. 

The locally-distributed scheme discussed here implemented a complexly-linked model. 

However, the same locally-distributed grid may be of use in applications that use non-linked 

models. The expected model execution time-saving benefit may be less in these single model 

scenarios, as the smallest unit to execute on any server will be the whole model itself. 

Nevertheless, scenarios requiring multiple simulations of a model may still benefit from 

simultaneous simulation ability. By using appropriate Java wrapper classes, like the classes used 

to execute HSPF and CE-QUAL-W2 software on the server cluster, other software may be made 

capable of execution on the locally-distributed system without much effort. This ability to 

change and try different modeling software may be useful in quantifying model uncertainty 

stemming from the underlying principle on which the modeling software is based (Maier et al., 

2008). 

It must be noted that network and data security were not of particular concern while designing 

this system, as it is intended to be used on local networks that are typically behind a hardware 

firewall. In other conditions, security may have to be kept in mind while using such a grid 

system.  

3.7 Software availability  
Source code and compiled class files for the LDSME framework implementation for the 

Occoquan system may be requested by emailing the corresponding author. Although a 

comprehensive programmer’s manual does not yet exist, it may be available in the near future.  
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Chapter 4. Occoquan System’s Environmental Decision Support System: 

Making Water Quality Models Accessible for Stakeholder Partnership 
Saurav Kumar, Adil N. Godrej, and Thomas J. Grizzard  
Occoquan Watershed Monitoring Laboratory, Civil and Environmental Engineering, Virginia 
Tech, Manassas, Virginia 

 Abstract 

An Environmental Decision Support System (EDSS) was designed for the Occoquan watershed 

located in Northern Virginia, U.S.A. This EDSS is available online through a web-browser, and 

will enable stakeholders (including planners, interested citizens, land developers, and modelers) 

to interact with previously developed complexly-linked water quality models for the Occoquan 

reservoir and its tributary watershed. The EDSS may be used to analyze the impacts of land use 

modifications on selected water quality indicator parameters, such as nutrient concentrations and 

loads, and flow rates. An intuitive web-interface for the EDSS was created based on a dynamic 

web-mapping presentation system, which allows users to design land use changes for model 

simulations by delineating land use modifications from their web-browser over a map of existing 

land use. In addition, users may also use this web-interface to group related land use 

modifications for easier comparison, share their land use modifications with other users of the 

EDSS, and analyze results obtained by executions of the water quality models for different 

modified landuses to aid decision making. This EDSS uses a server cluster to share the 

computational load of simultaneously executing multiple instances of the complexly-linked 

water quality models. The server cluster was assembled from disparate machines with spare 

computing resource available on the local-network, thereby eliminating the need for any 

additional hardware to execute an increased number of model simulations. The EDSS also 

maintains a database of all previous executions to prevent redundant model executions. It is 

expected that the development of this EDSS will make the current and future water quality 

models for the Occoquan system more accessible to its stakeholders. The enhanced accessibility 

may allow the stakeholders to use water quality models readily as a planning and educational 

resource, without a direct expert modeler’s involvement. Most significantly, even though the 

EDSS was specifically designed for the Occoquan system, it is comprised of modules that can be 

modified to function with different water quality modeling software and may be extended to 

other watersheds.  
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4.1 Introduction  
Complexities in management of a watershed-waterbody system for multiple purposes (e.g., 

drinking water supply and recreation) often necessitate application of software-based water 

quality models to understand the water quality characteristics for waterbodies and their tributary 

watersheds. Appropriate application of water quality models, with recognition of underlying 

assumptions and associated uncertainty of the processes simulated, may enable users to test 

different solutions and analyze the impacts of changes in water quality indicators/constituents. 

Most modern water quality modeling software packages, such as HSPF, CE-QUAL-W2, SWAT, 

and MIKE, require significant expertise and data to calibrate for the watershed and/or waterbody 

of interest. Subsequent usage of calibrated models as tools for planning and management of 

reservoirs and their watersheds also requires significant knowledge and familiarity with the 

modeling system. The complexity along with other issues, like difficult accessibility, associated 

with most modeling software usage may exclude most non-expert actors, even those who may 

have commissioned the task, from most phases of the watershed planning process. This 

exclusion of key stakeholders from the simulation tasks may, in turn, reduce the weight of the 

output from water quality modeling in the decision making process for the watershed, which 

often involves considerations apart from water quality, such as economic, and socio-political 

considerations (Kiker et al., 2005). 

Various types of stakeholder partnership schemes have been shown to be beneficial for 

implementing and designing watershed based solutions. Some potential benefits of the 

stakeholder partnership include the following (Diduck et al., 2007; Irvin and Stansbury, 2004; 

Korfmacher, 2001; Leach et al., 2002; Murdock et al., 2005; Reed, 2008; USEPA, 2001, 2012): 

• gains from local knowledge and insight which experts might overlook  

• reduced likelihood of solution failures due to non-acceptance among stakeholders  

• increased fairness and equity in decision-making processes by involving all parties with a 

stake and addressing or taking into consideration their issues 

•  better possibility for establishment of a common ground among stakeholders with 

different objective functions through negotiation 

• avoidance of failures due to over-reliance on expert opinion  
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There is growing recognition that directly involving key stakeholders with the water quality 

model may be advantageous and is becoming a part of many watershed-based approaches 

(USEPA, 2008). Modeling experts frequently derive optimal solutions for watershed 

management using models. Letting stakeholders interact with the models may help in 

highlighting the advantages of the optimal solution and improve the likelihood of its eventual 

acceptance. Also, the process of stakeholder participation empowers the stakeholders to 

influence the formulation of the optimal solutions in many ways. For example, by choosing to 

address the uncertainty in simulations differently, from how the uncertainty was addressed by 

experts to derive the optimum solution, stakeholders may reach a different conclusion and 

solution. Often no clear optimum solution exists, due to the inherent uncertainty in the modeling 

process and the complexity of the natural processes modeled. Thus, involving stakeholders 

becomes even more appropriate as it lets people affected by the decisions (stakeholders) 

participate in making some assumptions necessary to derive the decision (McIntosh et al., 2008). 

Furthermore, participatory exercises involving water quality models encourage negotiations 

among stakeholders with different objectives (USEPA, 2001).  

The literature contains examples of many schemes to involve stakeholders in the water quality 

modeling, summarized in the review by Kumar et al. (2012b). Some of these partnership 

schemes involve developing the water quality model with stakeholder involvement, such as, 

cooperative modeling (Cockerill et al., 2006). Other schemes seek partnership at a later stage 

after development of models by experts. Development of models with stakeholders may 

encourage better stakeholder education (Cockerill et al., 2006). However, in cases where 

calibrated and validated water quality models for waterbody and watershed systems already 

exist, and developing a new model may not be a viable option due to economic and technical 

considerations, many of the benefits of involving stakeholders may also be achieved by 

extending these already available models to the stakeholders. The task of making the water 

quality models accessible to the stakeholders is easier and more efficient than in the past due to 

developments in web-based GIS technologies in the last decade. Leveraging these advancements, 

a web-based Environmental Decision Support System (EDSS) was developed for the Occoquan 

Reservoir and its tributary watershed (Occoquan system) in Northern Virginia. The EDSS was 

designed to work with the existing water quality models for the Occoquan system in order to 

enhance stakeholder interaction with the watershed modeling software. Using the EDSS, 
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stakeholders may work with complex water quality models and evaluate their management 

solutions using a system similar to the “2-level” EDSS suggested by Rizzoli and Young (1997). 

A 2-level EDSS is a tool designed by experts for stakeholder involvement. Although designed 

for the Occoquan system, several EDSS components, such as the database and front-end 

Graphical User Interface (GUI), are independent of the models and can be extended to 

incorporate any other modeling system for different sites. 

4.2 The Study Area 
The Occoquan Reservoir is located in Northern Virginia, U.S.A., and drains an area of about 

1476 km2. Lake Manassas is the other major impoundment in the Occoquan watershed. The land 

use in the Occoquan Reservoir’s watershed area consists of about 50% forest land, 30% 

agriculture land and 20% urban uses (Dougherty et al., 2007). The Occoquan Reservoir was one 

of the first large water supplies in the U.S.A. where planned potable water reuse was 

implemented for the purpose of improving drinking water yield. The reservoir continues to 

serves as an important part of the water supply source to more than 1.7 million people in 

Northern Virginia (FW, 2012; OWML, 2005). The Occoquan Watershed Monitoring Laboratory 

(OWML) monitors water quality in the reservoir and its watershed, and maintains a database of 

the water quality in the reservoir and watershed system dating from 1973 to the present. The 

laboratory has also been involved in modeling watershed interactions for the complex watershed 

system through widely-accepted and open-source computer software (Xu, 2005). This modeling 

system was extended, in this study, to allow stakeholder interaction and simultaneous execution 

of the models on a local server grid. 

4.2.1 Occoquan Reservoir and Watershed System Model 

The Occoquan system model is a complexly-linked model (Xu et al., 2007). A complexly-linked 

model is developed by linking various models to simulate the whole reservoir watershed system, 

as the Occoquan system which links the runoff models with receiving waterbody models. The 

model is considered to be complexly-linked, because the downstream model components use the 

outputs from upstream models as input, instead of using observed data set as input. This type of 

complex-linkage is expected to mimic the natural system better than simple-linkage (Xu et al., 

2007). The newest version of the system model uses seven implementations of Hydrological 

Simulation Program–Fortran (HSPF) (Bicknell et al., 2001) and two implementations of CE-



 
 

90 
 

QUAL-W2 (Cole and Wells, 2008) software. Two prominent reservoirs in the system, Occoquan 

Reservoir and Lake Manassas, are simulated by CE-QUAL-W2, and their tributary watersheds 

are simulated by HSPF. Seven HSPF implementations were used because HSPF has 

computational step limitations and the finer resolution (segmentation) required for the model 

exceeded the capacity of the software. Furthermore, the presence of Lake Manassas in the mid-

watershed region required that the watershed model upstream of the lake feed into the lake 

model, and then the lake model output feed into a downstream HSPF model. For calibration 

purposes, each HSPF implementation had at-least one stream sampling station at or near the 

outlet of the sub-basin being simulated. For more details on the models and the calibration 

procedure employed refer to Xu (2005). 

The modeling software is executed in a sequence as shown in Figure 4-1. Each sub-watershed in 

the figure corresponds to one HSPF implementation. Various modeling software have to be 

executed in the order shown to simulate the complete Occoquan system. HSPF and CE-QUAL-

W2 software were chosen to simulate the Occoquan Reservoir and Watershed system, as both 

are open source software with a wide user base. HSPF is a lumped parameter, hydrological and 

water quality modeling software that may be used to simulate hydrological process, such as 

surface runoff, interflow, base flow, and snowmelt, and various water quality parameters, such as 

nutrient concentrations, dissolved oxygen concentrations, and sediment transport, associated with 

pervious land, impervious land, and well mixed waterbodies. HSPF is a flexible model, and it 

allows simulation of selected water quality parameters at various time scales using established 

empirical, theoretical, and other laboratory derived process algorithms. The smallest discrete 

land unit in HSPF is defined as a Segment, which may be composed of various lumped land use 

types that dictate the effective pervious and impervious area. CE-QUAL-W2 is a two-

dimensional, fully hydrodynamic model, written in Fortran, which is widely used to simulate 

lakes, rivers, estuaries, and reservoirs (Cole and Wells, 2008). It is a computationally robust 

model that ensures efficient model execution by adjusting the timestep to the maximum 

allowable value without violating the hydrodynamic stability requirements. It allows for 

simulation of the fate and transport of various physical, chemical and biological constituents of 

water, such as temperature, dissolved oxygen, nutrients, algae, zooplanktons, macrophytes etc. 

