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Abstract

Water quality trading has been proposed as a potential solution to assist in addressing water quality impairments in a cost effective manner.  In order to determine if a trading program is feasible, key information regarding both loads (point and nonpoint) and the amount of each load reaching a location of interest (or delivery ratio) is necessary.  While point source loading estimates are relatively simple to determine, nonpoint source loads are much more difficult.  Additionally, delivery ratios, which are primarily dependent on instream processes and withdrawals, can be difficult to estimate.  In this paper, a modeling framework is proposed as a means to develop seasonal field loads and the associated delivery ratios required to support a water quality trading program.  Example calculations resulting in tradable loads of phosphorus in an agricultural watershed are presented to show how the information resulting from the modeling framework can be utilized to calculate the delivered loads as well as the amount of pollution a field or farm owner could potentially trade.  Our results show this approach to be an objective and scientifically based foundation for the development of water quality trading programs that include nonpoint sources of pollution. 
KEY TERMS: water quality trading; watershed modeling; watershed management; total phosphorus.
Introduction
The Targeted Watersheds Grant program was designed by the U.S. Environmental Protection Agency (EPA) to develop community-based approaches and management techniques to protect water quality.  As part of this effort, the feasibility of water quality trading to assist in meeting instream water quality standards has been a topic of investigation.  Water quality trading is a potential cost effective solution to mitigating key sources of pollution.  Setting up a water quality trading program, however, requires the quantification of both point and nonpoint sources of pollution and an understanding of how pollutants behave in the system.  As stated in guidance provided by the EPA (EPA 2004), the steps required to complete a suitability analysis for trading a particular pollutant include the need to determine watershed loading profiles, understand the effect of load timing, and consider water quality equivalence when trading.  
A watershed loading profile is a description of the current pollutant loads within a watershed by source and location. Although simple in concept, creation of a loading profile can be a difficult task. Point source loads are regulated and monitored, which makes them relatively easy to quantify.  Nonpoint sources of pollution, however, are not regulated through a permitting process, require voluntarily implementation of management actions, and are difficult to identify, measure, and estimate.  For integration and consistency with the Total Maximum Daily Load (TMDL) program, the loading profile must include reductions in point and nonpoint sources set by the TMDL developed for the focus water body.  The current loads less the required reduction from the TMDL result in target loads.  The timing of these loads relative to a critical time period for a water body is also an important consideration for both trading and TMDL development.  If a water quality management program only considers annual loads from sources, the receiving water body may not meet the instream water quality standard during limiting times throughout the year.  
The concept of water quality equivalence is a mechanism to ensure that a load reduction resulting from a trade is the same as the reduction that would have occurred in the absence of a trade relative to a location of interest (or receptor point) (EPA 2004).  Delivery ratios must be determined for each pollutant source as a function of a distance from a receptor point, and losses due to diversions, biological uptake, settling, etc.  If the current load is multiplied by the corresponding delivery ratio, the result is the delivered load (likewise, the target load multiplied by the delivery ratio results in a delivered load).  Many trading applications bypass the explicit determination of time variable loads and delivery ratios and instead estimate more general trading ratios to enforce environmental equivalence (EPA 1999).  Equivalence or trading ratios provide a means of determining the number of units of a pollutant a “seller” must clean up to offset a unit of a “buyers” load.  For example, a trading ratio of 2:1 requires that 2 units from a seller be traded for 1 of the buyer’s units.  Sasaki and Caplan (2008) show how trading ratios themselves are a ratio of buyers and sellers respective delivery ratios.  Although the concept of a trading ratio is simple, Scatena et al.. (2005) and EPA (1999) have found that the method for establishing these trading ratios and the use in trading programs is highly variable across the nation. Scatena et al.. (2005) determined trading ratios are generally based on economic (difference between the marginal cost of reduction of cost of reduction), environmental, and geographic considerations (spatial location of pollutant source and the potential loss of pollutant).  Additionally, the trading ratios may be a function of uncertainty ratios, delivery ratios, retirement ratios, special needs ratios, and site location ratios which are all attempts to ensure water quality equivalence (Chesapeake Bay Program Nutrient Trading Negotiation Team 2000; Scatena et al. 2005).  However, the level of incorporation of these considerations is variable and may or may not incorporate the use of a model. 
In this project, it was determined that the development of a watershed loading profile and testing the feasibility of a water quality trading program in a highly agricultural area with demonstrated water quality impairments required an objective and scientifically sound method for estimating time variable loads and their associated delivery ratios to key receptor points.  Towards this end, a modeling framework has been developed to determine the seasonal current total phosphorus (TP) loads at the spatial scale of specific fields (i.e., seasonal field current loads) and seasonal fractions of the field TP loads that reach a receptor point (i.e., seasonal delivery ratios).  With this information, seasonal field delivered loads were calculated.  The end goal of the project was to use the modeling results as a means to inform each farm or field owner of the amount of TP they own and can potentially sell in the trading program (i.e., seasonal tradable loads).  This paper discusses how the modeling framework can be used to estimate seasonal tradable loads and presents a case study that examines the potential application of the modeling framework in a water quality trading program for the Bear River watershed in northern Utah. 
Modeling Framework
A number of existing watershed models have been used in watershed management and TMDL development.  Examples include Hydrologic Simulation Program FORTRAN (HSPF) (Bicknell et al. 2000), Soil and Water Assessment Tool (SWAT )(Neitsch et al. 2005), and Generalized Watershed Loading Function model (GWLF) (Haith and Shoemaker 1987).  The utility of these and other modeling approaches in water quality trading has been recognized to assist in estimating information that supports trading ratios (e.g., delivery ratios, spatial and temporal loads, uncertainty ratios, etc.).  The model selection, modeling approaches, and the application of the results in a trading program, however, have been inconsistent.  Examples include the Lower Boise River, where a simple mass balance model is applied to determine delivery ratios that are based on pollutant losses due to diversions, but does not consider other instream removal processes (Idaho Department of Environmental Quality 2003).  In the Minnesota River Basin, the Revised Universal Soil Loss Equation (RUSLE) and a field scale water management simulation model (Agricultural Drainage and Pesticide Transport (ADAPT)) have been applied to understand some of the uncertainty in nonpoint source trading (Fang and Easter 2003; Fang et al. 2005).  In the Great Miami River Watershed in Ohio, SWAT was used to estimate loads from agricultural areas and estimate the effects of BMP implementation on a watershed scale (Kieser et al. 2005).  In the Chesapeake Bay, the Chesapeake Bay Watershed Model (an application of HSPF) and the USGS Sparrow Model have been applied to determine loading profiles and delivery ratios (Chesapeake Bay Program Nutrient Trading Negotiation Team 2000).  Another study in the Susquehanna River Basin used GWLF to estimate nutrient loads associated with trading and calculated delivery ratios by applying a first order decay approximation (Horan et al. 2002).
For a modeling application to more fully support a water quality trading program, it was determined that it must be able to simultaneously capture physical hydrology at the watershed scale, while representing the spatial variability of loads at the field scale.  Depending on the goal of a typical watershed management application, watershed models are generally developed for either broad watershed or field specific applications.  To more accurately understand and assess water quality trading potential, estimates of field scale loads linked to whole basin behavior is required.  Additionally, time variable delivery ratios to receptor points of interest need to be determined. This information could not all be supplied by one model and led to the development of the Water Quality Trading (WQT) modeling framework that coupled a number of models, modeling approaches, and processing tools to provide the necessary information to facilitate water quality trading.

