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CHAPTER 1

PRIVATE 
INTRODUCTION TO THE WASP5 MODELtc  \l 1 "INTRODUCTION TO THE WASP5 MODEL"

The Water Quality Analysis Simulation Program‑‑5 (WASP5), an enhancement of the original WASP (Di Toro et al., 1983; Connolly and Winfield, 1984; Ambrose, R.B. et al., 1988).  This model helps users interpret and predict water quality responses to natural phenomena and man‑made pollution for various pollution management decisions.  WASP5 is a dynamic compartment modeling program for aquatic systems, including both the water column and the underlying benthos.  The time‑varying processes of advection, dispersion, point and diffuse mass loading, and boundary exchange are represented in the basic program.


Water quality processes are represented in special kinetic subroutines that are either chosen from a library or written by the user.  WASP is structured to permit easy substitution of kinetic subroutines into the overall package to form problem‑specific models.  WASP5 comes with two such models -- TOXI5 for toxicants and EUTRO5 for conventional water quality.  Earlier versions of WASP have been used to examine eutrophication and PCB pollution of the Great Lakes (Thomann, 1975; Thomann et al., 1976; Thomann et al, 1979; Di Toro and Connolly, 1980), eutrophication of the Potomac Estuary (Thomann and Fitzpatrick, 1982), kepone pollution of the James River Estuary (O'Connor et al., 1983), volatile organic pollution of the Delaware Estuary (Ambrose, 1987), and heavy metal pollution of the Deep River, North Carolina (JRB, 1984).  In addition to these, numerous applications are listed in Di Toro et al., 1983.


The flexibility afforded by the Water Quality Analysis Simulation Program is unique.  WASP5 permits the modeler to structure one, two, and three dimensional models; allows the specification of time‑variable exchange coefficients, advective flows, waste loads and water quality boundary conditions; and permits tailored structuring of the kinetic processes, all within the larger modeling framework without having to write or rewrite large sections of computer code.  The two operational WASP5 models, TOXI5 and EUTRO5, are reasonably general.  In addition, users may develop new kinetic or reactive structures.  This, however requires an additional measure of judgment, insight, and programming experience on the part of the modeler.  The kinetic subroutine in WASP (denoted "WASPB"), is kept as a separate section of code, with its own subroutines if desired.

1.1  PRIVATE 
OVERVIEW OF THE WASP5 MODELING SYSTEMtc  \l 2 "OVERVIEW OF THE WASP5 MODELING SYSTEM"
[image: image1.wmf]
Figure 1.1   The basic WASP5 system.


The WASP5 system consists of two stand‑alone computer programs, DYNHYD5 and WASP5, that can be run in conjunction or separately (1).  The hydrodynamics program, DYNHYD5, simulates the movement of water while the water quality program, WASP5, simulates the movement and interaction of pollutants within the water.  While DYNHYD5 is delivered with WASP5, other hydrodynamic programs have also been linked with WASP.  RIVMOD handles unsteady flow in one-dimensional rivers, while SED3D handles unsteady, three-dimensional flow in lakes and estuaries (contact CEAM for availability).


WASP5 is supplied with two kinetic sub‑models to simulate two of the major classes of water quality problems:  conventional pollution (involving dissolved oxygen, biochemical oxygen demand,  nutrients and eutrophication) and toxic pollution (involving organic chemicals, metals, and sediment).  The linkage of either sub‑model with the WASP5 program gives the models EUTRO5 and TOXI5, respectively.  This is illustrated in 1 with blocks to be substituted into the incomplete WASP5 model.  The tracer block can be a dummy sub‑model for substances with no kinetic interactions.  In most instances, TOXI5 is used for tracers by specifying no decay.


The basic principle of both the hydrodynamics and water‑quality program is the conservation of mass.  The water volume and water‑quality constituent masses being studied are tracked and accounted for over time and space using a series of mass balancing equations.  The hydrodynamics program also conserves momentum, or energy, throughout time and space.

1.2  PRIVATE 
THE BASIC WATER QUALITY MODELtc  \l 2 "THE BASIC WATER QUALITY MODEL"

WASP5 is a dynamic compartment model that can be used to analyze a  variety of water quality problems in such diverse water bodies as ponds, streams, lakes, reservoirs, rivers, estuaries, and coastal waters.  This section presents an overview of the basic water quality model.  Subsequent chapters detail the transport and transformation processes in WASP5 for various water quality constituents.


The equations solved by WASP5 are based on the key principle of the conservation of mass.  This principle requires that the mass of each water quality constituent being investigated must be accounted for in one way or another.  WASP5 traces each water quality constituent from the point of spatial and temporal input to its final point of export, conserving mass in space and time.  To perform these mass balance computations, the user must supply WASP5 with input data defining seven important characteristics:


•
simulation and output control


•
model segmentation


•
advective and dispersive transport


•
boundary concentrations


•
point and diffuse source waste loads


•
kinetic parameters, constants, and time functions


•
initial concentrations


These input data, together with the general WASP5 mass balance equations and the specific chemical kinetics equations, uniquely define a special set of water quality equations.  These are numerically integrated by WASP5 as the simulation proceeds in time.  At user‑specified print intervals, WASP5 saves the values of all display variables for subsequent retrieval by the post‑processor programs W4DSPLY and W4PLOT.  These programs allow the user to interactively produce graphs and tables of variables of all display variables.

1.3 PRIVATE 
THE GENERAL MASS BALANCE EQUATIONtc  \l 3 "THE GENERAL MASS BALANCE EQUATION"
[image: image2.wmf]
Figure 1.2  Coordinate system for mass balance equation.


A mass balance equation for dissolved constituents in a body of water must account for all the material entering and leaving through direct and diffuse loading; advective and dispersive transport; and physical, chemical, and biological transformation.  Consider the coordinate system shown in 2, where the x‑ and y‑coordinates are in the horizontal plane, and the z‑coordinate is in the vertical plane.  The mass balance equation around an infinitesimally small fluid volume is: 
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1.1
where:


C

=
concentration of the water quality constituent, mg/L or g/m3

t

=
time, days


Ux,Uy,Uz
=
longitudinal, lateral, and vertical advective velocities, m/day


Ex,Ey,Ez
=
longitudinal, lateral, and vertical diffusion coefficients, m2/day


SL

=
direct and diffuse loading rate, g/m3‑day


SB

=
boundary loading rate (including upstream, downstream, benthic, and atmospheric), g/m3‑day


SK

=
total kinetic transformation rate; positive is source, negative is sink, g/m3‑day


By expanding the infinitesimally small control volumes into larger adjoining "segments," and by specifying proper transport, loading, and transformation parameters, WASP implements a finite‑difference form of equation 1.  For brevity and clarity, however, the derivation of the finite‑difference form of the mass balance equation will be for a one‑dimensional reach.  Assuming vertical and lateral homogeneity, we can integrate equation 1 over y and z to obtain
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1.2
where:


A
=
cross-sectional area, m2


This equation represents the three major classes of water quality processes -‑ transport (term 1), loading (term 2), and transformation (term 3).  The finite‑difference form is derived in Appendix E.  The model network and the major processes are discussed in the following sections.

1.4 PRIVATE 
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[image: image5.wmf]
Figure 1.3  Model segmentation.


The model network is a set of expanded control volumes, or "segments," that together represent the physical configuration of the water body.  As 3 illustrates, the network may subdivide the water body laterally and vertically as well as longitudinally.  Benthic segments can be included along with water column segments.  If the water quality model is being linked to the hydrodynamic model, then water column segments must correspond to the hydrodynamic junctions.  Concentrations of water quality constituents are calculated within each segment.  Transport rates of water quality constituents are calculated across the interface of adjoining segments.


Segments in WASP may be one of four types, as specified by the input variable ITYPE.  A value of 1 indicates the epilimnion (surface water), 2 indicates hypolimnion layers (subsurface), 3 indicates an upper benthic layer, and 4 indicates lower benthic layers.  The segment type plays an important role in bed sedimentation and in certain transformation processes.  The user should be careful to align segments properly.  The segment immediately below each segment is specified by the input variable IBOTSG.  This alignment is important when light needs to be passed from one segment to the next in the water column, or when material is buried or eroded in the bed.

[image: image6.wmf]
Figure 1.4  Spatial scales used in Lake Ontario analysis.


Segment volumes and the simulation time step are directly related.  As one increases or decreases, the other must do the same to insure stability and numerical accuracy.  Segment size can vary dramatically, as illustrated in 4.  Characteristic sizes are dictated more by the spatial and temporal scale of the problem being analyzed than by the characteristics of the water body or the pollutant per se.  For example, analyzing a problem involving the upstream tidal migration of a pollutant into a water supply might require a time step of minutes to an hour.  By contrast, analyzing a problem involving the total residence time of that pollutant in the same water body could allow a time step of hours to a day.  In 4, the first network was used to study the general eutrophic status of Lake Ontario.  The second network was used to investigate the lake‑wide spatial and seasonal variations in eutrophication.  The third network was used to predict changes in near‑shore eutrophication of Rochester Embayment resulting from specific pollution control plans.