However, CE-QUAL-W2 does not simulate overland runoff from the watershed.  
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Figure 4-1. Various models constituting the complexly-linked Occoquan system model with 
the model connections and their sub-basins. 

4.3 The Occoquan EDSS Design 
The Occoquan EDSS was designed with three key modules (Figure 4-2): the web-server (web-

module), the bridge-module, and the Distributed Model Execution Module (DME-module). This 

modular design was chosen, as opposed to an integrated single system, to allow extension to a 

more generalized development platform. With a generalized development platform, others 

seeking to implement a similar system may easily change modules and adapt water quality 

models to generate a similar EDSS. This EDSS has been designed for the Occoquan system, but 

it has the potential to act as a more general Environmental Integrated Modeling Framework 

(EIMF) for similar systems. An EIMF is simply as a set of components that may be reused to 

deliver an EDSS (Rizzoli et al., 2008). For this EDSS, the web-module and the DME-module are 

independent of the Occoquan system software and may be easily extended to any EDSS designed 

to analyze impacts of land use change on water quality. The bridge-module, however, is specific 

to the Occoquan system. It uses information about the Occoquan system modeling software to 
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receive input from the web-module, process the land use change input, give direction to execute 

the models on the DME-Module, and finally, retrieve results, as required. 

The three modules were designed primarily using Oracle® JAVA. Table 1 lists the functions of 

each module along with key design software and key tasks performed by each module. The web-

module organizes all the individual land use modifications (Runs), available in the database, into 

Scenarios. Scenarios are a collection of individual Runs, created by users, to group one or more 

Runs for easier analysis. The EDSS allows all authenticated stakeholders (users) to view all Runs 

and Scenarios available in the database via a web-browser. Users are also allowed to edit all 

Runs or Scenarios they have created, if Runs or Scenarios were created by other users they may 

still be edited by creating copies. Users also have the option to create new Scenarios and place 

existing Runs from the database in them. To modify land use, users may delineate polygons and 

other shapes over the current land use map or any other previously modified land use map. These 

land use modifications may be performed from the web browser in multiple sessions, saving as 

required after each session. Once all modifications are complete, users may then submit the Run 

to be analyzed. After analysis of the Run, results are made available to view for all users of the 

EDSS. The web-module also presents the results comparing various Runs in a Scenario. While 

comparing Runs, instead of displaying absolute magnitudes for the selected water quality 

parameter, relative difference from the current situation is displayed for all Runs compared. The 

results are available at various geographical scales from the whole watershed to the smallest 

subunit modeled, grouped by year, analyzed with the study period (2002-2007) and season 

(winter, spring, summer, and fall).  

The Occoquan Reservoir is classified as eutrophic, and various efforts are underway to reduce 

the export of nutrient flux form its tributary watershed to control further nutrient enrichment. 

Nitrogen and phosphorous nutrient loads represent major concern for the watershed, hence, 

species of nitrogen and phosphorus were chosen as water quality indicators to analyze the impact 

from land use modification. Dissolved forms of total inorganic nitrogen (TIN) and 

orthophosphate-phosphorus (OP) were chosen to represent nitrogen and phosphorus, 

respectively, as the Occoquan system models simulate these constituents consistently better than 

other forms of nitrogen and phosphorus. Also, these two dissolved inorganic forms (TIN and OP) 

are readily available for algal uptake. Along with nitrogen and phosphorus fluvial loads, hourly 
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peak streamflow (>90th percentile) and Dissolved Oxygen (DO) criteria violations in the 

reservoirs may be analyzed. The DO criterion is considered to be violated if in an un-stratified 

reservoir or in the epilimnion of a stratified reservoir the simulated DO concentration is less than 

4 mg/L. The epilimnion in a stratified reservoir is defined as the section of reservoir above the 

thermocline, where the temperature gradient is more than 1°C/m. This methodology is similar to 

the assessment method used by the Commonwealth of Virginia to classify a reservoir as impaired 

for DO (VADEQ, 2010). For the purpose of comparison, the violations are computed at the 

outlet of the reservoir based on the modeled daily average output and summed to get the annual 

DO criteria violations. Although only described water quality parameters were selected for 

analysis at this time, other parameters and complex water quality indicators may also be 

incorporated into the system.  

The bridge module analyzes the Runs submitted by users for execution. It uses the area and 

location of land use modifications to determine if any similar Run exists in the database. If a 

similar Run is found, then the results for that Run are used for analysis. Otherwise, the Occoquan 

system modeling software is executed, and new results are added to the database. Only the 

models simulating the portion of the watershed downstream of the area where changes were 

made are executed, as no water quality changes are expected in the upstream region. For the 

Occoquan system models, a Run is deemed as similar to another Run if the percentage difference 

in the area for all land use type within all segments is less than 5%. In the linked scenario, some 

sub-basin models may be deemed similar and stored results for the sub-basin may be used, while 

others may require additional model execution. In situations where some (but not all) of the 

models are similar, all the models downstream to the non-similar sub-basin model are executed. 

If multiple similar Runs exist, then the first similar Run found is used. This method of 

identification of similar model is flexible and can be easily adapted to other modeling systems. 
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Figure 4-2. Three modules that constitute the EDSS.
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The DME-module executes water quality models as required by the bridge module on a server 

cluster. The server cluster used here was a connection of disparate machines (different hardware 

and software) available on the local network, connected to work together as a single system. The 

cluster also has the ability to dynamically add or drop machines as they go online or offline, 

respectively. Kumar et al. (2012a) describe the design and operations of the server cluster in 

detail. The bridge-module acts as a client to the DME model and requests all model execution. 

All model executions for the EDSS were done to simulate the impact of land use modification. 

Thus, all other variable inputs are kept same as what was observed for the six year period from 

Jan 2002-Dec 2007, period for the Occoquan system model calibration.  

Table 4-1. Key tasks and design software for the three main modules in the EDSS. 

  

Module Key purposes/tasks Key design 
software/ packages 

Web 
Module 

• Organize and present information about Runs* and 
Scenarios** in the EDSS. 

• Generate reports with results of model executions and 
comparisons of Runs in different Scenarios.  

• Compare individual Run with the Base Run***. 
• Allow stakeholder to create, copy, and edit Runs or 

Scenarios.  
• Manage stakeholder authentication. 

Oracle Java EE 5 
ArcGIS Server Java 
Glassfish v 2 
  

Bridge 
Module 

• Analyze land use changes made by stakeholders. 
• Decide if one or more models constituting the linked 

Occoquan system model have to be executed. 
• Execute models on DMR-module. 
• Mine results after model execution and add it to the 

web-module database. 

Java SE (JDK 
update 19) 32 bit 
ArcEngine Java  
  
  

Distributed 
Model 
Execution 
Module 

• Manage local server cluster to execute models. 
• Execute models on local server cluster. 
• Return results of model execution. 

Java SE (JDK 
update 19)  
Java RMI 
  

* Runs are individual cases where a stakeholder changes the land use. 
** A Scenario is a collection of Runs; typically a collection of Runs in a Scenario has some 
common broad objective, like Runs done to analyze possible locations of a new development 
may be grouped in one Scenario.  
*** Base Run is the Run for 2002-2007 observed conditions.  
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4.4 Typical Application of the Occoquan EDSS: Development near Lake 

Manassas 

4.4.1 Example Scenario 

Lake Manassas is the primary water supply source for the City of Manassas and other areas 

around the city. The Lake Manassas watershed, which lies entirely inside the Occoquan reservoir 

watershed, faces increasing development pressure due to its proximity to Washington DC (DC) 

and easy accessibility from DC through Interstate 66. In this example, four different spatial 

arrangements (Runs 1 to 4) for new developments were analyzed (Figure 4-3). All four 

arrangements increased the urban landuses by the same amount. The spatial locations of these 

four land use modifications, however, were different. At different locations, the difference in the 

nature of the base land use replaced and other factors related to flow routing are expected to 

change the amount of net nutrients flux exported to the lake. To estimate these differences in 

fluvial loads exported, fluvial loads for OP and TIN were analyzed at the point of entry into the 

Lake and compared with the base (pre-development) scenario. The objective of the study was to 

use the simulation results to identify the best location for the new development along with the 

expected increase in the fluvial nutrient load due to these developments. Such information may 

be used to design appropriate on-site or off-site mitigation strategies to reduce net nutrient flux to 

pre-development levels.  

To simulate the four test cases a new Scenario was created (Figure 4-4). Subsequently, Runs 

were added to the Scenerio (Figure 4-5). The new development proposed was deliniated over the 

existing land use (Figure 4-6). For this Scenario, Run 1 was deliniated using the tools within the 

EDSS, and appropriate urban landuses were assigned. Runs 2, 3, and 4 were created as copies of 

Run 1, with the location of the new developments moved to reflect the setting being analyzed. 

After completing the edits, Runs were marked as finished. Once marked as finished, the EDSS 

executed the required water quality modeling software. After completion of the model exceution, 

results of the simulation were available for analysis (Figure 4-7).  
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Figure 4-3. Developments near Lake Manassas analyzed for water quality impact.
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Figure 4-4. Screenshot showing the creation of a new Scenario in the EDSS. 
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Figure 4-5. Screenshot showing the addition of a new Run to the Scenario. 
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Figure 4-6. A screenshot sample of the land use editing page.

The polygon shows creation of a 
segment where the land use will be 
modified.  
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Figure 4-7. Screenshot showing a sample of result analysis page. 
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4.4.2 Results Analysis 

Following model execution, results from the EDSS may be used to generate graphs as shown in 

Figure 4-8. The graphs may be used to analyze the water quality changes due to the 

developments analyzed. Year 2003 had the highest precipitation in the 2002-2007 period and 

consequently, the fluvial load exported in that year was higher. The increase in fluvial loads from 

the base condition showed similar trends for both constituents examined, with the increase in 

both TIN and OP highest for 2003 (Figure 4-8). The OP fluvial load increase in all four Runs 

was similar on average and had limited value in discriminating between Runs. OP is actively 

cycled in the natural environment, and similar OP loads do not imply that other species of 

phosphorus or Total Phosphorus will be similar.  