The framework includes: TOPNET (Bandaragoda et al. 2004) as the hydrology model; variable source area (VSA) calculations (Lyon et al. 2004) to resolve spatial areas contributing saturation excess flow; a subbasin Loading Model component based on the VSA calculations, event mean concentrations (EMCs), spatially distributed landuse information; and a Water Body Response (WBR) component that incorporates QUAL2E (Brown and Barnwell 1987) to determine delivery ratios.  Figure 1 shows the components of the framework and the general flow of information between each component.
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Figure 1. Water Quality Trading modeling framework.
TOPNET Component
TOPNET (Bandaragoda et al.., 2004) was selected as the hydrologic model within the modeling framework.  TOPNET is a semi-distributed, rainfall-runoff model, which combines TOPMODEL (Beven et al. 1995; Beven and Kirkby 1979) with a kinematic wave channel routing algorithm (Goring 1994) to create a hydrologic model that can be applied over large watersheds using smaller subbasins as model elements. Semi-distributed models can have an advantage over lumped models in variable terrain when the landscape is subdivided to reduce within-element heterogeneity.  This may result in a more accurate representation of the spatial distribution of physical characteristics of the basin.  A key contribution of TOPMODEL is the parameterization of the soil moisture deficit, or depth to water table, using a topographic index to identify hydrologically similar areas with respect to saturation excess.  TOPNET uses TOPMODEL concepts for the representation of subsurface storage controlling the dynamics of saturated contributing areas and baseflow recession. To form a complete model, potential evapotranspiration, interception, and soil zone components have been added, as well as a terrain-based system for delimiting streams, model catchments, and estimation of model parameters (Bandaragoda et al. 2004). 