[image: image7.wmf]
Figure 1.5   Frequency distribution of observed and calculated values of a quality variable.


As part of the problem definition, the user must determine how much of the water quality frequency distribution must be predicted.  For example, a daily‑average dissolved oxygen concentration of 5 mg/L would not sufficiently protect fish if fluctuations result in concentrations less than 2 mg/L for 10% of the time.  Predicting extreme concentration values is generally more difficult than predicting average values.  5 illustrates typical frequency distributions predicted by three model time scales and a typical distribution observed by rather thorough sampling as they would be plotted on probability paper.  The straight lines imply normal distributions.  Reducing the model time step (and consequently segment size) allows better simulation of the frequency distribution.  This increase in predictive ability, however, also entails an increase in the resolution of the input data.


Once the nature of the problem has been determined, then the temporal variability of the water body and input loadings must be considered.  Generally, the model time step must be somewhat less than the period of variation of the important driving variables.  In some cases, this restriction can be relaxed by averaging the input over its period of variation.  For example, phytoplankton growth is driven by sunlight, which varies diurnally.  Most eutrophication models, however, average the light input over a day, allowing time steps on the order of a day.


Care must be taken so that important non‑linear interactions do not get averaged out.  When two or more important driving variables have a similar period of variation, then averaging may not be possible.  One example is the seasonal variability of light, temperature, nutrient input, and transport in lakes subject to eutrophication.  Another example involves discontinuous batch discharges.  Such an input into a large lake might safely be averaged over a day or week, because large scale transport variations are relatively infrequent.  The same batch input into a tidal estuary cannot safely be averaged, however, because of the semi‑diurnal or diurnal tidal variations.  A third example is salinity intrusion in estuaries.  Tidal variations in flow, volume, and dispersion can interact so that accurate long‑term predictions require explicit simulation at time steps on the order of hours.


Once the temporal variability has been determined, then the spatial variability of the water body must be considered.  Generally, the important spatial characteristics must be homogeneous within a segment.  In some cases, this restriction can be relaxed by judicious averaging over width, depth, and/or length.  For example, depth governs the impact of reaeration and sediment oxygen demand in a column of water.  Nevertheless, averaging the depth across a river would generally be acceptable in a conventional waste load allocation, whereas averaging the depth across a lake would not generally be acceptable.  Other important spatial characteristics to consider (depending upon the problem being analyzed) include temperature, light penetration, velocity, pH, benthic characteristics or fluxes, and sediment concentrations.


The expected spatial variability of the water quality concentrations also affects the segment sizes.  The user must determine how much averaging of the concentration gradients is acceptable.  Because water quality conditions change rapidly near a loading point and stabilize downstream, studying the effects on a beach a quarter‑mile downstream of a discharge requires smaller segments than studying the effects on a beach several miles away.  


A final, general guideline may be helpful in obtaining accurate simulations:  water column volumes should be roughly the same.  If flows vary significantly downstream, then segment volumes should increase proportionately.  The user should first choose the proper segment volume and time step in the critical reaches of the water body (Vc, Δtc), then scale upstream and downstream segments accordingly:
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Of course, actual volumes specified must be adjusted to best represent the actual spatial variability, as discussed above.  This guideline will allow larger time steps and result in greater numerical accuracy over the entire model network, as explained in the section on "Simulation Parameters" in Chapter 2.
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1.5  THE MODEL TRANSPORT SCHEME
1.5  THE MODEL TRANSPORT SCHEME"


Transport includes advection and dispersion of water quality constituents.  Advection and dispersion in WASP are each divided into six distinct types, or "fields."  The first transport field involves advective flow and dispersive mixing in the water column.  Advective flow carries water quality constituents "downstream" with the water and accounts for instream dilution.  Dispersion causes further mixing and dilution between regions of high concentrations and regions of low concentrations.  


The second transport field specifies the movement of pore water in the sediment bed.  Dissolved water quality constituents are carried through the bed by pore water flow and are exchanged between the bed and the water column by pore water diffusion.  


The third, fourth, and fifth transport fields specify the transport of particulate pollutants by the settling, resuspension, and sedimentation of solids.  Water quality constituents sorbed onto solid particles are transported between the water column and the sediment bed.  The three solids fields can be defined by the user as size fractions, such as sand, silt, and clay, or as inorganic, phytoplankton, and organic solids.  


The sixth transport field represents evaporation or precipitation from or to surface water segments.

PRIVATE 


Most transport data, such as flows or settling velocities, must be specified by the user in a WASP input dataset.  For water column flow, however, the user may "link" WASP with a hydrodynamics model.  If this option is specified, during the simulation WASP will read the contents of a hydrodynamic file for unsteady flows, volumes, depths, and velocities.

Most transport data, such as flows or settling velocities, must be specified by the user in a WASP input dataset.  For water column flow, however, the user may \"link\" WASP with a hydrodynamics model.  If this option is specified, during the simulation WASP will read the contents of a hydrodynamic file for unsteady flows, volumes, depths, and velocities."

1.6  APPLICATION OF THE MODEL


The first step in applying the model is analyzing the problem to be solved.  What questions are being asked?  How can a simulation model be used to address these questions?  A water quality model can do three basic tasks‑‑  describe present water quality conditions, provide generic predictions, and provide site‑specific predictions.  The first, descriptive task is to extend in some way a limited site‑specific data base.  Because monitoring is expensive, data seldom give the spatial and temporal resolution needed to fully characterize a water body.  A simulation model can be used to interpolate between observed data, locating, for example, the dissolved oxygen sag point in a river or the maximum salinity intrusion in an estuary.  Of course such a model can be used to guide future monitoring efforts.  Descriptive models  also can be used to infer the important processes controlling present water quality.  This information can be used to guide not only monitoring efforts, but also model development efforts.


Providing generic predictions is a second type of modeling task.  Site‑specific data may not be needed if the goal is to predict the types of water bodies at risk from a new chemical.  A crude set of data may be adequate to screen a list of chemicals for potential risk to a particular water body.  Generic predictions may sufficiently address the management problem to be solved, or they may be a preliminary step in detailed site‑specific analyses.


Providing site‑specific predictions is the most stringent modeling task.  Calibration to a good set of monitoring data is definitely needed to provide credible predictions.  Because predictions often attempt to extrapolate beyond the present data base, however, the model also must have sufficient process integrity.  Examples of this type of application include waste load allocation to protect water quality standards and feasibility analysis for remedial actions, such as tertiary treatment, phosphate bans, or agricultural best‑management practices.


Analysis of the problem should dictate the spatial and temporal scales for the modeling analysis.  Division of the water body into appropriately sized segments was discussed in Section "Model Network."  The user must try to extend the network upstream and downstream beyond the influence of the waste loads being studied.  If this is not possible, the user should extend the network far enough so that errors in specifying future boundary concentrations do not propogate into the reaches being studied.


The user also should consider aligning the network so that sampling stations and points of interest (such as water withdrawals) fall near the center of a segment.  Point source waste loads in streams and rivers with unidirectional flow should be located near the upper end of a segment.  In estuaries and other water bodies with oscillating flow, waste loads are best centered within segments.  If flows are to be input from DYNHYD5, then a WASP4 segment must coincide with each hydrodynamic junction.  Benthic segments, which are not present in the hydrodynamic network, may nevertheless be included in the WASP5 network.  WASP5 segment numbering does not have to be the same as DYNHYD5 junction numbering.  Segments stacked vertically do not have to be numbered consecutively from surface water segments down.


Once the network is set up, the model study will proceed through four general steps involving, in some manner, hydrodynamics, mass transport, water quality transformations, and environmental toxicology.  The first step addresses the question of where the water goes.  This can be answered by a combination of gaging, special studies, and hydrodynamic modeling.  Flow data can be interpolated or extrapolated using the principle of continuity.  Very simple flow routing models can be used; very complicated multi‑dimensional hydrodynamic models can also be used with proper averaging over time and space.  At present, the most compatible hydrodynamic model is DYNHYD5.


The second step answers the question of where the material in the water is transported.  This can be answered by a combination of tracer studies and model calibration.  Dye and salinity are often used as tracers.


The third step answers the question of how the material in the water and sediment is transformed and what its fate is.  This is the main focus of many studies.  Answers depend on a combination of laboratory studies, field monitoring, parameter estimation, calibration, and testing.  The net result is sometimes called model validation or verification, which are elusive concepts.  The success of this step depends on the skill of the user, who must combine specialized knowledge with common sense and skepticism into a methodical process.