TIN fluvial flux showed larger differences among Runs analyzed. Runs 2 and 3 had higher 

average increases in TIN fluvial loads than Runs 1 and 4. Between Run 1 and 4 in 2003, the year 

with the maximum increase in fluvial nutrient loads, Run 1 showed a lower increase in TIN and 

OP fluvial load compared to Run 4. From these observations, it may be concluded that the land 

use modification represented by Run 1 is the better alternative from a water quality standpoint. 

Year 2003 had higher fluvial loads along with higher runoff volume. Under these conditions it 

may be expected that the mitigation Best Management Practices (BMPs) will perform sub-

optimally. Run 1, in 2003, has the least excess nutrient export for TIN and close to the least 

excess export for OP among the Runs analyzed. This observation reinforces the choice of Run 1 

as the preferred alternative. It may be noted that Run 1 replaced the least amount of undisturbed 

forest area for developments among the alternatives, which might have contributed to the lower 

fluvial load transport in Run 1.  
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Figure 4-8. The fluvial load increase observed from the development scenarios analyzed. 

This analysis presented the simulation results for the four Runs from a water quality standpoint. 

Stakeholders may use this information along with other considerations to make an informed 

decision on alternatives for land use change. Also, the water quality at the entrance to the lake, 

which was chosen to evaluate the schemes, is one of many possible ways to analyze results 

obtained from the EDSS. Other examiners may choose to analyze water quality at other critical 

locations and possibly arrive at different conclusions. It is vital to note that due to the inherent 

uncertainty in simulating natural processes, these results provide only an estimate of expected 

water quality impacts. However, in absence of any other better estimate these results may be 

used for development purposes. Run 1, which appears to be the best development scenario from 

the analysis presented, might not be viable for other reasons (e.g., financial, legal, regulatory, or 

other practical considerations) and another Run might prove to be preferable. Another important 

output from the EDSS is the expected magnitude of increase in nutrient fluvial loads, which may 

be used to design BMPs as mitigation strategies.  
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4.5 Conclusions 
A Decision Support System (DSS) is a computer/technology solution to structured problems, 

which, in turn helps in the overall management of unstructured scenarios. The Occoquan system 

EDSS is a similar tool that may be used to assess the impacts on water quality due to 

development, and other land use changes in the watershed. This was demonstrated by the 

example which used the EDSS to assess four alternative development scenarios in the northern 

region of Occoquan Watershed (above Lake Manassas). As discussed earlier, the results obtained 

from the analysis could also be employed to design mitigation strategy that may be used to limit 

the extra fluvial nutrient loads expected from the chosen development. The Occoquan system 

EDSS provides stakeholders the ability to perform following tasks:  

• modify the current land use and create Runs  

• group Runs into Scenarios for comparisons and further analysis  

• share Scenarios and Runs with other users  

• execute water quality models to assess the impacts of the land use modifications 

• present results in a manner that allows for comparison of various water quality indicators, 

for each Scenario and/or Run, at various geographical scales 

This EDSS was designed for analysis of water quality impacts due to land use modifications, and 

hence the features mentioned above were developed. However, the utility of the EDSS is not 

limited to analyzing the water quality impact of land use modifications. The system, with some 

additions, may be employed to analyze and educate the stakeholders about other issues, such as 

the impact of climate change that might be analyzed by modifying the precipitation patterns 

along with land use.  

One of the issues that have limited wide adoption of traditional modeling software by non-expert 

watershed planners has been the lack of user-friendliness (Johnson, 2009; Koehler and Koontz, 

2008; Korfmacher, 2001; Murdock et al., 2005; Smith Korfmacher, 1998). Web-based EDSSs 

may remove some of these usage barriers by making the model interface more user-friendly and 

intuitive. Though advantageous for encouraging stakeholder partnership, the EDSS relies on the 

robustness of the underlying modeling software to simulate the impact on water quality from 

land use change. HSPF and CE-QUAL-W2 software drive the Occoquan system model. These 



 
 
 

105 
 
 

models have been widely applied for forecasting water quality as these models are based on 

fundamental governing equations and verified empirical relationship (Bicknell et al., 2001; Cole 

and Wells, 2008). Further, the land use modifications done through this EDSS are limited to the 

land use types already used in the Occoquan system model. No new, previously un-calibrated, 

parameter is thus introduced by changing land use in these simulations. Nevertheless, when 

applying the EDSS, it must be kept in mind that water quality results obtained through this 

system and any other modeling system are subject to various uncertainties. These uncertainties 

stem from raw data unreliability, knowledge deficiency in model software development, 

deficiencies in model development, validation or calibration, and various other human factors 

(Brugnach et al., 2008; Maier et al., 2008). Users of this system should be aware of these 

limitations of software models before gainfully utilizing the EDSS. 

Executing complex water quality models without the added functionality of the EDSS to analyze 

the proposed changes may be expensive in terms of time and monetary investment. Further, these 

simulations, if done without an EDSS, would rely heavily on water quality experts, which might 

subject the simulation outcomes to expert biases. Through an EDSS, the underlying tasks may be 

performed efficiently, and the eventual consumer of information may have more control over the 

operations, including designing scenarios to be analyzed, and analyzing the water quality result 

obtained. By providing active stakeholders an opportunity to use these calibrated models 

directly, the EDSS may also enhance the implication of the water quality models on decision-

making process. In addition, there is a significant stakeholder education and outreach benefit 

from the EDSS regardless of the outcome and influence of the EDSS on the decision making 

process.  

4.6 Software Availability 
At present, an installable distribution of the software has not been created. The authors may be 

able to provide some source code for Occoquan system specific implementation. Other 

proprietary software will be required to execute the code in its present form. 
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Chapter 5. Nutrient Load Reduction Required for Reaching the Pre-

Development State in the Occoquan Watershed 
Saurav Kumar, Thomas J. Grizzard, and Adil N. Godrej  
Occoquan Watershed Monitoring Laboratory, Civil and Environmental Engineering, Virginia 
Tech, Manassas, Virginia 

 Abstract 

Pre-development conditions offer a simple and easily understood state to which 

watershed/waterbody nutrient reduction targets may be referenced. The pre-development 

nitrogen and phosphorus loads to the Occoquan Reservoir from its tributary watershed in 

Northern Virginia, U.S. were estimated using the calibrated water quality models for the period 

2002-2007, and current forest type land use as a surrogate to simulate pre-development land use 

conditions for the watershed. The differences in annual loads between pre-development and 

current land use scenarios were estimated to be 150-250 metric tonnes for Total Inorganic 

Nitrogen (TIN) and 3-15 metric tonne for Orthophosphate-Phosphorus (OP), respectively, 

depending on whether a year was classified as dry or wet. Within the study period (2002-2007), 

these differences represented about 30% of the TIN and OP average annual loads exported to the 

reservoir. Comparison of the two dominant disturbed land use types, urban and agricultural, 

showed that urban landuses exported significantly more nonpoint nutrient load (per unit area) 

than agricultural type landuses. Historical data show that water quality in the Occoquan 

Reservoir has not declined significantly after control of point sources with advanced treatment. 

However, there has been a concomitant increase in nonpoint source and urban runoff loads, 

suggesting that the Best Management Practices (BMPs) employed for urban stormwater 

management in the region have been effective in limiting further water quality degradation. 

Nevertheless, significant differences between simulated pre-development and current nutrient 

loads exist, and it has been observed that the nutrient load excess will further increase with future 

urban development, even with the utilization of current stormwater management strategies. 

However, better implementation and maintenance of existing BMPs, adoption of enhanced 

treatment technologies for stormwater remediation, and new control strategies, such as Low 

Impact Development (LID) employed beyond current BMP schemes may present a means of 

reducing nutrient loads closer to pre-development levels. 
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5.1 Introduction 
The Occoquan Reservoir, like many other freshwater reservoirs in the United States (U.S.) with 

urbanizing watersheds, is eutrophic. Nationally, the eutrophication problem is widespread, as 

evidenced by an USEPA (2009) estimate based on chlorophyll-a (Chl a) concentrations 

suggesting that more than 50% of U.S. lakes may be classified as eutrophic (7-30 µg/L Chl a) or 

hyper-eutrophic (>30 µg/L Chl a). For the “coastal plain ecoregion”, which constitutes areas of 

the eastern seaboard from Florida to New-Jersey, 60% of lakes were classified as eutrophic, 34% 

were considered hyper-eutrophic, and the percentage of oligotrophic (≤2 µg/L Chl a) lakes was 

negligible. Eutrophication has been known to be caused by both autochthonous and 

allochthonous nutrient input to waterbodies. Numerous anthropogenic activities and 

developments, such as farming, urban development, mining, and industrial development have 

increased nutrient inputs to waterbodies by both increasing the amount of available nutrients and 

reducing the natural buffers/sinks. It has been observed that once the limiting nutrient flux, such 

as labile phosphorus for most freshwaters, enters the waterbody (even if episodic), a rapid 

increase in algal productivity occurs until the excess nutrient is exhausted (Wetzel, 2001). If the 

limiting nutrient flux is not sustained, the algal productivity in the waterbody may fall back to 

prior levels. Periodically, under appropriate conditions, autochthonous cycling of the limiting 

nutrient in the waterbody may increase the availability and thus the algal productivity. 

Nutrient enrichment may result in Harmful Algal Blooms (HABs), which may be broadly 

defined as all algal blooms that have a negative impact to the aquatic ecosystem with or without 

direct production of toxins (Heisler et al., 2008). In the Occoquan Reservoir, occasional HABs 

have resulted in fish kills, forced application of algicides to the waterbody, impacted water 

treatment operations, and caused aesthetic degradation of the reservoir (OWML, 2005). Strong 

relationships have been observed between the occurrence of HABs and phosphorus loadings in 

fresh water (Wetzel, 2001). Further, there is global evidence, along with experimental studies, 

that show increases in the intensity, size, and duration of HABs with increased nutrient loading 

(Heisler et al., 2008). Nutrient enrichment is not the only cause of HABs; other environmental 

conditions may also have an important role in proliferation of HABs in recent times (Anderson et 

al., 2002). However, it has been suggested that controlling nutrient loadings in most watersheds 

may offer significant mitigation to HABs (Heisler et al., 2008; Paerl, 2001).  
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Watershed development and other anthropogenic activities in recent decades have increased both 

chronic and episodic nutrient loads for many waterbodies with negative water quality 

consequences (Downing et al., 1999; USEPA, 2009). It has been estimated that a conservative 

cost of human-induced eutrophication in the U.S. is $2.2 billion (Dodds et al., 2008). Transport 

of nutrients to a waterbody is essential for survival of aquatic ecosystems. Biological 

composition and species found in the waterbodies may be dependent on the availability of the 

nutrient. For example in Lake Ontario decline of Atlantic salmon and subsequent establishment 

of alewife and sea lamprey has been attributed in part to changing nutrient conditions and 

eutrophication (Smith, 1972). For most urbanizing system such changes in the aquatic ecosystem 

are undesirable and the management goal is to reduce the excess nutrient flux entering the 

waterbody, thereby limiting the negative impacts of eutrophication. Pre-development 

background nutrient loads (also referred to as pristine conditions) may be used as a benchmark to 

establish the amount of degradation the system has experienced and to design water quality 

standards and criteria (Gibson et al., 2000). Pre-development loads vary between regions based 

on geomorphological conditions of the waterbody and its watershed. In addition, in watersheds 

lacking readily available reference sites, assessing such loads may require further investigation 

(Smith et al., 2003). The USEPA technical guidance manual (Gibson et al., 2000) suggests 

various methods to estimate background loads, ranging from the utilization of statistical 

information on the lakes in the region to applying lake models to extrapolate background 

conditions.  