A number of data types are required to set up and calibrate TOPNET.  Inputs for watershed delineation and terrain analysis using TauDEM software (Tarboton 2002) include a digital elevation model and a map of outlet locations (e.g., streamflow gauges or water quality measurement points where predicted streamflow or water quality is of interest).  Terrain analysis defined the stream network and the subbasins that function as model elements.  Climate data used for model forcing is spatially interpolated for each subbasin using multiple climate stations within or just outside the watershed.  Spatially distributed landuse, vegetation and soils information are averaged over each subbasin.  Soils data provides model parameters that represent the sensitivity of the subsurface storage zone, surface saturated hydraulic conductivity, drainable porosity, plant available porosity, depth of the soil zone, and wetting front suction.  Landuse and vegetation data provides model parameters for canopy capacity, intercepted evaporation enhancement, and albedo.  The three state variables of the model that are tracked for each subbasin include 1) average depth to the water table, 2) soil zone storage, and 3) canopy storage.  The model is typically run at a daily timestep.
Variable Source Area (VSA) Component
The purpose of the VSA component was to locate the origin of predicted saturation excess flow, and to link surface runoff generation and landuse in the estimation of surface water quality. Using the calibrated results of TOPNET, a combination of parameterized and state variables for each subbasin was used to determine probable nonpoint source pollution locations.  Calculations in the VSA component use the following state variables specific to each subbasin: estimates of watershed area, drainable porosity, and the distribution of topographic index values.  In addition, this component utilizes time series of effective precipitation, as well as predicted average water table depths and saturation excess runoff estimated by TOPNET.  The saturated fraction of subbasin area contributing to runoff was estimated using effective precipitation and average watershed storage following the approach of Steenhuis et al.. (1995) and Lyon et al.. (2004).  Effective precipitation was derived from interpolated measures of total precipitation and potential evapotranspiration.  Following Wang et al.. (2006), average watershed storage was calculated as the product of drainable porosity and average water table depth in each subbasin.  A time series of saturated subbasin fractions was then used to map the origin of predicted saturation excess runoff according to the spatial distribution of topographic index values.
Mapped values of the topographic index were combined with a landuse raster and subbasin boundaries within a Geographic Information System (GIS).  The geographic intersection of these inputs was used to create a database of individual topographic index values and their landuse by subbasin.  In order to relate saturated watershed fractions to specific mapped locations within a watershed, Lyon et al.. (2004) proposed a function relating saturated fractions to a cumulative probability distribution of the topographic index.  This approach is valid as long as the difference between the overall storage deficit and each local storage deficit is a function of the average topographic index and each local index value.  However, as originally conceived, TOPMODEL assumes that the realized zone of saturation will be small and the overall watershed storage deficit (S) is the integral of all local storage deficits ((si), when in fact, S should be the integral of all unsaturated local storage deficits ((si*).  Thus, we employed the solution proposed by Saulnier and Daltin (2004) to compensate for this analytical bias in relating saturated watershed fractions and critical values of the topographic index.  

A combination of saturated watershed fraction estimates and the topographic index distribution were used to generate a time series of critical topographic index values required for pixel saturation.  Assuming that saturated pixels contributed equally to runoff during each TOPNET timestep, predicted saturation excess flow (m3/d) was divided by the number of contributing saturated pixels to represent flow per-unit-area.  Cumulative yields attributed to each 30-m pixel were tracked by season for the entire time series and converted to seasonal averages for the simulation period.  
Loading Model Component
The Loading Model component provides estimates of phosphorus loads from diffuse sources within each modeled subbasin.  Two flow components, surface runoff (combination of saturation and infiltration excess) and baseflow, are considered and are provided by TOPNET for individual subbasins each model timestep (1 day).  The time series of critical topographic index values provided by the VSA calculations were linked to landuse classes through a database of mapped attributes.  From this table it was possible to determine the area and proportional fraction of land uses contributing to runoff at each time step. In the current application, all surface runoff is treated as saturation excess (i.e., infiltration excess is treated as saturation excess).
Average surface runoff phosphorus concentrations are based on the land cover from which the surface flow originates and are assigned using event mean concentrations (EMCs) for phosphorus.  Given that an EMC is the average phosphorus concentration in surface runoff generated from a particular land cover, and since this model component simulates phosphorus concentrations at the subbasin outlets (reflecting the combined effects of all land cover within the subbasin), a subbasin average EMC (EMCavg) was defined to represent the flow weighted average EMC (across all land cover classes) for phosphorus in each modeled subbasin.  The following equation shows how the flow-weighted, average EMC value is defined for each subbasin:
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Where:



EMCavg,i = Subbasin average phosphorus EMC for subbasin i (mg/L)



n = Number of land cover classes present in subbasin i
Qs,x,i = Total surface flow generated from land cover x in subbasin i (m3/s)



