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ABSTRACT

This paper presents a modeling structure that supports the Non-Tidal Passaic River Basin
Nutrient Total Maximum Daily Load (TMDL) Study. The Non-Tidal Passaic River Basin is
defined as the 810 square mile watershed area that drains into the Passaic River and its tributaries
that are upstream of the Dundee Dam on the Clifton/Garfield boundary in New Jersey. NJDEP
identified several of the higher-order streams within the Passaic River basin, including the
Passaic, Ramapo, Wanaque, and Rockaway Rivers, as impaired because the total phosphorus
concentrations exceed the 0.1 mg/l instream criterion. A watershed model is developed to
provide a scientifically defensible basis for establishing a nutrient TMDL.

The Passaic River watershed contains dozens of municipal and industrial wastewater treatment
plant dischargers as well as 11 potable water intake locations that provide water to reservoirs or
directly to water treatment plants. A structure to simulate water quality variables of interest, such
as phosphorus and dissolved oxygen, was developed using the Water Quality Analysis
Simulation Program version 7 (WASP7). In addition to the water quality model, the Passaic
TMDL modeling structure includes a flow model (DAFLOW) developed by USGS and a
watershed model integration tool (WAMIT) that incorporates within a graphical user interface
algorithms for the integration of DAFLOW with WASP, hydrograph separation routines for the
estimation of base flow and surface runoff, derivation of time-series for model boundary
conditions using multiple water quality databases, derivation of non-point source loads using
flow weighted event mean concentrations, model parameterization, calibration, and validation.
The time frame of the model includes four consecutive years (October 1999 through November
2003) that represent normal, dry, extreme drought, and wet years. The resultant watershed model
relates nutrients from various sources to water quality variables such as dissolved oxygen in
order to assess the impact of various pollutant sources under different environmental conditions
on water quality targets at critical locations throughout the watershed.
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INTRODUCTION

The New Jersey Department of Environmental Protection (NJDEP) identified most of the major
waterways within the Passaic River Basin as being impaired for total phosphorus (TP) including
the Passaic, Ramapo, Wanaque, Pompton, Whippany, Dead, Peckman, and Rockaway Rivers.
The Clean Water Act (Section 303(d)) requires that TMDLs be completed for all impaired
waters. A TMDL specifies the maximum amount of a pollutant that a water body can receive
while still being in compliance with the applicable water quality standards. The TMDL is
allocated among point and nonpoint sources of pollution.

Modeling plays a central rule in the TMDL process. According to Chapra (2003), the primary
function of modeling is to provide a basis to predict water quality as a function of loads and
system modifications. In order to provide a basis to predict water quality, more than one model
or computer application may be necessary, depending on the area and the problems that need to
be addressed. The modeling structure for the Non-Tidal Passaic River TMDL includes a water
quality model, a flow model, a watershed model integration tool (WAMIT) and their respective
inputs and outputs.

The flow modeling effort was previously initiated by the United States Geological Survey
(USGS), which adopted DAFLOW as the flow modeling tool. DAFLOW is a digital model
developed by USGS for routing streamflow using diffusion analogy in conjunction with a
Lagrangian solution scheme (Jobson, H. E., 1989). The flow model routes water downstream,
using time series of flow measurements from USGS gages, time series of flow measurements
from dischargers and diversions at selected locations, and incremental flows from subbasins
along the main stems as inputs.

The dynamics of nutrient cycling and its effect on water quality variables was simulated with the
Water Quality Analysis Program 7.0 (WASP7). The WASP7 model is an enhancement of the
original WASP (Di Toro et al., 1983, Connolly and Winfield, 1984, Ambrose, R.B. et al., 1988).
WASP7 is a dynamic finite difference program for aquatic systems, which includes the time-
varying processes of advection, dispersion, point and diffuse mass loading, and boundary
exchange. WASP7 uses time series of streamflows, time series of pollutant loads, flow
concentrations, and several water quality parameters as inputs (Wool, T.A. et al., 2003).