Both point and nonpoint sources of nutrients contribute to eutrophication in waterbodies. It has 

been widely recognized that various point sources in many U.S. watersheds have been 

effectively controlled; making agricultural and urban nonpoint sources of nutrients the major 

contributor of fluvial nutrient loads to freshwater systems (Carpenter et al., 1998; Dodds et al., 

2008; Muthukrishnan et al., 2004; Novotny, 1988). In the Occoquan Watershed, most point 

sources of water pollution were controlled after formulation and subsequent implementation of 

the Occoquan Policy (SWCB, 1971) and it is estimated that the major source of nutrients in the 

watershed are now diffused or nonpoint sources (OWML, 2005; Randall and Grizzard, 1995). 

Studies have focused on controlling nonpoint pollution in the last few decades, and it is clear that 

solutions to the problem of nonpoint source pollution involve the application of Best 
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Management Practices (BMPs)(Barrett, 2008; ISBD, 2012; Liu, 2011; Scholz, 2005; Simpson 

and Weammert, 2009; Strecker, 2001, 2004; USEPA, 2012b).  

BMPs may be loosely defined as any operational activity, physical control, or educational 

scheme designed and applied for the purpose of reducing nonpoint pollution (Muthukrishnan et 

al., 2004). In the U.S., many states and local governments have adopted various BMPs to control 

and abate the problems of nonpoint pollution. There are many guides and handbooks published 

by federal, state, and local agencies (NVRC, 1992; USEPA, 2012b; VADCR, 1999) that are 

available to assist in BMP design. However, in many cases, the real-world effectiveness of many 

BMPs is still not well established. It has been observed that efficiencies and effectiveness from 

pilot-scale studies cannot be successfully applied at the watershed scale (USEPA, 2010). Also, 

not much reliable data are available on longer-term monitoring and post-implementation 

maintenance of BMPs (GC&WWE, 2009; Strecker, 2001; USEPA, 2010). Two major problems 

which hamper application of literature estimates of BMPs efficiency are the localized nature of 

BMPs which makes it hard to apply efficiency estimates observed from one region to another, 

and the lack of consistency in the literature data about BMP performance, where under-

performance is not often reported (USEPA, 2010). It is also important to note that various BMPs 

are designed for different purposes and, further, BMP types range from educational initiatives to 

structural treatment options, which often makes it difficult to develop meaningful performance 

comparisons.  

One typically-employed measure of BMP effectiveness is concentration-based percentage 

removal efficiency. This measure has some limitations as it only accounts for inlet and outlet 

concentrations neglecting volume, actual concentration and total load. Other issues reported with 

using this percentage effectiveness, include flow paths that were not captured, time lags in 

response, improper handling of outliers in the dataset, inconsistency in reporting frequency, and 

improper usage in modeling exercise as a constant regardless of influent concentration 

(WWE&GC, 2012). As a performance measure, concentration based percent efficiency may also 

be deceptive, because of the higher values typically found with high influent stormwater 

concentrations of some constituents. To avoid these problems with BMP efficiency estimation, it 

is generally recommended that multiple measures including influent concentration, effluent 

concentrations, flow reduction, and load reduction should be used. Although BMPs offer 
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potential solutions to nonpoint pollution problems, planners should take the issues relating to 

reporting of efficiencies of BMPs into account while setting expectations for nonpoint pollution 

control and applying them at the watershed scale (Strecker, 2004).  

In this paper, we estimate the background nutrient loads for the Occoquan Reservoir by using an 

available, previously calibrated, water quality model for the Occoquan Reservoir and its 

watershed. We were also able to classify the locations and land use types where most of the 

excess nutrients, compared to the pre-development stage, originated. The local jurisdictions in 

the Occoquan Watershed were among the early adopters of BMPs, and most urban and 

agricultural land in the watershed already has implementations of conventional stormwater 

management practices. The excess watershed nutrient loads computed by this analysis have 

highlighted the anticipated inadequacy of the current BMP implementation scheme to effectively 

return developed lands to the pre-development condition with respect to nutrient export. We have 

also recommended some novel BMPs that may aid planners in the region in future development 

and retrofitting of existing BMPs.  

5.2 Study Area: The Occoquan Reservoir and its Watershed 
The Occoquan Reservoir serves as an important raw water reservoir for water supply in Northern 

Virginia. Together, the Potomac River and the Occoquan Reservoir are the main raw water 

sources for Fairfax Water (FW), and serve about 1.7 million people in Northern Virginia (FW, 

2012). The estimated capacity of the impoundment is about 31.4×106 m3 at a full pool elevation 

of 37.2 m above mean sea level (msl) (OWML, 2006). The safe yield of the reservoir is 

estimated to be about 2.5×105 m3/day (Xu et al., 2007). Lake Manassas, another important 

impoundment in the Occoquan Watershed, has a volume of 15.4×106 m3 at a full pool elevation 

of 86.7 m msl and a safe yield of about 6.4×104 m3/day (Xu et al., 2007). The Occoquan 

Reservoir is a run-of-the-river type reservoir created by flooding the stream valley along its 

longitudinal axis, and is characterized by a long and narrow riverine shape. Details about the 

system may be obtained from a water quality assessment report by OWML (2005). 

The Occoquan watershed area is about 1.47×105 ha. Using the land use data obtained from 

Northern Virginia Regional Commission (NVRC) it was estimated that the watershed area 

consists of 56% forest, 17% agriculture, and 26% urban/suburban land. The watershed extends to 

part or all of four counties and three cities in Northern Virginia. Figure 5-1 and Figure 5-2 show 
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the jurisdictions in the watershed and their land use composition. In the last few decades, 

because of its location in the developing suburbs of Washington DC, there has been a steady 

increase in urban land use (Dougherty et al., 2007). In 1982, some of the area in Fairfax County 

adjacent to Occoquan reservoir was downzoned to allow one dwelling unit per five acre 

(downzoned area). In contrast, area in Prince William County were allowed to develop adjacent 

to the reservoir were allowed to develop.  

 

Figure 5-1. Land use in Occoquan Watershed. 
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Figure 5-2. Land use for jurisdictions within Occoquan Watershed. 

Approximately 10 years after the 1957 completion of the high dam impounding the Occoquan 

Reservoir, severe water quality problems related to nutrient enrichment were being experienced 

(OWML, 2005; Randall and Grizzard, 1995). In 1968, responding to concerns that the drinking 

water source would be compromised, the Virginia State Water Control Board (VSWCB) 

commissioned a study to determine the causes and potential remedies for the extensive 

eutrophication problem in the reservoir. The study was completed in 1970 and identified sewage 

discharges from eleven publicly owned treatment works (POTWs) as the primary cause of the 

water quality problems being experienced. Findings and recommendations of the study led to the 

adoption of “A Policy for Waste Treatment and Water Quality Management in the Occoquan 

Watershed” (SWCB, 1971). This so-called Occoquan Policy required construction of a state-of-

the-art advanced water reclamation facility (WRF) for high performance removal of organic 

matter and nutrients. The Upper Occoquan Service Authority (UOSA) WRF replaced eleven 

older treatment plants and led to subsequent significant improvement in water quality of the 

reservoir and increased safe yield (OWML, 2005). The Occoquan Reservoir is one of the earliest 
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examples of planned indirect potable reuse of water to augment water supply in the U.S. and still 

continues to receive highly treated water from UOSA WRF to augment the water supply yield 

for the reservoir.  

5.2.1 The Occoquan Reservoir and Watershed Water Quality Models 

The Occoquan Reservoir and Watershed system model is a complexly-linked water quality 

model, designed using seven implementations of the Hydrological Simulation Program–Fortran 

(HSPF) (Bicknell et al., 2001) and two implementations of CE-QUAL-W2 (Cole and Wells, 

2008) software executed in a serial manner (Figure 5-3). Seven HSPF models are used to 

simulate seven sub-watersheds, each model representing one sub-watershed, and two CE-QUAL-

W2 models are used to simulate the two major waterbodies the Lake Manassas, and the 

Occoquan reservoir. The downstream models rely on output from the upstream models and 

hence are executed after all models upstream have finished execution. The system is considered 

complexly-linked as the models use the output from upstream model, if any. This approach may 

be contrasted to the more typical linked scenario where each model is individually calibrated to 

the observed data. Such complexly-linked model applications are expected to mimic the 

naturally-connected systems better (Xu et al., 2007). HSPF and CE-QUAL-W2 were selected for 

the simulation system for a variety of reasons, including compatibility with prior work in the 

watershed, their open source nature, and a wide user base.  

HSPF is a lumped parameter, hydrological program, and is currently included in the USEPA 

Better Assessment Science Integrating point & Nonpoint Sources (BASINS) suite (USEPA, 

2012a). It may be used to simulate hydrological process, such as surface runoff, interflow, base 

flow, and snowmelt. It also has the capability to simulate various water quality parameters, such 

as nutrient flow, dissolved oxygen concentrations, sediment transport associated with pervious 

and impervious land, stream and well-mixed waterbodies. HSPF is a flexible model, and allows 

simulation of selected water quality parameters at various time scales using established 

empirical, theoretical, and other laboratory derived process algorithms (Bicknell et al., 2001). 

Precipitation and other meteorological records are required as input along with information about 

the land use, the terrain simulated, and the morphology of streams and impoundments. 

Depending on the parameters simulated, other inputs may be required. For example air 

temperature, dew point temperature, solar radiation and wind are required to simulate snow melt. 
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HSPF is computationally robust and is widely used to simulate water quality and runoff in 

watersheds and streams. However, it has limited ability to simulate complex hydrodynamic 

process in lakes and reservoirs (Bicknell et al., 2001; Borah and Bera, 2004). The smallest 

discrete land unit in HSPF is a ‘segment’. A segment may be composed of various lumped land 

use types dictating the effective pervious and impervious area. It is important to note that the 

specific location of different landuses within a given segment is immaterial, as all land use 

characteristics within a segment are lumped into pervious and impervious land types. Finally, 

there is a limit of 500 operations that may be simulated in single model execution, which results 

in a limitation on the number of Segments that may be included in a single HSPF simulation. 

This limitation may be overcome by using multiple linked HSPF models as shown in Figure 5-3, 

where two HSPF models have been linked in the Bull Run watershed (Bull Run and Upper Bull 

Run) to enable finer segmentation.  