The final step answers the question of how this material is likely to affect anything of interest, such as people, fish, or the ecological balance.  Often, predicted concentrations are simply compared with water quality criteria adopted to protect the general aquatic community.  Care must be taken to insure that the temporal and spatial scales assumed in developing the criteria are compatible with those predicted by the model.  Sometimes principles of physical chemistry or pharmacokinetics are used to predict chemical body burdens and resulting biological effects.  The biaccumulation model FGETS (Barber, et al., 1991) and the WASTOX food chain model (Connolly and Thomann, 1985) are good examples of this.


CHAPTER 2


CHEMICAL TRACER TRANSPORT

2.1
MODEL DESCRIPTION

Introduction

A chemical tracer is a nonreactive chemical that is passively transported throughout the water body.  Examples include salinity or chlorides.  Special dyes are used as tracers, although these often decay at a slow rate.  Setting up and calibrating a tracer is the first step in simulating more complex water quality variables.
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"
Table 2.1  WASP5 State Variables for Toxicants.
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	PRIVATE 
SYSTEM
	VARIABLE

	1
	CHEMICAL 1

	2
	SOLIDS 1

	3
	SOLIDS 2

	4
	SOLIDS 3

	5
	CHEMICAL 2

	6
	CHEMICAL 3



A conservative tracer is generally simulated using the TOXI5 program.  TOXI5 simulates the transport and transformation of one to three chemicals and one to three types of solids classes (1).  To simulate a tracer, the user should bypass solids and simulate chemical 1 with no decay.  A tracer is affected by transport, boundary, and loading processes only, as described below.  


WASP5 uses a mass balance equation to calculate chemical mass and concentrations for every segment in a specialized network that may include surface water, underlying water, surface bed, and underlying bed.  Simulated chemicals undergo several transport processes as specified by the user in the input dataset.  Chemicals are advected and dispersed among water segments, and exchanged with surficial benthic segments by dispersive mixing.  Dissolved chemicals migrate downward or upward through percolation and pore water diffusion.  


The transport, boundary, and loading processes for tracer chemicals are described below.  These same processes are also applied to the water quality variables desribed in subsequent chapters.

Transport Processes
Water Column Advection


Advective water column flows directly control the transport of dissolved and particulate pollutants in many water bodies.  In addition, changes in velocity and depth resulting from variable flows can affect such kinetic processes as reaeration, volatilization, and photolysis.  An important early step in any modeling study is to describe or simulate water column advection properly.  In WASP5, water column flow is input via transport field one in Data Group D.  Circulation patterns may be described (flow options 1 and 2) or simulated by a hydrodynamic model, such as DYNHYD5 (flow option 3).  Flow options are specified in the first record of Data Group D.


For descriptive flows, WASP5 tracks each separate inflow specified by the user from its point of origin through the model network.  For each inflow, the user must supply a continuity or unit flow response function and a time function.  The time function describes the inflow as it varies in time.  The continuity function describes the unit flow response as it varies throughout the network.  The actual flow between segments that results from the inflow is the product of the time function and the continuity function.  


If several inflow functions are specified, then the total flow between segments is the sum of the individual flow functions.  Segment volumes are adjusted to maintain continuity.  In this manner, the effect of several tributaries, density currents, and wind‑induced gyres can be described.  


In flow option 1, WASP5 sums all the flows at a segment interface to determine the direction of net flow, and then moves mass in the ONE direction.  In flow option 2, WASP5 moves mass independently of net flow.  For example, if opposite flows are specified at an interface, WASP5 will move mass in BOTH directions.  This option allows the user to describe large dispersive circulation patterns.

Hydrodynamic Linkage


For unsteady flow in long networks, lag times may become significant, and hydrodynamic simulations may be necessary to obtain sufficient accuracy.  
Realistic simulations of unsteady transport can be accomplished by linking WASP5 to a compatible hydrodynamic simulation.  This linkage is accomplished through an external file chosen by the user at simulation time.  The hydrodynamic file contains segment volumes at the beginning of each time step, and average segment interfacial flows during each time step.  WASP5 uses the interfacial flows to calculate mass transport, and the volumes to calculate constituent concentrations.  Segment depths and velocities may also be contained in the hydrodynamic file for use in calculating reaeration and volatilization rates.


The first step in the hydrodynamic linkage is to develop a hydrodynamic calculational network that is compatible with the WASP5 network.  The easiest linkage is with link-node hydrodynamic models that run on equivalent spatial networks.  An example is given in Figure 2.1.  Note that each WASP5 segment corresponds exactly to a hydrodynamic volume element, or node.  Each WASP5 segment interface corresponds exactly to a hydrodynamic link, denoted in the figure with a connecting line.

[image: image9.wmf]
Figure 2.1  Link-node hydrodynamic linkage.


The hydrodynamic model calculates flow through the links and volume within the nodes.  Within the hydrodynamic model, the user must specify the water quality time step, or the number of hydrodynamic time steps per water quality time step.  The hydrodynamic model must then write out node volumes at the beginning of each water quality time step, and average link flows during each water quality time step.  A network map such as the one in Figure 2.1 must be supplied by the user in the hydrodynamic model or in an external interface program.  This map is used to create a hydrodynamic file that WASP5 can read and interpret.  The hydrodynamic model DYNHYD5, supplied with WASP5, contains subroutines to produce a proper WASP5 hydrodynamic file.


It is important to note that the hydrodynamic model has additional nodes outside of the WASP5 network.  These additional nodes correspond to WASP5 boundaries, denoted by nominal segment number "0."  These extra hydrodynamic nodes are necessary because while flows are calculated only within the hydrodynamic network, WASP5 requires boundary flows from outside its network.  

[image: image10.wmf]
Figure 2.2  Multidimensional hydrodynamic linkage.


Multidimensional hydrodynamic models can also be linked to WASP5.  A compatible two-dimensional network is illustrated in Figure 2.2.  For the beginning of each water quality time step, the volumes within a WASP5 segment must be summed and written to the hydrodynamic file.  For the duration of each water quality time step, flows across the WASP5 segment boundaries must be averaged.  All of the averaged flows across a boundary must then be summed and written to the hydrodynamic file.  Again, it is important to note the presence of hydrodynamic elements outside the WASP5 network generating boundary flows.


To implement the hydrodynamic linkage, the user must specify flow option 3 in the input dataset.  If IQOPT is set to 3, a menu of previously prepared hydrodynamic files (*.HYD) is presented.  Following the choice of a proper file, the simulation time step will be reset by the hydrodynamic file.  The time steps read in Data Group A will be ignored.  Similarly, water column segment volumes will be read from the hydrodynamic file.  The user must nevertheless enter a time step and volumes for each segment in the usual location.  During the simulation, flows and volumes are read every time step.


The contents and format of the hydrodynamic file are detailed in Part B, The WASP5 Input Dataset, Section 5.2.

Hydraulic Geometry


A good description of segment geometry as a function of flow conditions can be important in properly using WASP5 to simulate rivers.  For flow option 3, velocity and depth are computed within the hydrodynamic model, and are read by WASP5.  For flow options 1 and 2, a set of user‑specified hydraulic discharge coefficients from Data Group C defines the relationship between velocity, depth, and stream flow in the various segments.  This method, described below, follows the implementation in QUAL2E (Brown and Barnwell, 1987).  In WASP5, these segment velocities and depths are only used for calculations of reaeration and volatilization rates; they are not used in the transport scheme.


Discharge coefficients giving depth and velocity from stream flow are based on empirical observations of the stream flow relationship with velocity and depth (Leopold and Maddox, 1953).  It is important to note that these coefficients are only important when calculating reaeration or volatilization.  The velocity calculations are not used in time of travel, and will not affect the simulation of tracers.  The equations relate velocity, channel width, and depth to streamflow through power functions:
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where:


D is average depth, m


B is average width, m


a, b, c, d, e, and f are empirical coefficients or exponents  

Given that area is a function of average width (B) and average depth (D),
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it is clear from continuity that:
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and, therefore, the following relationships hold:


[image: image16.wmf]1

 

=

 

e

 

c

a 


2.6

[image: image17.wmf]1

 

=

 

f

 

+

 

d

 

+

 

b
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WASP5 only requires specification of the relationships for velocity, Equation 1, and depth, Equation 2; the coefficients for Equation 3 are implicitly specified by Equations 6 and 7.


These options can be put into perspective by noting that, for a given specific channel cross‑section, the coefficients (a, c, e) and exponents (b, d, f) can be derived from Mannings equation.  For example, if a channel of rectangular cross‑section is assumed, then width (B) is not a function of streamflow (Q), the exponent (f) is zero (0.00) and the coefficient (e) is the width of the rectangular channel (B).  By noting that hydraulic radius (R) is approximately equal to depth (D) for wide streams and that A = D B, the discharge coefficients for rectangular cross sections can be shown to be 0.4 for velocity and 0.6 for width.


Leopold et al. (1964) have noted that stream channels in humid regions tend towards a rectangular cross‑section because cohesive soils promote steep side slopes whereas noncohesive soils encourage shallow sloped, almost undefined banks.