Because the TMDL includes two different models that need to share information, a graphical
watershed model integration tool (WAMIT) was developed for data sharing, data visualization,
model input calculation and for decision support. WAMIT is primarily a graphical user interface
for DAFLOW with Geographic Information Systems (GIS) capabilities. WAMIT also contains
four main data processing algorithms. The first algorithm translates DAFLOW outputs from a
Lagrangian structure into a finite difference structure necessary for WASP and creates a
hydrodynamic input file. The second algorithm consists of a hydrograph separation routine that
is used to calculate the contributions of baseflow and surface flow from incremental subbasin
flow inputs. The third algorithm calculates flow weighted event mean concentrations (EMCs).
The fourth algorithm calculates non-point source loads in the system as a function of baseflow
and surface flows given by the hydrograph separation routine, sub-basin characteristics, and flow
weighted EMCs for different land use types. The streamflow simulations from DAFLOW are
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shared with WASP through a “hydrodynamic file”, and the non-point source inputs are given
through a nonpoint source (NPS) file containing daily loads for several water quality
constituents. Figure 1 shows the Non-Tidal Passaic TMDL modeling structure.

The chart presented in Figure 1 shows all components used for the Non-Tidal Passaic TMDL
modeling. In the center of the flow chart are the computational applications; the elements on the
left are inputs to the models; the elements of the right are outputs and processed inputs. The
objective of this paper is to present an overview of the Non-Tidal Passaic TMDL system, the
spatial set up, the modeling structure, the TMDL components and their relationships.

Figure 1 Non-Tidal Passaic TMDL Modeling Structure
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MODEL NETWORK, SPATIAL AND TEMPORAL EXTENT

The spatial extent of the Non-Tidal Passaic TMDL water quality and flow models includes the
Passaic River, the Pompton River and their major tributaries of interest. For modeling purposes,
the Passaic River was subdivided into three main parts: Upper Passaic, Mid Passaic and Lower
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Passaic’. The Upper Passaic River starts two miles upstream of the confluence with the Dead
River and ends at the confluence with the Rockaway and Whippany Rivers. The Mid Passaic
River starts at the confluence with the Rockaway River and ends at the confluence with the
Pompton River. The Lower Passaic River starts downstream of the confluence with the Pompton
River and ends at Dundee Dam. The Upper Passaic River tributaries that are modeled include the
Dead River starting at Harrison Brook, the Rockaway downstream of the Boonton Reservoir and
the Whippany River downstream of the USGS gage station 01381400 (Whippany River near
Morristown). Modeled tributaries of the Lower Passaic River include Singac Brook (from
Wayne STP to its mouth) and the Peckman River (from Verona Park Lake to its mouth). The
Pompton River, a tributary of the Mid Passaic River, starts at the confluence with the
Pequannock River and the Ramapo River, and it ends at the confluence with the Mid Passaic
River. The tributaries to the Pompton that are being modeled include the Wanaque River
downstream of the Wanaque Reservoir, a small stretch of the Pequannock River starting
approximately two miles upstream of the confluence with the Wanaque River, and the Ramapo
River starting downstream of Pompton Lakes. Figure 2 shows the spatial extent of the Non-Tidal
Passaic River watershed model.

The stream network is a conceptual model of the system’s characteristics and connectivity. It
represents the water bodies and the path of water using a sequence of interconnected elements.
The stream network for the Passaic River basin was defined by observing important aspects of
both the flow and water quality models. Aspects of interest are the definition of upstream
boundaries subjected to gauged flows, the location of incremental flows, sampling stations,
diversions and the variability of cross sectional characteristics. The stream networks for the
water quality model and the flow model provide the same representation of the system’s features
and positioning. However, the type of computational elements of the stream network in the flow
model differ from the type of elements present in the water quality model’s network because of
the models’ distinct solution schemes.

The stream network used in the flow model is the basis for the water quality network.
DAFLOW?’s network, which uses a Lagrangian solution scheme, contains branches, junctions
and nodes. A branch is considered to be a one-dimensional river segment, which must start and
end at a junction. A junction can define boundaries of the system (exterior junctions), or
connections between two or more rivers (internal junctions). Branches contain at least 2 nodes,
one at the beginning and one at the end of each branch. Nodes define locations of interest within
a branch. The locations of interest could be tributary inflows or diversions, cross sectional
characteristics, sampling stations, or merely locations where model outputs are wanted.

The Lagrangian solution scheme allows nodes to be placed in a very flexible manner within a
branch. Because the Lagrangian method does not use compartments in which state variables are
constant, as Eulerian models do, no minimum spacing between two adjacent nodes is required
for model stability. This can significantly reduce the size of input and output files and optimize
processing time. In the case of the Non-Tidal Passaic River basin, 17 branches were defined with
a variable number of nodes per branch.