CE-QUAL-W2 is a two-dimensional, laterally averaged, hydrodynamic software program, 

written in FORTRAN, and widely used to simulate lakes, rivers, estuaries, and reservoirs (Cole 

and Wells, 2008). The model has been under continuous development since 1975, and the 

current version allows for Graphical User Interface (GUI) based pre- and post-processing 

activities. It is a computationally robust model that has the ability to adjust the timestep to 

maximum possible value without violating the hydrodynamic stability requirements. Key input 

requirements for the model include waterbody bathymetry, meteorological data, inflow volumes 

and constituent fluxes. The model supports simulation of the fate and transport of various 

physical, chemical and biological constituents and characteristics, including temperature, 

dissolved oxygen, nutrients, algae, zooplankton, and macrophytes. However, CE-QUAL-W2 

does not simulate overland runoff from the watershed. HSPF, on the other hand, has the ability to 

simulate streams and overland flows, but has limited ability to simulate reservoirs. The 

Occoquan system model, has been developed to take advantage of the strengths of the two 

component models, and uses a complexly-linked approach for simulations of both the watershed 

and reservoir. For this study, model executions were performed using the Locally-Distributed 

Model Execution (LDSME) system designed for the Occoquan Reservoir and its watershed 

(Kumar et al., 2012a). The LDSME connects computers on a local area network to create a 

server grid that enables seamless, multiple simultaneous complexly-linked model simulations. 

Using the LDSME allowed for faster simultaneous simulations and also helped in result analysis.  
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Figure 5-3. Model connection for the Occoquan system model. 

 
 

 



 
 
 

119 
 
 

5.3 Simulations 
In this study, the Occoquan system model was used to understand nonpoint nutrient export from 

current land use pattern by hindcasting pre-anthropogenic development era water quality. The 

model simulations, described below, were designed for the following reasons:  

• simulate pre-development nutrient loads entering the Occoquan Reservoir  

• estimate the excess nonpoint nutrient loads for current conditions (when compared to the 

pre-development condition)  

• estimate the impact of future growth scenarios on nutrient excess exported  

5.3.1 Simulations Using the Occoquan Watershed Models  

The Occoquan Watershed Models have been calibrated and validated for observed conditions in 

the 2002-2007 period. An initial requirement of the study approach was to estimate the pre-

development conditions in the watershed before any anthropogenic activities had affected the 

region. No direct measurements of observed water quality of that era exist, and indeed, the 

existing reservoirs in the watershed would not have existed in the pre-development state. In 

addition, most other water bodies and watersheds in the region, which might have served as 

surrogates, have also experienced changes due to varying degree of development, thereby 

rendering them ineffective as references for pre-development conditions. The Occoquan 

Reservoir was created by the construction of the high dam by the Alexandria Water Company in 

1957. The fact that the site was selected at that time for development as a water supply reservoir 

provides some evidence of the existence of good water quality in the area. In the absence of any 

direct method to quantify past conditions, the modeling system was used to develop a hindcast 

simulation of the pre-development era. The simulated pre-development loads offer a reasonable 

alternative to establish a baseline against which other changes to the watershed may be assessed. 

Similar schemes for using calibrated models to extrapolate water quality for past or future land 

use changes have been used by others (Beighley et al., 2003; Brun and Band, 2000; Choi and 

Deal, 2008; McColl and Aggett, 2007; Shenk and Linker, 2002; USEPA, 2010). 

5.3.2 Simulation Scenarios 

The Occoquan system model uses ten land use classifications, which are broadly grouped into 

four basic categories:  
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1. Agricultural, including landuses with various crop management practices and pasture 

land 

2. Urban, including residential units, commercial, institutional and industrial establishments 

3. Forest, including forest and other wooded regions 

4. Waterbodies, including two major water supply reservoirs, and other smaller lakes and 

ponds 

To create a scenario for the pre-development condition, all existing landuses except forest and 

waterbodies, were changed to forest, and the model system was executed for the years 2002-

2007. Parameters and data sources required for model execution, excluding land use, such as 

meteorology, precipitation, point sources, stream characteristics, and land slope were the same as 

were used for the 2002-2007 calibration. The Occoquan Watershed has one major point source 

input from the UOSA WRF, which discharges a short distance upstream of the reservoir. 

Because our intent was to examine land use effects on nonpoint source export, the point source 

load from UOSA was not changed between simulations. The nonpoint source loads were 

computed by subtracting the WRF constituent loads from the total simulated loads.  

Another simulation was done to estimate the amount of excess nutrient load, compared to the 

forested baseline conditions, originating from existing urban and agriculture land use categories. 

The excess agriculture nonpoint source nutrient load was estimated by simulating water quality 

in the Occoquan Watershed after converting all the agriculture area in the watershed to forest, 

while keeping urban and forest land use the same. The total excess and the agriculture excess 

were then used to compute the urban excess.  

It may be noted that these simulations do not add any unknown or new estimated coefficients. 

Various HSPF segments of the current calibrated models have forest, agriculture, and urban 

landuses and the empirical constants required to simulate these land use have already been 

calibrated, thus reducing the approximation required in these simulations. Increasing one of the 

landuses for a simulation scenario reduces equivalent area for other landuses in the segment, but 

does not add any unknown or new estimated coefficients. Also, because HSPF is a lumped 

parameter model, changing a given land use type does not impact constituent export from other 

land use types. For example, changing urban land use to forest in a segment does not impact the 

simulated constituent export from the remaining agriculture land use in the segment, thereby 



 
 
 

121 
 
 

allowing the change to be examined in isolation. Nevertheless, it should be noted that there are 

no direct methods available to verify the loads obtained for these simulations of the pre-

development era. For that reason, such loads should be used only for broad planning purposes, 

setting goals for continuous improvement, and assessing trends. 

5.3.3 Constituents of Interest: TIN and OP 

Phosphorus and nitrogen are the two principal nutrients most often identified with the excess 

primary productivity associated with eutrophication. Algal production in the Occoquan 

Reservoir, as is the case in many other fresh water systems, is known to be largely limited by the 

availability of phosphorus (Van Den Bos, 2003). By contrast, the Chesapeake Bay, to which the 

Occoquan Watershed is tributary, is thought to be both nitrogen and phosphorous limited at 

different stages of algal growth (Malone et al., 1996). Of the various soluble and particulate 

forms of nitrogen and phosphorus available for simulation by the modeling system, Total 

Inorganic Nitrogen (TIN) and Orthophosphate Phosphorus (OP) were chosen for this 

investigation, largely due to prior observations of better prediction capability for these forms. In 

addition, TIN and OP represent the dissolved forms of nitrogen and phosphorus, respectively, 

most readily available for uptake by algae, and are used to study nutrient limitation in 

waterbodies (Malone et al., 1996; Wetzel, 2001). Because the major concern with nutrient 

enrichment is the stimulation of algal blooms, knowledge of the effects of land use changes on 

nutrient loading may be expected to provide useful guidance in considering appropriate 

management strategies. It should be noted, however, that although the simulations have been 

performed with TIN and OP, many regulations and discharge limits in the U.S. are based on 

Total Nitrogen (TN) and Total Phosphorus (TP). While TN and TP loads may not be easily 

estimated from TIN and OP simulations, historical data may be used to provide insights into the 

relationships between the total and inorganic forms of the nutrients.  

5.4 Results 

5.4.1 Nutrient Loads in the study period 

Water quality simulations utilizing the conditions of the 2002-2007 period demonstrated that the 

annual average nonpoint source fluvial loads for TIN and OP were strongly influenced by 

precipitation. As expected, increases in precipitation were accompanied by increases in runoff, 

which in turn, increased the fluvial nonpoint nutrient load. Historical precipitation records from 
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1983-2006 and the observed annual nonpoint load for TN and TP from OWML field studies also 

displayed the same trend, as shown in Figure 5-4. In the study period, the annual precipitation in 

2003 was much greater than average (Figure 5-5), and as expected, the nonpoint source nutrient 

loads were also larger. The total annual OP fluvial load exported to the Occoquan Reservoir in 

2003 was estimated to be 2.4 times the average for the period (2002-2007) and the TIN load was 

1.5 times the average annual fluvial load.  

 

Figure 5-4. Observed TN and TP nonpoint annual loads as functions of Theissen average 
rainfall for the period 1983-2006. 

 

Figure 5-5. Average annual rainfall in the Occoquan Watershed for years 2002-2007.  
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Simulated annual watershed fluvial loads for OP and TIN are shown in decigrams per square 

meter (dg/m2) for 2003, 2004, and 2007, in Figure 5-6 and Figure 5-7, respectively. Although the 

magnitude of the simulated loads was different for the years studied, the spatial distribution of 

the load sources within a given year remained essentially the same. As may be seen in the 

figures, the load production for both nutrients were greater from the developed areas of the 

watershed (refer to Figure 5-1 for land use distribution).  

To account for load variability in the simulations due to differences in hydrometeorologic 

conditions, three scenarios were evaluated: 

1. the dry year scenario represented by year 2007 

2. the wet year scenario represented by year 2003 

3. the average scenario representing average among for the study period 

Figure 5-8 shows annual average flows and annual average concentrations of TIN and TP for 

both the wet and dry year simulations. The simulation results also showed that the dry-year 

produced smaller loads and higher concentrations for both constituents, while the wet-year 

produced higher loads but lower concentrations, possibly due to greater dilution from direct 

runoff. The concentrations of the constituents carried in stormwater are known to influence 

removal efficiencies reported for some BMPs. Higher inflow concentrations with lower flows 

may be expected to yield better removal efficiencies than lower concentrations and higher flows 

for most treatment type BMPs (ISBD, 2012). It follows then that most treatment BMPs would be 

expected to perform better in dry years. The difficulty, of course, is that greater watershed 

constituent fluxes are produced in wet years, and the impacts of higher flows on BMP 

performance at the catchment level may compound the problem for nonpoint source control.  
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Figure 5-6. Simulated average annual and study period average OP load. 

OP Load in decigrams/m2 
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Figure 5-7. Simulated average annual and study period average TIN load. 

TIN Load in decigrams/m2 
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Figure 5-8. Overland flow and nutrient concentrations simulated for the Occoquan 
Watershed. 

Wet Year  Dry Year  
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5.4.2 Pre-development baseline 

A BMP-based watershed management strategy may involve multiple targets, such as pristine 

background conditions, nutrient criteria for the receiving water body, BMP coverage in the 

watershed, use attainment goals for the water body, or variable combinations of the foregoing, to 

track and manage remediation (Wagner and Corbin, 2003). Pristine conditions, however, may 

offer a universally applicable, albeit difficult to achieve, reference point by which the success of 

management action may be judged. Use of such a “reference best case scenario” may also help in 

understanding the waterbody and watershed system (Gibson et al., 2000).  

In this study, pre-development conditions were simulated by changing all landuses in the 

watershed model to forest, which may be taken as the nutrient load state with no anthropogenic 

activity present. The difference between simulated constituent loads for the current land use and 

loads estimated by modeling the entire watershed as forest was taken as the estimate of fluvial 

load increase due to development (both agricultural and urban), or the developed excess (Table 

5-1). As noted earlier, the nutrient load contribution from the UOSA WRF was held constant 

through all simulations and was subsequently removed from all scenarios by subtraction, thereby 

enabling direct comparison of the baseline and future development land use scenarios.  