EMCx,i = EMC for land cover x in subbasin i (mg/L)

The above equation implies that the amount of surface runoff originating from each land cover is known.  In this application, it is assumed that surface runoff is only contributed by saturation excess at a specific location in a subbasin and is predicted using the VSA calculations.  The result is an estimate of the area of every land cover class that is saturated for each time step within individual subbasins.  Assuming that all saturated areas contribute equally to surface runoff, and given that the saturated areas change over time with changes in soil moisture, the subbasin average EMC values are time variable and were calculated using a saturated land cover area weighted average, simplifying Equation (1) to Equation (2).
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Where:



Ax,i,t = Saturated area of land cover x in subbasin i at time t (m2)

The resulting subbasin average EMC values represent the phosphorus concentration in surface runoff generated within a subbasin at each modeled time step.

To quantify the effects of base flow loads, average base flow concentrations (Cb) are input to the loading model component.  These values can be estimated using existing groundwater quality observations or results of low flow (base flow conditions) in unimpacted streams.  Once the surface runoff and base flow phosphorus concentrations are known, the average subbasin outlet phosphorus concentrations are given by the flow weighted average of the surface runoff concentrations and the base flow concentrations.  From the equations above, the average surface flow concentration was given by the subbasin average EMC (EMCavg).  The average subbasin outlet phosphorus concentrations can be calculated according to Equation (3).
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Where:

Cavg,i = Average subbasin outlet phosphorus concentration for subbasin i (mg/L)



Qs,i = Subbasin outlet surface flow for subbasin i (m3/s)



EMCavg,i = Subbasin average EMC for subbasin i (mg/L)



Qb,i = Subbasin outlet base flow for subbasin i (m3/s)



Cb,i = Base flow phosphorus concentration in subbasin i (mg/L)

The average subbasin outlet phosphorus concentration and the total flow (surface flow plus base flow) were calculated for each modeled subbasin at each time step.  These results were then used as the loads applied at the subbasin outlet in the Water Body Response Component.

Water Body Response (WBR) Component 
The purpose of the WBR component is to accumulate the total phosphorus loads from the subbasins, and route them downstream to the receptor point while accounting for any intervening point loads, diversions, and chemical and biological processes that might affect the fate of the phosphorus. As an integrated component of the modeling system, the WBR accepts inputs from the subbasins based on the TOPNET, VSA, and Loading Model Components.  In addition, the WBR component inputs include external data concerning weather, point loads, diversions, and reservoir releases.  The instream routing model component uses the widely-used public domain QUAL2E model (Brown and Barnwell 1987) for steady-state calculation of 15 water quality measures.

To use QUAL2E in this context, the stream network is divided into links that connect junctions where the stream proper intersects a subbasin outlet. Each link, or stream reach between two tributaries, is represented by a QUAL2E input file that describes the physical setting, the hydraulics of flow, the energy balance for temperature calculations, reaction and mass transfer kinetics, point loads, and diversion flows. The link connections ensure the correct sequence of model calculations:  upstream reaches are calculated first, reaches that are part of a branch to the main stem of the river are calculated before the main stem, and river sections composed of several reaches are calculated from upstream to downstream.

This ‘many links’ approach was used to accommodate the hydrologic situation often encountered in highly controlled and heavily allocated western rivers. During the period between mid April and mid October, a large fraction of many rivers are diverted from the natural channel into canals for use in irrigation, a portion of which may return to the natural channel at some downstream point or points.  This sometimes occurs a short distance downstream, or it may occur within a separate drainage basin entirely. Although the QUAL2E model was designed for branched networks with diversions into and out of a stream element, diversions into an element are fixed. In cases such as those considered here, the flow and quality of a diversion out of the stream are set by conditions in the stream and will, therefore, differ with changes in boundary conditions and will be unknown until the simulation is complete for that reach. Our approach addresses this problem by shortening the model reaches enough that ‘out’ diversions will never return as ‘in’ diversions within the same reach. In this way, they can be accommodated as point loads in the receiving reach that is assumed to be downstream from the ‘out’ diversion.
The results from the QUAL2E calculations at each link include flows, velocities, water quality measures, and other values as a function of distance downstream through the stream reach. Outputs from an upstream reach are used to first provide the headwater conditions for the next link downstream.  To determine these headwater conditions, after completion of the computation for a reach, the conditions at the terminal location of an upstream reach are combined with diversions, point loads and subbasin nonpoint loads that enter at that junction, and a simple mass balance is used to find the upstream terminal conditions for the next downstream reach.  