Table 2.2  Comparison of Hydraulic Exponents
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Channel Cross-Section
	Exponent for (b) Velocity 
	Exponent

for (d)

Depth 
	Exponent for (f) Width

	Rectangular
	0.40
	0.60
	0.00

	Average of 158 U.S. Gaging Stations
	0.43
	0.45
	0.12

	Average of 10 Gaging Stations on Rhine River
	0.43
	0.41
	0.13

	Ephemeral Streams in Semiarid U.S.
	0.34
	0.36
	0.29



2 compares hydraulic exponents for a rectangular channel with data reported by Leopold et al. (1964).  Note that the average velocity exponent is relatively constant for all channel cross sections.  The major variation occurs as a decrease in the depth exponent and concomitant increase in the width exponent as channel cross‑sections change from the steep side slopes characteristic of cohesive soils to the shallow slopes of arid regions with noncohesive soils.


For bodies of water such as ponds, lakes, and reservoirs, velocity and depth may not be a function of flow.  For these cases, both the velocity and depth exponents (b and d) can be chosen to be zero (0.00).  Because Q to the zero power is equal to one (1.0), the coefficients a and c must be the velocity and depth, i.e.,


IF b = 0.0
THEN
a = V, and


IF d = 0.0
THEN
c = D.     


When the depth exponent is zero, WASP5 will adjust segment depths with segment volumes assuming rectangular sides.


For site‑specific river or stream simulations, hydraulic coefficients and exponents must be estimated.  Brown and Barnwell (1987) recommended estimating the exponents (b and d) and then calibrating the coefficients (a and c) to observed velocity and depth.  The exponents may be chosen based on observations of channel shape noted in a reconnaissance survey.  If cross sections are largely rectangular with vertical banks, the first set of exponents shown in 2 should be useful.  If channels have steep banks typical of areas with cohesive soils, then the second set of exponents is appropriate.  If the stream is in an arid region with typically noncohesive soils and shallow sloping banks, then the last set of exponents is recommended.


The key property of the channel that should be noted in a reconnaissance survey is the condition of the bank slopes or the extent to which width would increase with increasing streamflow.  Clearly the bank slopes and material in contact with the streamflow at the flow rate(s) of interest are the main characteristics to note in a reconnaissance.  2 gives general guidance but it should be noted that values are derived for bankful flows.   Even in streams with vertical banks, the low flows may be in contact with a sand bed having shallow sloped, almost nonexistent banks more representative of ephemeral streams in semi-arid areas.

Pore Water Advection


Pore water flows into or out of the bed can significantly influence benthic pollutant concentrations.  Depending on the direction of these flows and the source of the pollutants, pore water advection may be a source or sink of pollutants for the overlying water column.


If benthic segments are included in the model network, the user may specify advective transport of dissolved chemicals in the pore water.  In WASP5, pore water flows are input via transport field two.  Pore water advection transports water and dissolved chemical; sediment and particulate chemical are not transported.  The mass derivative of chemical due to pore water flow from segment j to segment i is given by:
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where:


Mik

=
mass of chemical "k" in segment "i," g


Cjk

=
total concentration of chemical "k" in segment "j," mg/L (g/m3)


nj

=
porosity of segment j, Lw/L


fDj

=
dissolved fraction of chemical in segment "j"


Qji

=
pore water flow rate from j to i, m3/day


Dissolved fractions fD may be input by the user in Data Group J.  In TOXI5, these are recomputed from sorption kinetics each time step.


WASP5 tracks each separate pore water inflow through the benthic network.  For each inflow (or outflow), the user must supply a continuity function and a time function.  The actual flow through benthic segments that results from each inflow is a product of the time function and the continuity function.   If a flow originates in or empties into a surface water segment, then a corresponding surface water flow function must be described in flow field 1 that matches the pore water function.

Water Column Dispersion 


Dispersive water column exchanges significantly influence the transport of dissolved and particulate pollutants in such water bodies as lakes, reservoirs, and estuaries.  Even in rivers, longitudinal dispersion can be the most important process diluting peak concentrations that may result from unsteady loads or spills.  Natural or artificial tracers such as dye, salinity, or even heat are often used to calibrate dispersion coefficients for a model network.


In WASP5, water column dispersion is input via transport field one in Data Group B.  Several groups of exchanges may be defined by the user.  For each group, the user must supply a time function giving dispersion coefficient values (in m2/sec) as they vary in time.  For each exchange in the group, the user must supply an interfacial area, a characteristic mixing length, and the adjoining segments between which the exchange takes place.  The characteristic mixing length is typically the distance between the segment midpoints.  The interfacial area is the area normal to the characteristic mixing length shared by the exchanging segments (cross‑sectional area for horizontal exchanges, or surface area for vertical exchanges).  The actual dispersive exchange between segments i and j at time t is given by:
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where:


Mik

=
mass of chemical "k" in segment "i," g


Cik, Cjk
=
concentration of chemical "k" in segment "i" and "j," mg/L (g/m3)


Eij(t)
=
dispersion coefficient time function for exchange "ij", m2/day


Aij

=
interfacial area shared by segments "i" and "j," m2 


Lcij

=
characteristic mixing length between segments "i" and "j," m

Pore Water Diffusion 


Diffusive pore water exchanges can significantly influence benthic pollutant concentrations, particularly for relatively soluble chemicals and water bodies with little sediment loading.  Depending on the dissolved concentration gradient, pore water diffusion may be a source or sink of pollutants for the overlying water column.


If benthic segments are included in the model network, the user may specify diffusive transport of dissolved chemicals in the pore water.  In WASP5, pore water diffusion is input via transport field two in Data Group B.  Several groups of exchanges may be defined by the user.  


For each exchange group, the user must supply a time function giving dispersion coefficient values (in m2/sec) as they vary in time.  For each exchange in the group, the user must supply an interfacial area, a characteristic mixing length, and the segments between which exchange takes place.  The characteristic mixing length is typically the distance between two benthic segment midpoints (multiplied internally by the tortuosity, which is roughly the inverse of porosity).  For pore water exchange with a surface water segment, the characteristic mixing length is usually taken to be the depth of the surficial benthic segment.   The interfacial area is the surficial area of the benthic segment (which is input by the user) multiplied internally by porosity.  


There may be several surficial benthic segments underlying a water column segment, representing discrete benthic deposits (or habitats).  The concentration of chemical diffusing is the dissolved fraction per unit pore water volume.  The actual diffusive exchange between benthic segments i and j at time t is given by:
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where:


fDik,fDjk
=
dissolved fraction of chemical "k" in segments "i" and "j"


nij

=
average porosity at interface "ij", Lw/L


Eij(t)
=
diffusion coefficient time function for exchange "ij", m2/day


Aij

=
interfacial area shared by segments "i" and "j," m2

Lcij

=
characteristic mixing length between segments "i" and "j," m

Boundary Processes

A boundary segment is characterized by water exchanges from outside the network, including tributary inflows, downstream outflows, and open water dispersive exchanges.  WASP5 determines its boundary segments by examining the advective and dispersive segment pairs specified by the user.  If an advective or dispersive segment pair includes segment number "0," the other segment number is a boundary segment.  Thus, for advective flows, the segment pair (0,1) denotes segment 1 as an upstream boundary segment; segment pair (5,0) denotes segment 5 as a downstream boundary segment.  


Boundary concentrations CBik (mg/L) must be specified for each simulated variable "k" at each boundary segment "i".  These concentrations may vary in time.  At upstream boundary segments, WASP5 applies the following mass loading rates:
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where:


SBik

=
boundary loading rate response of chemical "k" in segment "i," g/m3-day


Vi

=
volume of boundary segment "i," m3

Q0i(t)
=
upstream inflow into boundary segment "i," m3/day

At downstream boundary segments, WASP5 applies the following mass loading rates:
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where:


Qi0(t)
=
downstream outflow from boundary segment "i," m3/day


Cik

=
internal concentration of chemical "k" in segment "i," mg/L

Notice that the specified boundary concentration is not used to calculate the boundary loading rate for the downtream boundary segment.  If, however, the downstream outflow becomes negative, it becomes in reality an inflow.  In this case, Equation 11 applies where Q0i = -Qi0.


At exchange boundary segments, WASP5 applies the following mass loading rates:
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where terms are as defined above.  When a boundary concentration exceeds the internal concentration, mass is added to the boundary segment; when the boundary concentration falls below the internal concentration, mass is lost from the boundary segment.