Table 5-1. Estimates of total annual nonpoint loads for the Occoquan Reservoir. 

 

Pre-
development 

baseline  

Current land 
use  

scenario 
Developed 

Excess 
Annual TIN Loads (kg) 

Wet year 8.1E+05 1.1E+06 2.5E+05 
Dry year 1.9E+05 3.0E+05 1.1E+05 
Average 3.7E+05 5.2E+05 1.6E+05 

Annual OP Loads (kg) 
Wet year 4.2E+04 5.6E+04 1.5E+04 
Dry year 6.7E+03 9.7E+03 3.0E+03 
Average 1.6E+04 2.3E+04 6.6E+03 

 

5.4.3 Contribution from agricultural and urban land use types 

Current land use data show that the Occoquan Watershed has approximately 17% agricultural 

and 26% urban land. These two categories include most of the land disturbed due to 

anthropogenic activity. It follows then that most BMP implementation strategies would be 
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directed towards controlling changes observed in water quality and quantity from these same 

landuses (Muthukrishnan et al., 2004; Simpson and Weammert, 2009). The excess over forest 

fluvial nutrient load contribution from agricultural landuses was estimated by simulating annual 

loads where all agricultural lands were converted to forest, and subtracting from the annual loads 

simulated with the present land use scenario.  

The agricultural excess nutrient export was found to relatively insensitive to changes in flow 

conditions over the period simulated, particularly when compared to the simulated variations in 

urban excess nutrient export (Figure 5-9). Controlling for area in the simulations, the urban 

contribution to annual nutrient load was found to be higher than the agricultural contribution, 

except for the TIN load in the dry year, where both the urban and agricultural landuses were 

predicted to have similar contributions to the total excess (Figure 5-10). For OP, the urban land 

use again accounted for a higher percentage of load (per unit area). However, only small 

differences were predicted in the urban contribution fraction between wet and average condition. 

Higher nutrient contributions per unit area by urban and suburban landuses have also been 

predicted for the much larger Chesapeake Bay Watershed (USEPA, 2010). However, at the 

present time, the net nutrient load from urban/suburban landuses is lower in the Chesapeake Bay 

watershed when compared to agricultural load, because of the much larger net agricultural area 

in the Bay watershed. Increases in urbanization have been reported in the Chesapeake Bay 

Watershed with coincident reductions in agricultural and other natural land use such as forest and 

wetlands (Jantz et al., 2005). As this trend continues, nutrient loads to the Bay from land 

drainage sources may be expected to continue increasing. 
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Wet year Average Dry year
Net Developed Excess 2E+05 2E+05 1E+05
Urban Excess 2E+05 1E+05 7E+04
Agriculture Excess 4E+04 4E+04 5E+04
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Figure 5-9. Simulated net annual excess OP and TIN loads (in kg). 
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Figure 5-10. Simulated annual OP and TIN load contribution per unit area. 

5.4.4 Sub-Area Developed Excess 

Existing landuses and future development policies in the watershed are not homogeneous and are 

strongly influenced by the actions of individuals, businesses, and governments in the various 

political/administrative jurisdictions. For example, in 1982, approximately 41,000 acres in 

Fairfax County adjacent to the Occoquan Reservoir was downzoned (see Figure 5-1) to allow 

only one dwelling unit per five acre parcel (0.2 DU/acre) in order to provide a buffer against 

water quality degradation (OWTF, 2003). By contrast, a large development planned in the early 

1970s on the southern shore of the reservoir in Prince William County was constructed with a 

range of residential and commercial uses at previously-approved zoning densities. Simulation 

results showed that the developed area in Prince William County acted as an elevated source (on 

a unit area basis) of nonpoint nutrient pollution export (Figure 5-6 and Figure 5-7) compared to 

the area in Fairfax County on the northern shore.  

It is clear that development practices and BMP implementation in many watersheds are likely to 

be influenced by a range of landscape conditions, as well as local government policies. However, 

simulations that can serve to quantify the excess nonpoint pollution export from any jurisdiction 

or defined sub-area within a watershed may also be of aid to local governments in identifying 

and addressing potential changes in development policy and control technology (e.g., BMP 

schemes) implementation that might improve future water quality. In addition, such analyses 

may also help to highlight policies and practices that are functioning well and that may be 

replicated in other locations. Finally, the approach may prove useful in identifying control 

technology options where structural or nonstructural BMP strategies may be sufficiently cost-
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prohibitive as to prompt consideration of alternative strategies such as nutrient trading, even on 

an extra-watershed basis. There are a number of other scenarios where knowledge of the 

developed load excess for entire watersheds or sub-areas in the watershed could be useful in 

formulating strategies for performance- and cost-effective control of nutrients and other 

pollutants at the watershed scale.  

5.4.4.1 Simulations of Developed Excess in Jurisdictions of the Occoquan watershed  

In the Occoquan Watershed, four counties: Fairfax County, Fauquier County, Loudoun County, 

and Prince William County comprise most of the land area. At present, at least 50% of the area 

in each of the four counties in the watershed remains in forest. However, the percentage of 

agricultural and urban landuses differs substantially among the four counties (Figure 5-11). 

Fairfax County has almost no agricultural land, and a very high percentage of urban/suburban 

land use, while Fauquier County has a higher percentage of agricultural land and low urban land 

use percentage. The percentages of urban landuses are slightly higher than those for agricultural 

uses for both Prince William County and Loudoun County. This land use pattern, where more 

urban development is present in the northern and eastern sections of the watershed is consistent 

with the historical pattern in the region, where development moved out from the urban core of 

Washington DC along major transportation corridors. This development pattern is also evident in 

most urban expansion phenomena in the U.S., where development pressure on the edge of the 

urban area leads to conversion of agricultural land to urban uses (ESA, 2011; Jantz et al., 2005).  
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Figure 5-11. Land use for four major jurisdictions in the Occoquan Watershed. 

The developed excess (Figure 5-12) and developed excess per unit area (Figure 5-13) were 

simulated for all jurisdictions in the watershed. The procedure used to compute the development 

excess was similar to that previously described for the entire watershed: that is, by subtracting 

the estimated nutrient export observed in the scenario where all land use in the watershed is 

converted to forest from the estimated nutrient exports for present land use conditions for each 

jurisdiction. As discussed earlier, for the entire watershed, the overall magnitude of nutrient 

loads associated with urban landuses was found to be higher than nutrient loads from agricultural 

land use for all the hydrometeorologic conditions analyzed.  

Excess nutrient loads per unit area simulated and tabulated by jurisdiction also show that higher 

urbanization corresponded with higher TIN export. Urbanized Fairfax County, City of Fairfax, 

City of Manassas, and City of Manassas Park have higher than average TIN load per unit area. 

For OP no clear land use related pattern could be observed, however, Prince William County, 

Fauquier County, and City of Manassas have higher than average OP loads per unit area. The 

predicted net excess nutrient loads for Prince William County were the highest for all three (wet, 

dry and average) scenarios (Figure 5-12), as might be expected, given that the county has 

significant urban development, and a very large fraction of the total watershed area. However, 

when the loads were expressed on a unit area basis, the predicted TIN loads for Prince William 

County were found to be closer to the average values for other jurisdictions in the watershed 
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(Figure 5-13). OP excess load for Prince William County was found to be higher than all other 

major counties. Fairfax County per unit area contribution to excess TIN load was higher than 

other counties. This may be a result of non-homogeneous urban development. Fairfax County is 

closer to the urban core of DC, and has somewhat denser residential and commercial 

development compared to other jurisdictions in the watershed, which might lead to greater 

excess nutrient export than other, less densely developed, areas in the watershed.  

The analysis described above uses the difference measure “developed excess” as a basis for 

comparison of sub-units in the watershed. Taking the difference from the pre-developed 

condition and then using it to compare among sub-areas within a watershed minimizes the 

influence of natural phenomenon such as geomorphological conditions, and precipitation 

patterns, which are due to location in the watershed, and do not reflect the development policies, 

although they may affect development practice. By using developed excess direct comparisons 

may be made between sub-areas to analyze the impact of development decisions. It should be 

noted that the pre-development loads were determined by hindcasting, and the current loads were 

also simulated using standard executions of the Occoquan system Model. Both hindcasting and 

current land use simulations may be assumed to be affected by modeling artifacts, uncertainties 

associated with simulations of natural process, and calibration issues. For that reason, the 

specific load predictions are less valuable than the concept of developed excess and the 

illustration of its use as a measure to facilitate comparisons among sub-units, however they 

might be defined. It may be envisioned that any number of other sub-unit definitions might have 

been developed based on other definable catchment characteristices (e.g, slopes, soils, 

conveyance system characteristics). Finally, it may be noted that a number of methods have been 

identified in the literature to address such uncertainties that may be used before utilizing this 

scheme for decision making (Borsuk et al., 2004; Brugnach et al., 2008; Harmel et al., 2006; 

Larocque et al., 2008; Maier et al., 2008; Wahlin and Grimvall, 2008). 
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Figure 5-12. Estimated annual developed excess load for scenarios analyzed. 

 

Figure 5-13. Estimated annual developed excess per unit area load for scenarios analyzed. 

5.5 Discussion 
Historical annual nonpoint TN and TP loads data (1992-2006) collected by OWML do not 

display any increasing temporal trend in loads entering the Occoquan Reservoir, even though 

watershed land use has been altered significantly in the period, and as a result, it might be 

expected that fluvial loads would increase. This was tested using the nonparametric Mann-

Kendall Trend Test as described by Helsel and Hirsch (1993) to examine the historical nonpoint 
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TN and TP watershed loads for trends after LOcally WEighted Scatterplot Smoothing 

(LOWESS) to account for rainfall. No significant trend was observed for Occoquan Reservoir 

nutrient loading data, even though the census population estimates (ESA, 2011) for the region 

indicate that the population of jurisdictions in the watershed have increased on average between 

1% and 5% annually in that period. The absence of a significant trend in the historical TN and 

TP loads, even with consistent increases in population, suggests that the BMP implementation 

strategies in the region have been successful in mitigating the water quality consequences of 

growth and have served to mitigate against further deterioration.  

Many of the Northern Virginia and DC suburban regions have been pioneers in recognizing the 

importance of nonpoint loads and implementing BMPs for reducing nonpoint loads, as evidenced 

by the 1982 decision of Fairfax County to downzone land near the Occoquan Reservoir (OWTF, 

2003), and the initiative to develop a comprehensive handbook to design and implement BMPs 

(NVRC, 1992). Point sources in the watershed were also significantly controlled by building the 

UOSA WRF (OWML, 2005). However, the Occoquan Reservoir still experiences periodic 

HABs, sometimes necessitating application of copper-based algicides. Thus, if a desired water 

quality management end-point is the prevention of HABs in the reservoir, it would appear to be 

necessary to further reduce nutrient inputs to the reservoir along with implementing schemes to 

manage and control autochthonous cycling of nutrients.  