Outputs from QUAL2E also enable computation of the delivery ratio for the reach within a subbasin.  The degree to which the load from a particular field influences the constituent concentration at the receptor point depends on what happens to the constituent as it traverses the intervening river reaches. While flowing downstream, the constituent may be subject to a number of processes that act to remove it from the water column.  In the case of total phosphorus, this includes uptake into algae, settling of particulate forms, and benthic sources/sinks. Total phosphorus is also removed when water is diverted for agricultural or municipal/industrial use. The significance of these losses are situation dependent in the sense that many of the attenuating processes are nonlinear and the fraction of the total phosphorus that is taken up is dependent on the concentrations of total phosphorus and algae.  Point loads must also be factored into the phosphorus balance. The QUAL2E model accounts for these effects.
The attenuation of total phosphorus occurring within a stream reach is calculated as the fraction (from 0 to 1) of the mass flow that remains at the downstream terminus of a reach relative to the mass flow that enters a reach via the upstream reach or any point loads. This fraction, or delivery ratio (DR) is defined as:
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This means that the load leaving a reach is equal to the delivery ratio multiplied by the load entering the reach (
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). The individual delivery ratio values are found using the QUAL2E model for the representative reach within a subbasin. In this way, we can estimate the overall delivery ratio as the product of the subbasin-based DR values along the reach path leading from an upstream location to any downstream location as shown in Equation (5).
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Application of Model Results
In order to establish a water quality trading program, each individual stakeholder needs to know the amount of pollutant they have available to trade.  This quantity, designated here as the tradable load, is a function of: 1) the current load or field load, 2) the target load (based on the TMDL program or other watershed management requirements), 3) the associated delivery ratio to a receptor point and the delivered load, and 4) the ability to mitigate a load.  With the resulting seasonal estimates of loads and delivery ratios that are based on a many year average of daily modeling results, variability over different hydrologic conditions can be accounted for.  It is recognized that there are many other factors that may be important in determining tradable loads (e.g., more explicit uncertainty estimates or ratios), however, this section of the paper presents a simplified method to determine tradable loads and illustrates how the information provided by the modeling framework can be used in the context of a water quality trading program in a predominantly agricultural watershed.  
Farm/Field Current Loads 
Once the results of the cumulative saturation excess runoff per pixel were generated from the hydrologic and VSA components of the modeling framework, appropriate EMCs assigned by landuse in the loading component of the framework were multiplied by the water yields per pixel to determine the seasonal load per pixel.  The field loads were then determined by summing the values for all 30-m pixels contained within the boundary of each field.  The fields can then be aggregated to determine the farm loads which are made up of multiple fields.  
Target and Delivered Loads

To calculate the amount of phosphorus a stakeholder has to trade, a seasonal delivered load must first be calculated.  In many cases, this calculation will be dependant on the target load specified by a TMDL or other watershed management programs.  For example, if a TMDL for a watershed specified a need for an overall 20% decrease in agricultural nonpoint source pollution, before a stakeholder knows the amount of a pollutant available for trade, they must account for this prior required reduction according to Equation (6).
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The seasonal load delivered to a receptor point from each field is calculated by multiplying seasonal target loads by the overall seasonal delivery ratios (Equation (7)).  Where a TMDL reduction is not required, the current load or field load can be multiplied by the delivery ratio to determine the field delivered load (Equation (8)). 
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Tradable Loads

With the calculation of the field delivered loads, the final step is to determine the amount of the load available to trade.  The amount a field owner has to trade is called the field tradable load which is defined here as the fraction of the field delivered load that can be offset through the implementation of management practices.  As shown in Equation (9), this can be determined by multiplying the field delivered load by a % BMP reduction.
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At this point in the process, the % BMP reduction must be determined for a specific BMP and a combination of the resulting anticipated reductions based on literature values and existing conditions of the field (e.g., soils and crop types, prior BMPs implemented).  A local trading facilitator would likely be the optimal selection to facilitate the estimation of this % BMP reduction.  Once the field tradable loads are determined, each field or farm owner knows the amount of total phosphorus they own and can sell to another point or nonpoint source trying to offset a portion of their load.