Loading Processes

WASP5 allows the user to specify loading rates for each variable.  Two types of loadings are provided for -- point source loads and runoff loads.  The first set of loads is specified by the user in the input dataset.  The second set of loads is read by WASP5 from a nonpoint source loading file created by an appropriate loading model.  Both kinds of loads, in kg/day, are added to the designated segments at the following rates:
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where:


SLik

=
loading rate response of chemical "k" in segment "i," g/m3-day


Lik(t)
=
loading rate of chemical "k" into segment "i," kg/day


Point source loads are input as a series of loading versus time values.  During a simulation, WASP5 interpolates between these points to provide time-variable loadings.  The WASP5 calculational time step should be set by the user to a value that is divisible into the difference in time entries in the point source loading functions.  If evenly divisible time steps cannot be specified, the user should specify maximum time steps at least 5 times smaller than the point source time entries.  If the user is specifying daily load variations, for example, the maximum time step should be 0.2 days.


The user should understand that mass entered as loads is not directly accompanied with inflow.  No significant errors are introduced if the inflow associated with a loading is small compared with the water body flow.  If a loading is associated with significant inflow, then the user should generally enter the associated flows separately under water column advection, and treat the loading as a model boundary by specifying the boundary concentration accompanying the inflow.  If a large number of diffuse loads are being read in, the user can provide for the incremental flows using a flow continuity function that increases downstream.

Nonpoint Source Linkage


Realistic simulations of nonpoint source loadings can be accomplished by linking WASP5 to a compatible surface runoff simulation.  This linkage is accomplished through a formatted external file chosen by the user at simulation time.  The nonpoint source loading file contains information on which WASP5 systems and segments receive nonpoint source loads, and a record of the nonzero loads by system, segment, and day.


If the user sets the nonpoint source loading flag (Data Group F, Record 5) to 1, a menu of previously prepared nonpoint source files (*.NPS) is presented.  Following the choice of a proper file, nonpoint source loads are read once a day throughout a simulation from a loading file generated by a previous loading model simulation.  These loads are treated as step functions that vary daily.  When the user implements the nonpoint source loading option, model time steps should be divisible into 1 day.  (Time steps do not have to be exactly divisible into a day; if time steps are small, any errors associated with carrying the previous day's loading rate into a new day will be small.)


The contents and format of the nonpoint source file are detailed in Part B, The WASP5 Input Dataset, Section 7.2.

Initial Conditions

Because WASP5 is a dynamic model, the user must specify initial conditions for each variable in each segment.  Initial conditions include the chemical concentrations at the beginning of the simulation.  The product of the initial concentrations and the initial volumes give the initial constituent masses in each segment.  For steady simulations, where flows and loadings are held constant and the steady-state concentration response is desired, the user may specify initial concentrations that are reasonably close to what the final concentrations should be.  For dynamic simulations where the transient concentration response is desired, initial concentrations should reflect measured values at the beginning of the simulation.


In addition to chemical concentrations, the dissolved fractions must be specified for each segment at the beginning of the simulation.  For tracers, the dissolved fractions will normally be set to 1.0.  For tracers, as well as dissolved oxygen, eutrophication, and sediment transport, the initial dissolved fractions remain constant throughout the simulation.  For organic chemical simulations, the dissolved fraction will be internally calculated from partition coefficients and sediment concentrations.


The density of each constituent must be specified under initial conditions.  For tracers, this value should be set to 1.0. 

2.2
MODEL IMPLEMENTATION

Introduction

To simulate a tracer with WASP5, use the preprocessor or text editor to create a TOXI5 input file.  The preprocessor will create an input file with parameters in the proper fields.  Using a text editor, the user must take care to enter parameters into the proper fields.  A general description of the input dataset is given in Part B of this document.  The model input parameters are organized below as they are presented in the preprocessor.  The data group, record number, and input parameter name are also given for reference.

Model Input Parameters

This section summarizes the input parameters that must be specified in order to solve the WASP5 mass balance equation.  Input parameters are prepared for WASP5 in four major sections of the preprocessor -- environment, transport, boundaries, and transformations.

Environment Parameters


These parameters define the basic model identity, including the segmentation, and control the simulation.


Simulation Type-- The user must specify which WASP5 model will be run with the dataset.  The present choices are "TOXI4" or "EUTRO4."  (Group A, Record 1, SIMTYP)


Simulation Titles-- The user may specify a 2-line title for the simulation.  This title may include any descriptive information on the water body, time frame, pollutants, simulation parameters, etc.  The user may also specify the properly positioned names of the simulation switches input in Record 4.  This is for user convenience only. (Group A, Records 1, 2, 3; TITLE1, TITLE2, HEADER)


Number of Segments-- The user must specify the number of segments in the model network.  (Group A, Record 4, NOSEG)


Number of Systems-- The user must specify the number of model systems (state variables) in the simulation.  In the preprocessor, select "simulate" for Chemical 1, and "bypass" for Chemicals 2 and 3 and Solids 1-3.  For bypassed variables, the bypass option SYSBY(I) is set to 1. (Group A, Record 4, NOSYS; Record 10, SYSBY(I))


Restart Option-- The user must specify the restart option, which controls the use of the simulation restart file.  This restart file stores the final conditions from a simulation, and can be used to input initial conditions in a sequential simulation. 0 = neither read from nor write to the restart file;  1 = write final simulation results to restart file; 2 = read initial conditions from restart file created by earlier simulation, and write final simulation results to new restart file.  (Group A, Record 4, ICFL)


Message Flag-- The user must specify the option controlling messages printed to screen during the simulation.  0 = all messages printed, including data input and simulated concentrations; 1 = simulated concentrations only printed; 2 = no messages printed to screen.  (Group A, Record 4, MFLG)


Mass Balance Analysis-- The user should specify the system number for which a global mass balance analysis will be performed.  A value of 0 will result in no mass balance table being generated.  (Group A, Record 4, JMAS)


Negative Solution Option‑‑ Normally, concentrations are not allowed to become negative.  If a predicted concentration at t + Δt is negative, WASP maintains its positive value by instead halving the concentration at time t.  The negative solution option lets the user bypass this procedure, allowing negative concentrations.  This may be desirable for simulating dissolved oxygen deficit in the benthos, for example.  0 = prevents negative concentrations; 1 = allows negative concentrations.  (Group A, Record 4, NSLN)

check code to allow negative initial concentration if NSLN = 1

Time Step Option-- The user must specify how time steps will be determined during the simulation.  0 = user inputs time step history; 1 = model calculates time step.  (Group A, Record 4, INTY)


Advection Factor, dimensionless‑‑ The advection factor υ can be specified to modify the finite difference approximation of (c/(x used in the advection term by WASP.  For υ = 0, the backward difference approximation is used.  This is most stable, and is recommended for most applications.  For υ = 0.5, the central difference approximation is used.  This is unstable in WASP, and is not recommended.


A nonzero advection factor is helpful in situations where the network size and time step produce large numerical dispersion.  A nonzero advection factor reduces the numerical dispersion produced by a particular velocity, length, and time step combination.  According to Bella and Grenney (1970):
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Table 2.3  Values of Numerical Dispersion (m2/sec)

	PRIVATE 


PRIVATE 
U (m/sec)

	   υ 
	0.1
	0.2
	0.4
	0.6
	0.8
	1.0

	
	Δt = 1000 sec

	0.0
	95
	180
	320
	420
	480
	500

	0.1
	75
	140
	240
	300
	320
	300

	0.2
	55
	100
	160
	180
	160
	100

	0.3
	35
	 60
	 80
	 60
	  0
	 --

	0.4
	15
	 20
	  0
	 --
	 --
	 --

	
	Δt = 2000 sec

	0.0
	 90
	160
	240
	240
	160
	  0

	0.1
	 70
	120
	160
	120
	  0
	 --

	0.2
	 50
	 80
	 80
	  0
	 --
	 --

	0.3
	 30
	 40
	  0
	 --
	 --
	 --

	0.4
	 10
	 0
	 --
	 --
	 --
	 --

	
	Δt = 4000 sec

	0.0
	 80
	120
	 80
	 --
	 --
	 --

	0.1
	 60
	 80
	  0
	 --
	 --
	 --

	0.2
	 40
	 40
	 --
	 --
	 --
	 --

	0.3
	 20
	 0
	 --
	 --
	 --
	 --

	0.4
	  0
	 --
	 --
	 --
	 --
	 --

	
	Δt = 8000 sec

	0.0
	 60
	 40
	 --
	 --
	 --
	 --

	0.1
	 40
	  0
	 --
	 --
	 --
	 --

	0.2
	 20
	 --
	 --
	 --
	 --
	 --

	0.3
	  0
	 --
	 --
	 --
	 --
	 --

	0.4
	 --
	 --
	 --
	 --
	 --
	 --



Note that a υ of 0 reduces this to Equation 20.  Values of Enum for a length of 2000 meters and various combinations of velocity and time step are provided in 3.  For a particular velocity, say 0.4 m/sec, numerical dispersion can be reduced by increasing the time step.  For υ = 0, increasing the time step from 1000 to 4000 seconds decreases Enum from 320 to 80 m2/sec.  If the time step must be 1000 seconds, however, numerical dispersion can still be reduced by increasing υ.  In this case, increasing υ from 0 to 0.4 decreases Enum from 320 to 0 m2/sec.  (Group A, Record 4, ADFC)


Initial Time, day, hour, minute‑‑ The time at the beginning of the simulation must be specified in order to synchronize all the time functions.  The day, hour, and minute can be input.  The beginning of the simulation is day 1.  (Group A, Record 4, ZDAY, ZHR, ZMIN)


Final Time, days‑‑The elapsed time at the end of the simulation must be specified in days (including decimal fraction).  The end of the simulation occurs when the final time from the integration time step history is encountered.  The final time is entered on the same record as the time step.  (Group A, Record 7, T(NOBRK))


Transport Analysis Flag-- The user should specify whether the transport analysis file will be generated during the simulation.  A value of 0 causes the file to be generated; a value of 1 prevents the file from being generated.  (Group A, Record 4, TFLG)


Runtime Display Segments-- The user must specify up to six segments for display on the screen during the simulation.  Concentrations in these segments will be written and updated on the screen.  These segments can be changed during the simulation. (Group A, Record 5, ISEGOUT)


Integration Time Step, days‑‑A sequence of integration time steps (Δt) must be specified, along with the time interval over which they apply.  If time step option (INTY) was set to 0, these time steps will be used during the simulation.  If the time step option was set to 1, the model will calculate time steps internally; the time steps given here are the maximum allowed.  