It was estimated, by simulating pre-development conditions and comparing to simulated 2002- 

2007 conditions, that the Occoquan Watershed exports about 150-250 metric tonnes of excess 

TIN compared to pre-development (forested) conditions. For OP, the excess load was estimated 

to be between 3-15 metric tonnes. The average annual TIN and OP excess loads estimated for the 

period 2002-2007 were 31% and 29% of the net average annual fluvial load to the reservoir, 

respectively. For the wet year (2003), simulations suggested that the annual excesses for TIN and 

OP, respectively, were 23% and 27%. For the dry year (2007) simulation, the average annual 

excesses were found to represent considerably higher fractions of the annual fluvial loads (37% 

TIN and 31% OP), even though the magnitude of annual excess was less than for either the 

average or wet-year (Table 5-1). It is important to note that lower nonpoint pollutant 

concentrations and high flow volume conditions observed in the wet years are known to 

adversely affect the performance of BMPs (Simpson and Weammert, 2009; USEPA, 2010). 
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Degraded BMP performance under these conditions may make reducing watershed nutrient loads 

in wet-year conditions even more difficult, as these are precisely the times when mass transport 

is at its greatest.  

Achieving pre-development nutrient loadings from developed areas in most urbanized or 

partially urbanized drainage basins, such as the Occoquan Watershed, may not be possible with 

conventional technologies. However, the pre-development state still has value in serving as a 

reference point for the implementation and evaluation of long-term management goals and 

policies. Increasing or strengthening non-structural BMPs, such as education and outreach, for 

stormwater management may be one of the steps to further reduce the nutrient loads. It is 

suggested that these stakeholder education activities serves the additional purposes of enhancing 

stakeholder participation and awareness about the watershed. This has been linked with 

numerous benefits to society and water quality (Kumar et al., 2012b). Better surveillance and 

maintenance of current treatment BMPs may also enhance their effectiveness. Less conventional 

approaches such as chemical treatment enhancements for current BMPs have been shown to be 

very effective and reliable. In some cases, such enhancements may offer viable solutions for 

retrofitting existing BMPs. Manufactured Treatment Devices (MTDs) for stormwater control are 

primarily intended for retrofit or small site applications, and may also have higher removal 

efficiencies than conventional BMPs.  

Chemical treatment enhancements to conventional BMPs have also been used to manage 

construction area stormwater with high sediment loads. Similar schemes have been used in 

Florida and Indiana, where small doses of alum are injected to treat stormwater (Harper, 1994; 

Herr and Harper, 2000). Such systems dose alum in stormwater flows, forming an aluminum 

hydroxide floc which promotes the agglomeration of colloidal matter into sizes that may be 

removed in settling ponds. Phosphorus, nitrogen and other pollutants are typically removed with 

the particulate matter and aluminum phosphate may be precipitated directly. Herr and Harper 

(2000) reported removal effectiveness of about 85-95% for OP and 40-60% for Nitrogen by 

retrofitting conventional BMPs with chemical enhancements. Addition of similar chemical 

compounds to stormwater in the Lake Tahoe watershed has also been suggested (Bachand, 2010; 

Trejo-Gaytan et al., 2006). Although chemical addition systems to treat stormwater have been 

used in some places, they have not been widely applied. Concerns remain about the toxicity of 
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chemical additives and their economic viability. Lopus et al. (2009) observed some adverse 

effects to zooplankton reproduction with low-dose chemical treated stormwater. Low-dose 

chemical addition to stormwater may provide a reliable method to improve performance of many 

current structural BMPs, but due to lack of wide application of these systems it would be 

necessary to do a viability assessment of these chemically enhanced systems before their 

application in the Occoquan Watershed. If found viable, low intensity chemical dosing may offer 

a solution to further reduce the nutrient loads from developed areas of Fairfax County, Prince 

William County, and other urbanized cities in the watershed, with high contribution to the excess 

nutrient loads. 

The simulation results presented earlier clearly suggest that current BMP schemes employed in 

either urban or agricultural areas of the watershed may be improved further to achieve load 

exports closer to the pre-development levels for all jurisdictions. Urban landuses were shown to 

export more nutrients (both total and per unit area) and may, therefore, represent the best 

opportunity to reduce total nutrient loading in the watershed. Continuing with the observed trend 

for the past few decades, it is estimated that new urban developments in the watershed will 

continue to rise. If these developments continue to use conventional stormwater management 

controls, the net nutrient load inflow into the Occoquan Reservoir is not likely to be reduced. 

However, Low Impact Development (LID) may help in controlling future excess loads. In the 

Chesapeake Bay watershed, the concept of LID has been implemented for more than two 

decades (PGC, 1993). LID techniques such as bio-retention, porous pavements, rainwater 

harvesting and green-roofs rely on controlling both flow and pollutant mass flux, effectively 

reducing fluvial loads (Dietz, 2007). These can be implemented easily for new developments in 

conjunction with traditional BMPs. Most new development in the watershed is likely to occur in 

Fauquier County and Prince William County, where agricultural land is available for conversion. 

Implementing targeted LID practices in this area may yield significant benefits for the net load 

entering the reservoir and also help in maintaining aesthetic beauty of the areas.  

5.6 Conclusions 
The participation of stakeholders, including planners and those who are directly or indirectly 

affected by watershed change, is an important element in most successful watershed 

management strategies (Kumar et al., 2012b). To enable stakeholder interaction, it is desirable to 
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have clear points of reference, and strategies that have defined end-points that are relatively easy 

to understand and measure. The idea of using the pre-development state as a reference point 

offers a simple and universally applicable baseline that may be used to measure progress in 

nonpoint pollution control. In this study we have demonstrated a simple method to estimate the 

pre-development pollutant export baseline using water quality models. The undeveloped baseline 

condition was simulated using hindcasting techniques, and for that reason, was not based on 

traditional model calibration methods. Nevertheless, it may still serve as a useful reference point 

for measuring restoration progress. Calculating pre-development loads also enabled computation 

of the developed excess, which is proposed as the difference in pollutant export between current 

observed conditions and an estimated pre-development baseline. The developed excess may be 

used as a simple measure to gauge progress in achieving nonpoint pollution control in the 

watershed. The area-normalized developed excess is also useful in that it reduces the effects of 

variable geomorphological conditions, such as soil types, slopes, and different precipitation 

patterns between watershed sub-units. The normalization therefore, enables direct comparisons 

of water quality impact for land use development policies between sub-units. This property may 

be useful to watershed managers in prioritizing restoration and control efforts to higher load 

producing areas.  
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Chapter 6. Summary, Conclusions and Recommendations 

6.1 Summary 
In the past few decades, an increased emphasis has been placed on stakeholder participation in 

many aspects of environmental policy development. Proliferation of public participation schemes 

as a component in most environmental projects (EC, 2012; USEPA, 2000, 2001), and the 

increase in adoption of a “watershed-approach” to address waterbody management (USEPA, 

1996, 2008a), illustrate this phenomenon of increasing partnerships with stakeholders. This 

approach has also shifted environmental policy development from a largely top-down one where 

the experts and planners make all the decisions, towards a more bottom-up one that involves 

local watershed stakeholders. 

Local watersheds are natural aggregators of activities that influence water quality and quantity in 

any waterbody. An analysis of the literature revealed a general consensus that when a 

stakeholder partnership, essential for the watershed-based approach, is applied prudently it 

enhances the quality of solutions and improves the acceptance of the solution by the people 

affected. On the other hand, unsatisfactory partnerships, which are not well planned or executed, 

have been shown to have a detrimental effect on decision-making (Kumar et al., 2012c). 

Examples from the literature also indicated that clear stakeholder participation implementation 

plans and appropriate mechanisms to evaluate them are necessary to implement a participatory 

scheme (Kumar et al., 2012c).  

Water quality models for waterbodies and their tributary watersheds are frequently employed in 

watershed management. Following the trends of increased stakeholder involvement evident in 

environmental planning through the watershed-based approach, efforts have been made to make 

water quality modeling more stakeholder-friendly. These efforts include a wide variety of 

approaches, such as involving stakeholders from the ground-up by developing new models, and 

making current water quality models accessible to stakeholders. However, these initiatives to 

encourage stakeholder partnership are available for far fewer watersheds, compared to the large 

number of watersheds where water quality models are used. 

The following have been identified as some key problems in extensively propagating stakeholder 

involvement in the modeling processes: the complex nature of the water quality models is 
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difficult for many stakeholders to understand (McIntosh et al., 2008); a perceived lack of 

understanding by stakeholders of the uncertainty associated with simulation of natural processes 

(Maier et al., 2008); and the lack of technological solutions that may aid the process of sharing 

water quality models (Matthies et al., 2007; Rizzoli et al., 2008). Though some theoretical ideas 

for using the World Wide Web (web) and web-based mapping solutions for extending water 

quality models to stakeholders have been suggested, practical implementations that go beyond 

presentation of results to stakeholders are not yet available. In this research, however, it was 

demonstrated that by using a web-based Environmental Decision Support System (EDSS) water 

quality models may be made more accessible and informative to stakeholders.  

EDSSs have been recognized as an important extension for water quality models, which will 

make the models more accessible than what may be achieved now (Sànchez-Marrè et al., 2008). 

One of the key issues when creating an EDSS backed by water quality models is the expected 

computational strain of executing multiple water quality models, making the required computer 

hardware prohibitively expensive. Some water quality models may take up to a day to execute 

(Xu, 2005), and execution of multiple simulations may be extremely time-consuming. A 

Locally-Distributed Simultaneous Model Execution (LDSME) framework (Kumar et al., 2012a), 

developed as part of this research, provides a simple solution for these problems by using the 

computing power of local-network computers to execute several water quality models 

simultaneously. The utility of the LDSME framework was demonstrated by developing a tool for 

the Occoquan Reservoir and its tributary watershed’s water quality models. The tool, created in 

Java, was used to execute eight instances of complexly-linked water quality models, using a 

server grid of five computers (Kumar et al., 2012a).  

Leveraging the power of the LDSME tool for the Occoquan system models, a web-based EDSS 

was created to facilitate stakeholder interaction with water quality models (Kumar et al., 2012b). 

The EDSS, through the web interface, allows users to analyze the effects of land use changes on 

selected water flow and quality indicator parameters, such as nutrient loads, by modifying the 

current land use pattern and executing water quality models for the watershed. Further, the EDSS 

allows users to organize and share land use modifications, collaboratively build land use 

modifications, and query results comparing changes in several water quality indicators due to 

land use modifications. It is expected that the EDSS will also function as an education, 
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negotiation, and information sharing module, beyond its basic application as a model execution 

system. As an example study, the EDSS was successfully used to analyze four hypothetical 

development options in the watershed and to choose the best alternative from a purely water 

quality standpoint (Kumar et al., 2012b). It is important to note that most environmental 

decisions evaluate multiple criteria, such as socio-economic conditions and political inclinations, 

along with environmental quality. The EDSS, by making the water quality model readily 

accessible to the planners when decisions are made, is expected to enhance the utility of the 

water quality models in the final decision.  