Case Study Example: Bear River Watershed, Utah
The Bear River Basin comprises 19,000 square kilometers of mountain and valley lands located in northeastern Utah (44% of watershed), southeastern Idaho (36%), and southwestern Wyoming (20%).  The watershed ranges in elevation from 1,283 meters to over 3,962 meters and is unique in that it is entirely enclosed by mountains, thus forming a huge basin with no external drainage outlets.  Agricultural lands throughout the basin, as well as urban areas, are located in valleys along the main stem of the river and its tributaries.  Currently, many waterbodies in the basin are on the 303(d) list of impaired waters in all three states. The Cub River and Cutler Reservoir are included in these impaired waterbodies due to dissolved oxygen depletion during summer months.  Currently, TMDLs are being updated or developed for each of these waterbodies and the opportunity for water quality trading between point and nonpoint sources is a potential solution for controlling phosphorus, the regulated nutrient.  
To assist in testing the feasibility of a potential trading program, the modeling framework was applied to the portion of the Bear River watershed between the Onieda Narrows Reservoir and the Cutler Reservoir, which includes the Cub River (Figure 2).  For demonstration purposes, the general model set up and calibration will be explained for the entire study area.  However, to show the utility of the modeling results for determining the amount of pollutant per field available for trading, we have focused on a field located in the Cub River.  This example was chosen to illustrate the concept associated with multiple receptor points because a field in the Cub River will affect both the impaired reach near the mouth of the Cub River and Cutler Reservoir.  In this example, it should be noted that target loads will not be discussed due to pending TMDL requirements.
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Figure 2. Portion of the Bear River watershed with the Cub River subbasins highlighted.  Delineated subbasins, subbasin outlets, and receptor points of concern are also shown.
Figure 1 shows a generic flow of information between each of the modeling components.  Figure 3 shows more details of the steps taken to set up and connect each of the components. In the Bear River application of the modeling framework, TOPNET was populated using SSURGO soils data (Soil Survey Staff 2007), the 30-meter National Elevation Dataset digital elevation model (USGS, http://ned.usgs.gov/), land cover from the National Land Cover Dataset (NLCD 2001), Utah Water Related Landuse (Utah Department of Natural Resources, Water Resources Division, www.water.utah.gov/planning/landuse/), local weather data, diversion data, and reservoir discharges for a simulation time period spanning 10/1/1989 – 9/30/2004.  TOPNET calibration used streamflow measurements at multiple locations including the Bear River at the Idaho-Utah State line, the Bear River at Smithfield, and the Cub River near Richmond, UT.  The Multi-Objective Shuffled Complex Evolution Metropolis (MOSCEM) (Vrugt et al. 2003) global optimization algorithm was chosen to assist in model calibration due to the ability to optimize multiple objectives  (i.e., observed streamflow locations) simultaneously. The calibration time period was limited to the time frame with available daily rainfall, streamflow, and diversion measurements.  Streamflow data was simultaneously available for model calibration throughout the six year time period of 1989-1995 at the Idaho-Utah border and Bear River at Smithfield locations.  Model validation occurred at the Idaho-Utah border and at the Cub River near Richmond when data was available from 1995-2004.
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Figure 3. Detailed outline of steps and information flow within trading modeling framework.

Once the TOPNET calibration was complete, VSA calculations were performed for each day of the entire simulation period resulting in maps of seasonal water yields across each subbasin (Figure 4).

[image: image14.emf]

Figure 4. Cumulative saturation excess runoff per pixel for each season for a portion of the Bear River basin in Utah.
Next, the Loading Model and QUAL2E portion of the WBR were populated and calibrated.  Calibration of these components consists of calibrating kinetic parameters within QUAL2E and adjusting EMCs.  In this application, kinetic parameters were based on literature, and EMC values for each landuse were initially approximated from the literature.  However, the EMCs were adjusted until predicted instream concentrations visually matched observed water quality data.  
Once the EMC values for each landuse were set, the loads per pixel (Figure 5) were calculated based on the cumulative saturation excess yields (Figure 4) predicted by the VSA calculations.  Given local data about field boundaries, field loads were calculated (Figure 6).  Necessary information for determining field boundaries and ownership was only available for a portion of the basin and therefore, field loads were only calculated where boundary data was available.  Table 1 shows an example subset of the modeling output used to create the maps in Figure 3.  Field ID 14514 is the field we will focus on in this example. 
[image: image15.emf]
Figure 5. Cumulative total phosphorus loads per pixel for each season for a portion of the Bear River basin in Utah.

[image: image16.emf]
Figure 6. Field total phosphorus loads for each season for a portion of the Bear River basin in Utah.

Table 1. Subset of Bear River total phosphorus field loads per season.