Given specific network and transport parameters, time steps are constrained within a specific range to maintain stability and minimize numerical dispersion, or solution inaccuracies.  To maintain stability at a segment, the advected, dispersed, and transformed mass must be less than the resident mass:
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Solving for Δt and applying the criterion over the entire network with appropriate factors gives the maximum stable step size used by WASP5:
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For purely advective systems, Equation 17 sets the time step to 90% of the minimum segment travel time.  For purely dispersive systems, Equation 17 sets the time step to 90% of the minimum segment flushing time.  For a linear reactive system with no transport, Equation 17 sets the time step to 18% of the reaction time.  Usually Δt is controlled by advective or dispersive flows.

modify the time step calculation to enter the factor 5 for reaction

Numerical dispersion is artificial mixing caused by the finite difference approximation used for the derivatives.  If the advection factor υ = 0, the backward difference approximation of (c/(x is used in the advection term, and
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where:


L
=
length of the segment, m


For the Euler scheme, the forward difference approximation of (c/(t is used, and
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The total numerical dispersion, then, is
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Note that increasing the time step up to Δx/U (or V/Q) decreases numerical dispersion to 0.  The conditions for stability discussed above require a time step somewhat less than V/Q for most segments.  So to maintain stability and minimize numerical dispersion in a water body subject to unsteady flow, the sequence of time steps must be as large as possible, but always less than Δtmax given in Equation 17.  (Group A, Record 6, NOBRK; Record 7, DTS, T)


Print Intervals, days-- The user must specify the print intervals controlling the output density in the print file transferred to the post-processor.  The model will store all display variables in all segments after each print interval throughout the simulation.  Different print intervals can be specified for different phases in the simulation.  At least two print intervals must be specified, one for time 0 and one for the final time.  NPRINT is the number of different print intervals to input.  PRINT(I) is the print interval to be used  until time TPRINT(I).  TPRINT(I) is the time up to when print interval PRINT(I) will be used.  (Group A, Record 8, NPRINT; Record 9, PRINT(I), TPRINT(I))


Segment Volumes, m3‑‑Initial volumes for each segment must be specified.  These can be calculated from navigation charts or from a series of transects measuring depth versus width along the river.  Sometimes, volumes can be estimated from the travel time of a well‑mixed cloud of dye through a reach.  For simulations using hydrodynamic results from DYNHYD5, volumes from the hydrodynamic summary file (#.HYD) are used and continuity is maintained.  (Group C, Record 3, BVOL(ISEG))

Transport Parameters


This group of parameters defines the advective and dispersive transport of simulated model variables.  Input parameters include advective flows, sediment transport velocities, dispersion coefficients, cross‑sectional areas, and characteristic lengths.  Although the nominal units expected by the model are SI, English or other units can be used along with proper specification of conversion factors.


Number of Flow Fields-- Under advection, the user has a choice of up to six flow fields.  To simulate surface water transport, select water column flow in the preprocessor or set the number of flow fields to 1.  When  simulating pore water flow, select this option in the preprocessor or set the number of flow fields to 2.  (Group D, Record 1, NFIELD)


Advective Flow, m3/sec‑‑Steady or unsteady flows can be specified between adjoining segments, as well as entering or leaving the network as inflow or outflow.  The user must be careful to check for continuity errors, as the model does not require that flow continuity be maintained.  For example, the user may specify that more flow enters a segment than leaves.  For simulations using hydrodynamic results from DYNHYD5, flows from the *.HYD file are used and flow continuity is automatically maintained.  (Group D, Record 4, BQ; Record 6, QT(K), TQ(K))


Number of Exchange Fields-- Under dispersion, the user has a choice of up to two exchange fields.  To simulate surface water toxicant and solids dispersion, select water column dispersion in the preprocessor or set the number of exchange fields to 1.  To simulate exchange of dissolved toxicants with the bed, the user should also select pore water diffusion in the preprocessor or set the number of exchange fields to 2.  (Group B, Record 1, NRFLD)


Dispersion Coefficients, m2/sec‑‑Dispersive mixing coefficients can be specified between adjoining segments, or across open water boundaries.  These coefficients can model pore water diffusion in benthic segments, vertical diffusion in lakes, and lateral and longitudinal dispersion in large water bodies.  Values can range from 10‑10 m2/sec for molecular diffusion to 5x102 m2/sec for longitudinal mixing in some estuaries.  Values are entered as a time function series of dispersion and time, in days.  (Group B, Record 6, RT(I), TR(I))


Cross-Sectional Area, m2‑‑Cross‑sectional areas are specified for each dispersion coefficient, reflecting the area through which mixing occurs.  These can be surface areas for vertical exchange, such as in lakes or in the benthos.  Areas are not modified during the simulation to reflect flow changes.  (Group B, Record 4, A(K))


Characteristic Mixing Length, m‑‑Mixing lengths are specified for each dispersion coefficient, reflecting the characteristic length over which mixing occurs.  These are typically the lengths between the center points of adjoining segments.  A single segment may have three or more mixing lengths for segments adjoining longitudinally, laterally, and vertically.  For surficial benthic segments connecting water column segments, the depth of the benthic layer is a more realistic mixing length than half the water depth. (Group B, Record 4, EL(K))

Boundary Parameters


This group of parameters includes boundary concentrations, waste loads, and initial conditions.  Boundary concentrations must be specified for any segment receiving flow inputs, outputs, or exchanges.  Initial conditions include not only initial concentrations, but also the density and solids transport field for each solid, and the dissolved fraction in each segment.


Boundary Concentrations, mg/L‑‑Steady or time‑variable concentrations must be specified for each water quality constituent at each boundary.  A boundary is either a tributary inflow, a downstream outflow, or an open water end of the model network across which dispersive mixing can occur.   Advective and dispersive flows across boundaries are specified by the transport parameters.  Values are entered as a time function series of concentrations and time, in days.   (Group E, Record 4, BCT(K), T(K))


Waste Loads, kg/day‑‑Steady or time‑variable loads may be specified for each water quality constituent at several segments.  These loads represent municipal and industrial wastewater discharges, urban and agricultural runoff, precipitation, and atmospheric deposition of pollutants.  Values are entered as a time function series of loads and time, in days.   (Group F, Record 4, WKT(K), T(K))


Initial Concentrations, mg/L‑‑Concentrations of each constituent in each segment must be specified for the time at which the simulation begins.  For those water bodies with low transport rates, the initial concentrations of conservative substances may persist for a long period of time.  Accurate simulation, then, would require accurate specification of initial concentrations.  If initial concentrations cannot be determined accurately, then longer simulations should be run, and early predictions discounted.  (Group J, Record 2, C(ISYS,J))


Dissolved Fractions‑‑The initial fraction of chemical dissolved in the water portion of a segment is input as a fraction of total chemical concentration.  The dissolved fraction is important in determining the amount of chemical transported by pore water flow and dispersion, and by solids transport.  Dissolved fractions may be computed from sorption kinetics in the transformation subroutines.  (Group J, Record 2, DISSF(ISYS,J))


Solid Densities, g/cm3‑‑The density of each type of solid is needed to compute the porosity of bed segments.  Porosity will be a function of sediment concentration and the density of each solid type.  (Group J, Record 1, DSED(K))


Maximum Concentrations, mg/L‑‑Maximum concentrations must be specified for each water quality constituent.  The simulation is automatically aborted if a calculated concentration falls outside these limits.  This usually indicates computational instability, and the time step must usually be reduced.  (Group J, Record 1, CMAX(K))

Transformation Parameters


This group of parameters includes spatially variable parameters, constants, and kinetic time functions for the water quality constituents being simulated.  None are necessary for dissolved, conservative chemicals.