Another study was done to analyze Occoquan Watershed fluvial nutrient (Nitrogen and 

Phosphorus) loads and establish the pre-development loads for the watershed (Kumar et al., 

2012d). Pre-development loads are the fluvial loads that would have been expected to be 

delivered to the reservoir before the watershed was disturbed by anthropogenic activity, and was 

simulated by changing all land use types to forest. In this study, three hypothetical land use 

scenarios were simulated, in addition to the current land use. These were:  

• all watershed land area converted to forest (simulating the pre-development state)  

• all areas classified as agricultural converted to forest (simulating only urban nonpoint 

pollution sources) 

• all urban land use converted to forest (simulating only agricultural nonpoint pollution 

input)  

By analyzing the nonpoint loads simulated in each scenario, stormwater management schemes 

employed for urban and agricultural landuses in the watershed were assessed. The study also 

demonstrated a method to estimate the pre-development baseline using water quality models. 

Though the baseline obtained might not accurately reflect the pre-development conditions, as it 

is estimated by hindcasting without available calibration points, it may still serve as an easy to 

understand and universally applicable reference point for development of restoration policies. 

The computation of pre-development loads also enabled computation of the “developed excess”, 

which is the difference between current observed conditions and the estimated pre-development 

baseline. The developed excess is a straightforward measure to gauge progress in achieving 

nonpoint pollution control in the watershed. An area-normalized developed excess also 

minimizes the effects of variable geological, geomorphological, and hydrological conditions, 
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such as soil types, slopes, and different precipitation patterns, between different sub-units in the 

watershed, such as administrative jurisdictions, enabling direct comparison within those sub-

units. 

6.2 Conclusions 
This dissertation concentrated on designing and developing an environment that makes the water 

quality model of the Occoquan Reservoir and its tributary watershed more accessible to local 

stakeholders. In the process, several more universally applicable objectives were achieved. To 

summarize, the following results have been attained: 

1. Best practices have been identified that environmental experts should follow before 

implementing a participatory scheme involving water quality models.  

2. Important considerations in designing an environment that allows interaction between 

stakeholder and water quality models, such as an EDSS, were identified. 

3. An LDSME framework to enable more efficient model execution was developed. 

4. An LDSME tool, based on the LDSME framework, was developed for water quality 

models of the Occoquan watershed, and may be extended to other watersheds. 

5. A software system–the Occoquan system EDSS–was developed that may enhance 

stakeholder interaction with complexly-linked water quality models. 

6. A scheme to use the EDSS to analyze several land use change alternative from water 

quality standpoint was demonstrated. 

7. A scheme to generate pre-development water quality conditions using water quality 

models was demonstrated.  

8. Methods were developed to use the pre-development conditions to compute development 

excess and use the area-normalized development excess as a comparison quantity among 

sub-units in the watershed were developed. 

6.3 Recommendations 
The work described here demonstrates that complex water quality models may be made available 

to stakeholders through an EDSS. The ability of the EDSS to perform multiple simulations of 

complex water quality models simultaneously makes it a powerful tool for experts to employ 

models in water quality studies, and to perform several time-consuming analyses with relative 

ease. At the same time, the EDSS also enables stakeholders to interact with water quality models 
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through an intuitive web-based system. Another benefit of the EDSS lies in its ability to be 

extended to other watersheds. The web-based EDSS developed in this project is novel, with 

several potential usage scenarios such as the ones discussed above. Future work based on this 

research may be designed around the following broad themes: extend the software system, use 

this system as a tool to study the Occoquan system, and analyze the impact of the EDSS on 

stakeholders.  

6.3.1 EDSS enhancement 

This section highlights some of the enhancements that may be developed for the EDSS to ensure 

that the system keeps pace with changing web technologies, and receives broader acceptance. 

6.3.1.1 Upgrade Software Backbone  

Like most software tools, the current EDSS relies on several parent proprietary and open-source 

libraries, for example, Java, ArcGIS server for Java, SQL server, etc., which are updated 

periodically. It is essential to update the EDSS with the latest enhancements in underlying 

components, as several of these enhancements are updates that improve the functionalities and 

robustness of the components. At the time of writing, one of the critical components of the 

EDSS, ESRI® ArcGIS server, has had a significant update, moving to Version 10 from the 

Version 9.3.1 used in this research. To ensure future compatibility with the parent libraries it is 

essential to update the EDSS system backbone. Further, ESRI has also moved from a Java-based 

server system used here to a JavaScript and Adobe® Flex based system, and has ceased further 

development in ArcGIS Server for Java. Thus, another potential enhancement may require 

migration to other ArcGIS Server implementation to remain current with the changing web 

technologies. Java EE 5 implementation standards and implementing servers were used to design 

the EDSS web interface. Java EE 6 based servers are available now and significant codebase 

upgrades may be required to incorporate Java EE 6. Other GUI component libraries such as 

JBoss® Richfaces and JFreeChart have also been upgraded and may provide better 

functionalities if incorporated into the EDSS.  

6.3.1.2 Develop Programmer’s Manual 

Three modules of the EDSS, namely the Distributed Model Runner, the Bridge, and the GUI 

Module have 396 Java classes with 3699 functions and 21,078 lines of code (not counting 

comments). There are several other dependencies, libraries, XML configuration files, web pages, 
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Java Server Faces scripts, and database scripts necessary to compile and execute the software. 

Development of a comprehensive programmer’s manual would make it easier for other users to 

navigate through the code and upgrade/change the EDSS for other watersheds. 

6.3.1.3 Complete Watershed and Water Quality Model Independence 

Though the EDSS has the capacity to be a system independent of the Occoquan system and the 

Occoquan system water quality models, some of the modules may not be readily made 

independent of the Occoquan system without rewriting code. For future extension to other 

watersheds, components should be made more generic and configurable through a series of XML 

or similar files.  

6.3.1.4 Enhancement to GUI  

Because it is web-based, the reach of this EDSS may be large. However, to remain relevant, the 

user experience must  keep pace with changing technologies on the web. Web browsers in recent 

times have become a powerful presentation medium. Adoption of standards such has HTML 5 

and webGL is expected to improve performance of web-based systems along with changing the 

look-and-feel. The EDSS GUI may also be enhanced to use the latest technologies by changing 

and updating the component libraries. Presentation of results obtained through model executions, 

which are multi-dimensional spatially besides having temporal variability, may benefit from 

these new, dynamic, web-based schemes which allow for 3-D presentation with timescale.  

6.3.1.5 Move to all Open Source Software Model 

Some of the key components of the EDSS, namely, the database server (Microsoft® SQL 

Server) and the mapping server (ESRI® ArcGIS Server) are proprietary software. Though they 

have their advantages, such as being developer friendly and often easier to manage, they may be 

prohibitively expensive outside an academic environment. This, in turn, may limit broader EDSS 

adoption. With the new tools, such as Google® Mapping API, coupled with open-source 

database servers like PostgreSQL with spatial extension, it may be possible to achieve the same 

functionalities as those obtained with the proprietary software, thus removing the cost of 

software from the implementation cost of the EDSS.  
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6.3.2 Studies with the Occoquan System Models 

This section highlights some of the studies that might be performed by utilizing the EDSS to 

improve the understanding of the Occoquan system and the Occoquan system water quality 

models.  

6.3.2.1 Uncertainty evaluation for the current water quality models 

The scientific community has widely recognized that a degree of uncertainty is inherent in most 

water quality modeling systems. Brugnach et al. (2008) and Zimmermann (2000) identified the 

following as primary causes of uncertainty: errors in empirical observation, complex dynamics 

of the natural system simulated, ambiguity in interpreting information, total ignorance or 

recognized ignorance towards parts of simulated systems, and human values along with beliefs. 

Many of the methods suggested that quantify and address these uncertainties, especially 

knowledge, data and interpretation uncertainty, involve Monte Carlo type simulation, sensitivity 

analysis, and trying other software models (to evaluate knowledge uncertainty). The EDSS and 

LDSME may allow the Occoquan system model to be scrutinized for all the analyses listed 

above with relative ease. The LDSME should aid in executing multiple model simulations for 

sensitivity analysis, while automated input data conversion schemes employed for the EDSS may 

aid in evaluating different modeling software.  

6.3.2.2 New Studies involving land use changes 

The EDSS allows users to investigate changes in water quality at multiple geographical scales 

(from any local stream to the entire watershed) due to land use modifications, lending itself to 

the study of various real or simulated patterns of development in the watershed. There has been 

some work and controversy on using density as an urban BMP (Jacob, 2009; Jacob and Lopez, 

2009; Moglen, 2009; Potter, 2009). These investigations may aid planners to develop guidelines 

for future growth in the Occoquan watershed.  

6.3.2.3 Indicators of water quality  

Indicators of the water quality or the health of a waterbody are helpful in comparing, classifying, 

and monitoring remediation progress for the waterbodies. Different types of indicators have been 

used, such as “high and low flow”, “lake and stream acidity”, stream bank stability, and nitrogen 

and phosphorus concentration for wade-able streams (USEPA, 2008b), and the Oregon Water 

Quality Index (based on eight water quality variables) (Cude, 2001). A set of indicators may be 
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created for the EDSS that may aid stakeholders in understanding water quality impacts. These 

indicators may be grouped in three categories, based on scientific, practical, and sustainability 

considerations (Kumar et al., 2012c). Scientific considerations take into account issues such as 

model prediction accuracy of indicators, sensitivity of the indicators to land use modifications, 

and reproducibility of the indicators. Practical considerations include data availability to compute 

the indicators, applicability of the indicators in planning, and ability of the indicators to be 

complimentary to a dynamic web medium. Finally, sustainability considerations include 

objectives like being able to extend the indicators to other watersheds, and to use the indicators 

for broader stakeholder involvement. 

6.3.3 Public perception studies with the EDSS  

Examples in the literature show that water quality models may be used as education, outreach 

and negotiation tools (Beierle, 2002; Brown et al., 2007; Cockerill et al., 2006; Parker et al., 

2002; Reichert et al., 2007). This EDSS, based on water quality models, also has the potential to 

be an effective environmental education and negotiation tool, along with its primary objective of 

being a support system for environmental decision-making. However, acceptance among local 

stakeholders is essential for achieving any of the education, negotiation or outreach goals. Some 

authors have reported differences in attitude amongst experts and stakeholders towards models 

and solutions derived from models, and these differences may be detrimental for environmental 

planning (Dietz et al., 2004; Johnson, 2009). Since this EDSS was designed without lay 

stakeholder involvement, it may be beneficial to study the stakeholders’ perception towards this 

system.  

Further, exposing the EDSS to stakeholders should aid in improving the system itself. A 

synergetic relationship with the stakeholders may be established, where the stakeholders interact 

with the EDSS to understand environmental processes and, based on their feedback, the EDSS 

might be enhanced or modified by the experts. Such a study may aid the scientific community by 

enhancing the understanding of stakeholder interactions with EDSS designed by experts. Also, 

the instruments used to assess stakeholder partnerships might be beneficial for other research 

work that consists of environment management, information technology, and stakeholder 

components. 
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