	Subbasin #
	Field ID
	Field Area (m2)
	Farm ID
	Ave Winter TP Load (g/season)
	Ave Spring TP Load (g/season)
	Ave Summer TP Load (g/season)
	Ave Fall TP Load (g/season)
	Ave EMC

	1
	11214
	900
	36971
	0.9
	0.5
	0.2
	0.5
	0.4

	1
	9938
	900
	36591
	0.9
	0.5
	0.2
	0.5
	0.4

	…
	…
	…
	…
	…
	…
	…
	…
	…

	39
	14514
	372600
	-1
	1306
	798
	272
	1017
	0.8

	…
	…
	…
	…
	…
	…
	…
	…
	…

	50
	13805
	900
	20782
	1.2
	1.2
	0.3
	0.8
	0.3

	50
	13805
	900
	22305
	1.2
	1.2
	0.3
	0.8
	0.3


Next, delivery ratios were calculated within the modeling framework for the reach within each subbasin.  Table 2 shows a subset of the delivery ratio results. In this watershed, the dominant factors affecting the amount of a pollutant reaching a receptor point are diversions due to short travel times. Therefore, if a field is located below all major diversions, the associated delivery ratio will be very close to 1.00.  Once the delivery ratios were calculated for each subbasin, the overall delivery ratio was calculated for the receptor point of interest.  As mentioned earlier, in the Bear River watershed there are two major receptor points of interest.  In the Field ID 14514 example, the receptor points of interest are both the mouth of the Cub River where it enters the Bear River (subbasin 24) and Cutler Reservoir (subbasin 1) (see Figure 2).  

Table 2. Table of seasonal subbasin delivery ratios between each subbasin in the Bear River Basin.

	Subbasin #
	Winter 
	Spring
	Summer
	Fall

	1
	1.00
	1.00
	1.00
	1.00

	2
	1.00
	1.00
	1.00
	1.00

	…
	…
	…
	…
	…

	24
	1.00
	1.00
	1.00
	1.00

	25
	1.00
	1.00
	1.00
	1.00

	26
	1.00
	1.00
	1.00
	1.00

	27
	1.00
	1.00
	1.00
	1.00

	28
	1.00
	1.00
	1.00
	1.00

	29
	1.00
	1.00
	1.00
	1.00

	30
	1.00
	1.00
	1.00
	1.00

	31
	1.00
	0.99
	0.83
	1.00

	32
	1.00
	1.00
	1.00
	1.00

	33
	0.93
	0.93
	0.93
	0.99

	34
	0.96
	0.54
	0.02
	0.99

	35
	1.00
	1.00
	1.00
	0.99

	36
	1.00
	0.97
	0.68
	0.99

	37
	0.96
	0.54
	0.02
	0.99

	38
	1.00
	1.00
	1.00
	1.00

	39
	1.00
	1.00
	1.00
	1.00

	…
	…
	…
	…
	…

	49
	0.95
	0.44
	0.03
	1.00

	50
	1.00
	1.00
	1.00
	1.00


In this hypothetical example, the seasonal tradable load from Field ID 14514 needs to be calculated because, according to the local contact, this particular farmer tends to contribute large phosphorus loads and has expressed an interest in participating in trading.  From Table 1, Field ID 14514 has a seasonal current load of 1306 g in the winter, 798 g in the spring, 272 g in the summer, and 1017 g in the fall.  This table also shows that this field is located in subbasin 39 which provides an understanding of the location of the field within the entire basin.  The network of subbasin connectivity (shown in Figure 7) is known, and, therefore, the subbasins that lie between the subbasin containing the field and the receptor point are known.  With this information, the overall seasonal delivery ratio was calculated for each receptor point.  In our example, the load from the field will travel from subbasin 39 to 38, 31, 30, 29, 28, 27, 26, 25, and then to the receptor point at 24 (Figure 7).  Table 2 consists of subbasin delivery ratios for each of these subbasins. To determine the overall subbasin delivery ratios for the Mouth of the Cub receptor point (subbasin 24), each subbasin delivery ratio will have to be multiplied by all of the downstream subbasin delivery ratios to determine the seasonal delivery ratio according to Equation (5). 

Based on seasonal subbasin delivery ratios, Table 3 shows the resulting seasonal overall delivery ratios to the Mouth of the Cub River receptor point (subbasin 24) and for the Cutler Reservoir Receptor Point (subbasin 1) much further down in the watershed.  These values would be applied to Field ID 14514 (and all of the other fields within subbasin 39) to determine the delivered load to these receptor points.
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Figure 7. Portion of the Cub River within the Bear River Basin showing subbasin numbering scheme.

Table 3. Seasonal overall delivery ratios for fields in subbasin 39 for both receptor points of interest.

	Season
	Cub Receptor Point (Subbasin 24)
	Cutler Receptor Point (Subbasin 1)

	Winter
	1.000
	0.885

	Spring
	0.985
	0.288

	Summer
	0.828
	0.017

	Fall
	0.992
	0.940


The calculated overall delivery ratio results (Table 3) show that 100% of the Field ID 14514 load will be delivered to the Cub receptor point during the winter.  However, there is some loss during spring (98.4% delivered) and fall (99.4% delivered).  In summer, primarily due to diversions, there is a much lower delivery ratio (82.6% delivered) and will result in less phosphorus that will be available for trade.  If the Cutler River Receptor Point is being considered, the delivery ratios are substantially lower and the field owner will have a much lower delivered load to this receptor point.
With the seasonal delivery ratios and the seasonal field loads, the seasonal delivered loads can now be calculated according to Equation (7).  The resulting loads are shown in Table 4.
Table 4. Seasonal Delivered Loads for Field ID 14514 (grams) to Cub River Mouth (Subbasin 24) and Cutler Reservoir (Subbasin 1).
	