External Input Files

At the user's option, two external input files may be called upon and used by WASP5 during a simulation.  These formatted files may be created by a simulation model, or by output from a spreadsheet.  As formatted ASCII files, they may be edited using standard text editors.  Hydrodynamic files are denoted by *.HYD, where the user specifies a 1 to 8 character name for *.  Nonpoint source loading files are denoted by *.NPS.  The contents and format for these files are specified in Part B, Sections 5.2 and 7.2.


CHAPTER 3


SEDIMENT TRANSPORT

3.1 MODEL DESCRIPTION

Introduction

Sediment transport is potentially a very important process in aquatic systems.  Excess sediment can affect water quality directly.  Water clarity and benthic habitats can be degraded.  Sediment transport also influences chemical transport and fate.  Many chemicals sorb strongly to sediment and thus undergo settling, scour, and sedimentation.  Sorption also affects a chemical's transfer and transformation rates.  Volatilization and base-catalyzed hydrolysis, for example, are slowed by sorption.  Both sediment transport rates and concentrations must be estimated in most toxic chemical studies.


In general, the stream transport capacity for suspended sediment is in excess of its actual load, and the problem is one of estimating sediment source loading‑‑namely, watershed erosion.  In areas of backwater behind dams or in sluggish reaches, the stream transport capacity may drop enough to allow net deposition.  Strongly sorbed pollutants may build up significantly.  Because sediment transport can be complex, site‑specific calibration of the  settling, scour, and sedimentation rates is usually necessary.

Overview of WASP5 Sediment Transport

Sediment size fractions, or solids types, are simulated using the TOXI5 program.  Simulations may incorporate total solids as a single variable, or, alternately, represent from one to three solids types or fractions.  The character of the three solids types is user-defined.  They may represent sand, silt, and clay, or organic solids and inorganic solids.  The user defines each solid type by specifying its settling and erosion rates, and its organic content. 


WASP5 performs a simple mass balance on each solid variable in each compartment based upon specified water column advection and dispersion rates, along with special settling, deposition, erosion, burial, and bed load rates.  Mass balance computations are performed in benthic compartments as well as water column compartments.  Bulk densities or benthic volumes are adjusted throughout the simulation.  


All solids transport rates can be varied in space and time by the user.  There are, however, no special process descriptions for solids transport.  Erosion rates, for example, are not programmed as a function of sediment shear strength and water column shear stress.  Consequently, the TOXI5 sediment model should be considered descriptive, and must be calibrated to site data.

Sediment Transport Processes
Water Column Transport


Sediment and particulate chemicals in the water column may settle to lower water segments and deposit to surficial bed segments.  Settling, deposition, and scour rates in WASP5 are described by velocities and surface areas in transport fields 3, 4, and 5.  Particulate transport velocities may vary both in time and in space, and are multiplied by cross‑sectional areas to obtain flow rates for solids and the particulate fractions of chemicals.


Settling velocities should be set within the range of Stoke's velocities corresponding to the suspended particle size distribution:
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3.1
 where:


Vs
=
Stokes velocity for particle with diameter dp and density ρp, m/day


g
=
acceleration of gravity = 981 cm/sec2

μ
=
absolute viscosity of water = 0.01 poise (g/cm3‑sec) at 20 (C


ρp
=
density of the solid, g/cm3

ρw
=
density of water, 1.0 g/cm3

dp
=
particle diameter, mm

Table 3.1 Stoke's Settling Velocities (in m/day) at 20 (C

	PRIVATE 


PRIVATE 
Particle

Diameter, mm
	Particle Density, g/cm3

	
	1.80
	2.00
	2.50
	2.70

	Fine Sand
	
	
	
	
	

	      0.3
	
	300.00
	400.00
	710.00
	800.00

	      0.05
	
	94.00
	120.00
	180.00
	200.00

	Silt
	
	
	
	
	

	      0.05
	
	94.00
	120.00
	180.00
	200.00

	      0.02
	
	15.00
	19.00
	28.00
	32.00

	      0.01
	
	3.80
	4.70
	7.10
	8.00

	      0.005
	
	0.94
	1.20
	1.80
	2.00

	      0.002
	
	0.15
	0.19
	0.28
	0.32

	Clay
	
	
	
	
	

	      0.002
	
	0.15
	0.19
	0.28
	0.32

	      0.001
	
	0.04
	0.05
	0.07
	0.08



Values of Vs for a range of particle sizes and densities are provided in 1.

Benthic Exchange


Benthic exchange of sediment and particulate chemicals is driven by the net scour and deposition velocities:
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where:


WBs
=
net sediment flux rate, g/day


S
=
sediment concentration, g/m3

wD
=
deposition velocity, m/day


wR
=
scour velocity, m/day


Aij
=
benthic surface area, m2

i
=
benthic segment


j
=
water segment


The deposition velocity can be calculated as the product of the Stokes settling velocity and the probability of deposition:
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where:


αD
=
probability of deposition upon contact with the bed.

[image: image34.wmf]
Figure 3.1  Sediment transport regimes (Graf, 1971).


The probability of deposition depends upon the shear stress on the benthic surface and the suspended sediment size and cohesiveness.  Likewise, the scour velocity depends upon the shear stress, the bed sediment size and cohesiveness, and the state of consolidation of surficial benthic deposits.  1 is offered as initial guidance in specifying initial deposition and   scour velocities.  For example, coarse silt of 0.05 mm diameter may settle at 100 to 200 m/day, but should not deposit where mean stream velocity is above 0.5 cm/sec.  Where mean velocity rises above 30 cm/sec, erosion is expected, and nonzero scour velocities should be specified.  For fine silt of 0.005 mm diameter settling at 1 to 2 m/day, deposition is not expected, even under quiescent conditions.  Nonzero scour velocities should be specified where mean velocity is above 2 m/sec.  Site specific calibration is necessary to refine the initial estimates.

Sediment Loading


Sediment loading derives primarily from watershed erosion and bank erosion.  These can be measured or estimated by several techniques, and input into each segment as a point source load.  For some problems, long term average sediment loads can be calculated using the Universal Soil Loss Equation (Wischmeier and Smith, 1978).  A useful treatment of this process is given by Mills et al. (1985).  This technique works poorly for short term 

or inherently dynamic problems because much of the sediment loading occurs during a few extreme storm or snow melt events.  If available, suspended sediment data at local gaging stations can be extrapolated to provide areawide loading estimates.  Alternatively, daily runoff loads can be simulated with a watershed model and read in directly from an appropriately formatted nonpoint source loading file.

The Sediment Bed


The bed sediment plays an important role in the transport and fate of water quality constituents.  Sediment‑sorbed pollutants may be buried in the bed by deposition and sedimentation, or they may be released to the water column by scour.  In WASP5, the movement of sediment in the bed is governed by one of two options.  In the first option, bed segment volumes remain constant and sediment concentrations vary in response to deposition and scour.  No compaction or erosion of the segment volume is allowed to occur.   In the second option, the bed segment volume is compacted or eroded as sediment is deposited or scoured.  Sediment concentration in the bed remains constant.  In both options chemical may be transported through the bed by pore water flow and dispersion.


The Constant Bed Volume Option‑‑The first bed option, referred to as the constant volume option, allows the sediment concentration of the bed to change according to the net flux of sediment.  Bed segments are located in reference to the rising or falling bed surface.  The rate at which the bed rises or falls is represented by a sedimentation velocity, input in flow fields 3, 4, and 5 for each sediment size fraction.  Sediment in the bed is added through deposition and lost through scour and sedimentation.


Assuming the depth of the bed remains constant and neglecting dispersive mixing, the mass balance of sediment in a stationary upper bed is given by:
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where:


ws
=
sedimentation velocity of the upper bed, m/day


Si
=
sediment concentration in the upper bed, g/m3

Sj
=
sediment concentration in the water, g/m3

di
=
depth of the upper bed, m

For a lower bed layer,
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where:


Sk
=
sediment concentration in the lower bed, g/m3

wsk
=
sedimentation velocity of the lower bed, m/day


dk
=
depth of the lower bed, m


In most applications the sediment concentration of the bed will be nearly constant over time.  In this case the mass derivative (S/(t will be zero.  The resulting mass balance in the upper bed is:
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In the lower bed,
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It should be noted that under the constant volume option WASP5 does not require a balance of sediment fluxes into and out of a bed segment.  The user should, therefore, take care that deposition, scour, and sedimentation velocities reflect the intended mass flux of sediment in the bed.


The constant volume option also has a provision for a movable upper bed layer.  This layer is modeled by specifying a total advective flow rate (flow field one) between upper bed segments.  Thus, when a flow rate Qij is specified from upper bed segment j to upper bed segment i, the sediment, pore water, and chemical in j are transported to i.  To maintain a mass balance in segment i, a similar flow rate should be specified out of i.  This option allows for the lateral transport of sediment across the upper bed, and can be used to represent bed load transport.


The Variable Bed Volume Option‑‑The second bed volume option, referred to as the variable bed volume option, allows bed volumes to change in response to deposition and scour.  Two types of bed layers are assumed:  an upper uncompacted layer, and one or more lower compacted layers.  When deposition exceeds scour, the upper layer increases in volume as the surface of the bed rises.  After a period of time, the added volume of upper bed compresses and becomes part of the lower bed.  When scour exceeds deposition, the volume of the upper layer decreases as the surface of the bed drops.  When the upper layer erodes completely, the next layer of bed is exposed to scour.

[image: image39.wmf]
Figure 3.2  WASP4 sediment burial (variable volume option).


In locations where sediment deposition exceeds scour (3), bed compaction is triggered by a sedimentation time step.  This sedimentation time step is input by the user and will generally be much larger than the simulation time step.  As sediment and sorbed chemical settle from the water column, the top bed segment increases in volume, sediment mass, and chemical   mass.  Sediment concentrations remain constant.  The volume of the upper bed continues to increase until the end of the sedimentation time step.  At this time, the volume of the upper bed that has been added by net deposition is compressed to the density of the lower bed.  Since the porosity of the uncompressed bed is greater than the porosity of the compressed bed, pore water and dissolved chemical are squeezed into the water column.


During compression, the lower bed segments rise to include the compressed portion of the upper bed.  The volumes and sediment concentrations of these lower bed segments remain constant.  A portion of the bottom bed segment is buried out of the network, however, as bed segments rise in response to sedimentation.  Thus, chemical mass in the lower bed is added through compression of the upper bed, and lost through sediment burial.


After compression, the top bed segment returns to its original predeposition volume.  Sediment and chemical concentrations in the upper bed are not changed by compaction.  In the lower beds, segment volumes and sediment concentrations are unchanged.  Chemical mass from the compacted portion of the bed is added to the lower bed, and chemical mass in the bottom bed segment is buried out of the model network.


Over several sedimentation time steps, the density and volume of the upper bed segment remain constant, so that:
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and
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Figure 3.3  WASP sediment erosion (variable volume option).

For a lower bed layer, volumes are held constant along with density. To maintain mass balance, the average sedimentation velocity is, effectively:
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For locations where sediment scour exceeds deposition, WASP responds as in 2.  As sediment and sorbed chemical erode from the bed, the top bed segment decreases in volume, depth, chemical mass, and sediment mass.  Its density remains constant.  When the sediment mass in the top bed layer equals zero, then segment renumbering is triggered.  All the properties of the remaining bed segments, including chemical concentration, remain unaffected by renumbering.  The new top bed segment, for example,  has the same depth, volume, sediment and chemical concentration as the old second bed segment.  A new bottom bed segment is created with the same physical properties as the other bed segments.  Its chemical concentration, however, is zero.  Renumbering and creation of a new bottom segment completes the WASP5 erosion cycle (or time step).


As a consequence of the way the variable bed volume option treats  sedimentation, certain constraints are imposed on the bed segment properties defined in the input data set.  The density (or sediment concentration) of a top bed segment must be less than or equal to the density of the lower bed segments within a vertical stack.  Since the compaction routine implicitly handles sedimentation, no sedimentation velocities to lower beds may be specified in the sediment transport fields.  Finally, the user must simulate sediment as a state variable in order to use this option.  Sediment is a state variable in the toxics program, but not the eutrophication program.

3.2 MODEL IMPLEMENTATION

Introduction

To simulate sediment transport with WASP5, use the preprocessor or a text editor to create a TOXI5 input file.  Simple datasets are provided for use as templates to edit and adapt.  The model input dataset and the input parameters will be similar to those for the conservative tracer model as described in Chapter 2.  To those basic parameters, the user will add benthic segments and solids transport rates.  During the simulation, solids variables will be transported both by the water column advection and dispersion rates and by these solids transport rates.


In WASP5, solids transport rates in the water column and the bed are input via up to three solids transport fields.  These fields describe the settling, deposition, scour, and sedimentation flows of three kinds of solids.  The transport of particulate chemicals or the particulate fraction of simulated chemicals follows the solids flows.  The user must specify the dissolved fraction (i.e. 0.0) and the solids transport field for each simulated solid under initial conditions.  To simulate total solids, solids 1 must be used.

Model Input Parameters

This section summarizes the input parameters that must be specified in order to solve the sediment balance equations in TOXI5.  Input parameters are prepared for WASP5 in four major sections of the preprocessor -- environment, transport, boundaries, and transformation.  Basic model parameters are described in Chapter 2, and will not be repeated here.  

Environment Parameters


These parameters define the basic model identity, including the segmentation, and control the simulation.


Systems-- To simulate total solids only, select "simulate" for Solids 1 and "bypass" for the other five systems.  To simulate two solids types, select "simulate" for both Solids 1 and Solids 2.  To simulate three solids types, select "simulate" for all three.  The chemical systems can be simulated or bypassed. (Group A, Record 4, NOSYS; Record 9, SYSBY)


Bed Volume Option-- The user must determine whether bed volumes are to be held constant or allowed to vary.  Volumes may be held constant by specifying 0, in which case sediment concentrations and porosities in the bed segments will vary.  Alternatively, sediment concentrations and porosities may be held constant by specifying 1, in which case surficial bed segment volumes will vary. (Group C, Record 1, IBEDV)


Bed  Time Step-- While mass transport calculations are repeated every model time step, certain benthic calculations are repeated only at this benthic time step, in days.  If the constant bed volume option is chosen, sediment concentrations are updated every model time step, but porosities are recalculated every benthic time step.  If the variable bed volume is chosen, upper benthic segment volumes are updated every time step, with compaction occurring every benthic time step. (Group C, Record 1, TDINTS)

Transport Parameters


Number of Flow Fields-- To simulate total solids, the user should select solids 1 flow under advection.  To simulate three sediment types, the user should select solids 1 flow, solids 2 flow, and solids 3 flow.  In addition, the user should select water column  flow.  (Group D, Record 1, NFIELD)


Sediment Transport Velocities, m/sec-- Time variable settling, deposition, scour, and sedimentation velocities can be specified for each type of solid.  If the units conversion factor is set to 1.157e-5, then these velocities are input in units of m/day.  These velocities are multiplied internally by cross-sectional areas and treated as flows that carry solids and sorbed chemical between segments.  Settling velocities are important components of suspended sediment transport in the water column.  Scour and deposition velocities determine the transfer of solids and sorbed chemical between the water column and the sediment bed.  Sedimentation velocities represent the rate at which the bed is rising in response to net deposition. (Group D, Record 6, QT)


Cross-Sectional Areas, m2-- The interfacial surface area must be specified for adjoining segments where sediment transport occurs.  These surface areas are multiplied internally by sediment transport velocities to obtain sediment transport flows.

(Group D, Record 4, BQ)

Boundary Parameters


This group of parameters includes boundary concentrations, waste loads, and initial conditions.  Boundary concentrations must be specified for any segment receiving flow inputs, outputs, or exchanges.  Initial conditions includes not only initial concentrations, but also the density and solids transport field for each solid, and the dissolved fraction in each segment.


Boundary Concentrations, mg/L-- At each segment boundary, time variable concentrations must be specified for total solids, or for each solids type simulated.  A boundary segment is characterized by water exchanges from outside the network, including tributary inflows, downstream outflows, and open water dispersive exchanges.  (Group E, Record 4, BCT)


Waste Loads, kg/day-- For each point source discharge, time variable sediment loads can be specified for total solids, or for each solids type simulated.  These loads can represent municipal and industrial wastewater discharges, or urban and agricultural runoff. (Group F.1, Record 4, WKT)


Solids Transport Field-- The transport field associated with total solids or each solids type must be specified under initial conditions. (Group J, Record 1, IFIELD)


Solid Density, g/cm3-- The average density of the total sediment, or the density of each solids type must be specified.  This information is used to compute the porosity of benthic segments.  Porosity is a function of sediment concentration and the density of each solids type.  (Group J, Record 1, DSED)


Initial Concentrations, mg/L-- Concentrations of total sediment or of each solids type in each segment must be specified for the time at which the simulation begins.  If the variable benthic volume option is used, the benthic sediment concentrations specified here will remain constant for the entire simulation.  (Group J, Record 2, C)


Dissolved Fraction-- The dissolved fraction of each solid in each segment should be set to 0.  (Group J, Record 2, DISSF)

Transformation Parameters


This group of parameters includes spatially variable parameters, constants, and kinetic time functions for the water quality constituents being simulated.  None are necessary for sediment transport.

Data Group Descriptions

An input dataset to simulate three sediment types in a river is given with the model software.  A comprehensive listing of the WASP5 data groups, records, and variables is given in Part B of this documentation.
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