	Winter
	Spring
	Summer
	Fall

	Field Loads
	1306
	798
	272
	1017

	Delivery Ratio Cub (Subbasin 24)
	1
	0.98
	0.83
	0.99

	Delivered Loads Cub (Subbasin 24)
	1306
	786
	225
	1011

	Delivery Ratio Cutler (Subbasin 1)
	0.89
	0.29
	0.02
	0.94

	Delivered Loads Cutler (Subbasin 1)
	1156
	230
	5
	956


With the seasonal delivery ratios and seasonal delivered loads now determined, the seasonal tradable loads can be calculated.  As shown in Equation (2), a % BMP reduction is required to be provided.  For this particular field, we will assume that a 50% reduction of total phosphorus can be achieved through the use of a filter strip. The resulting seasonal tradable loads for the Cub River Receptor Point are winter = 653 g, spring = 393 g, summer = 112 g, fall = 506 g.
Once these seasonal tradable loads have been calculated, a field owner now knows the possible amount of total phosphorus they have available to sell for a particular receptor point. To implement a trading program, participants and facilitators may need to consider how to incorporate TMDL load reduction requirements, safety factors/uncertainty ratios, retirement ratios, etc. into the tradable load calculations.  In this example, simplifying assumptions were made to illustrate how to use modeling results to calculate tradable loads.  

Limitations of the Water Quality Trading Modeling Framework

Throughout the development of this modeling framework and approach, a number of limitations were identified.  Under the current framework, land surface loads are not routed within the subbasin of origin and therefore, no assimilation occurs at the local scale.  All assimilation occurs once the load enters the WBR component.  Due to loads being handled in this manner, each individual load produced within a subbasin ends up having the same delivery ratio to a receptor point of interest.  This means that regardless of a field’s proximity to a small tributary, the delivery ratio within a subbasin will not differ. 
Given the current implementation, it is also necessary that this system be applied to watersheds that have relatively short travel times from top to bottom. The QUAL2E portion of the model is steady state with respect to flows, loadings, and most other inputs (temperature and dissolved oxygen can be solved in a ‘quasi-dynamic’ model but this feature is not used in this application). The hydrology and loading models calculate daily average flows and the daily loads at each drainage outlet, and these conditions are used to drive the stream model, so that the stream model is calculating the steady-state response to those daily average loadings. The process is repeated for each time step. In order for this approach to be representative of instream conditions, the effects of one day’s load should clear the stream reach before the next day’s load is applied.  Since rivers can be assumed to be advection dominated, the travel time from the top to the bottom of the system is the key characteristic time.  Both of these limitations are acceptable in many applications.
Some other limitations that require future research and development include: the need to incorporate infiltration excess flow into the VSA component instead of assuming that saturation excess represents the dominant source of surface runoff; the need to validate the VSA predictions within each subbasin; and the need to enforce hydrologic connectivity of saturated cells to a waterbody in order to transport sediment and phosphorous and contribute to surface loads.  Additionally, the implications of using the TOPMODEL representation of the saturated zone in this semi-arid watershed are unclear.  It is also not known how the calibration results for the TOPNET modeling would change given additional flow data in the lower portion of the Bear River and an extended record of streamflow data to use in the model fitting.  Although not currently available, increased information about agricultural water management, including diversions and return flow, would likely improve the model representation during the irrigation season.  Finally, the appropriate subbasin scaling of soil parameters such as drainable porosity and soil moisture deficit remains unknown without field data verification. 
Conclusions

The growing number of impaired waterbodies in the United States necessitates new approaches and incentives to control pollution.  The potential solution of setting up water quality trading programs, however, requires the quantification of both point and nonpoint sources of pollution and an understanding of how pollutants behave in individual hydrologic systems.  The modeling framework presented in this paper to assist in estimating field current loads and the corresponding overall delivery ratios is an objective and scientifically based mechanism to support a water quality trading program.  Example calculations have additionally shown how the information estimated using this model framework can be utilized to calculate the delivered loads and eventually, the amount of pollution a field owner could potentially trade, or tradable loads.  The results from this effort can also be used to support the determination of whether a water quality trading program is economically feasible in each watershed.  
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