! In other contexts, the Lower Passaic River refers to the tidal portion downstream of Dundee Dam. This operational
definition of Upper, Mid, and Lower Passaic refers only to non-tidal portions of the Passaic River Basin.
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Figure 2 Non-Tidal Passaic River Model Extent
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In contrast to the stream network for DAFLOW, WASP’s stream network is formed by a
sequence of segments. Segments are control volumes that represent the physical configuration of
the water body. The WASP model network can have up to three dimensions, which allow the
water body to be subdivided laterally, vertically and longitudinally (Wool, T.A. et al., 2003). A
one dimensional model network was used for the Passaic River model network. Every two
consecutive nodes in the DAFLOW network define a segment in WASP. The properties of the
segment are assumed to be the same as its upstream DAFLOW node.

The first criterion for positioning nodes along a branch is the location of major dischargers,
diversions and tributaries. The relevant point source dischargers considered in the analysis were
those classified as Major Municipal Dischargers (MMJ) and a few selected Minor Municipal
Dischargers (MMI). Next, water diversions, major tributaries, USGS gauges, and upstream and
downstream locations near sampling stations are identified. Major water supply diversions in the
non tidal Passaic basin are Passaic Valley Water Commission (P\VWC), North Jersey District
Water Supply Commission (NJDWSC), and New Jersey American Water Company (NJAWC).
Examples of tributaries that are not explicitly modeled but have their flows taken into account in
the model are: Packanack Brook at the Pompton River, Canoe Brook at the Upper Passaic River,
and Goffle Brook at the Lower Passaic River. USGS gauges along the branches need to be
identified for flow model calibration and validation purposes. Upstream and downstream nodes
from sampling stations are necessary to determine a simulation compartment in WASP, and to
provide a more accurate representation of flows at these locations for water quality model
calibration and validation.

The proximity between discharges, diversions and major tributaries of interest varies
considerably. Major dischargers can be very close to each other or very distant. As mentioned
previously, DAFLOW has no limitations in terms of spacing between nodes along a branch.
However, WASP, due to its Eulerian solution scheme, offers some limitations. The volume of a
compartment in WASP and the simulation time step are directly related. If the distance between
two nodes, which defines the size of a WASP compartment, is very small, the time step
necessary to accurately represent the time scale of flow will also be small in order to insure
numerical stability and accuracy.

Although DAFLOW does not present limitations in terms of node proximity, a realistic
representation of input flows is necessary. If two consecutive nodes are very distant from each
other, non point source contributions of relevance between the nodes will not be represented.
Non point source flow contributions consist of base flow and storm water flows being discharged
to major water bodies through a series of minor tributaries and storm water culverts. In order to
take non point source flows into account, nodes were placed when the distance between two
nodes exceeded approximately 1.5 miles.

A single node can represent more than one feature. In some cases, two features can be very close
or overlap each other, and they are represented in the same node to avoid having distances
smaller than 800 feet. Generally, when two features overlap, one of them does not necessarily
represent a contribution to flow, such as the USGS internal gauges and nodes upstream and
downstream of the sampling stations.
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Another issue that influences the spacing between nodes is numerical dispersion in WASP.
Because the concentrations of state variables in WASP are constant within a segment, the
segments have to be sized in order to avoid numerical dispersion. Numerical dispersion occurs
when water quality constituents travel downstream at a much faster rate due to the size of the
model segments. Thus, if two consecutive DAFLOW nodes are too far apart, WASP segments
may be too big when compared to the scale of the actual dispersion in the river system. In order
to overcome this problem, intermediary nodes, which do not account for incremental flows in the
model, were placed between contributing nodes in the stream network, in order to provide
segment lengths of approximately 1500 feet. The length of 1500 feet was determined through
sensitivity analysis on model numerical dispersion and by dye studies performed by the USGS in
the late 1960’s for average and low flow conditions (Horwitz, G. M., and P. W. Anderson, 1966;
Anderson P. W. and S. D. Faust, 1973).

A multiple year simulation was necessary for the Non-Tidal Passaic TMDL in order to capture
the impact of different flow conditions on water quality. Independent models were setup for four
simulation periods, which are referred to as water years. The entire period of simulation starts on
October first 1999 and goes to November 30, 2003. This period is subdivided in four water
years. The first water year (WY2000) covers the period from October 1, 1999 to September 30,
2000. The second water year (WY2001) covers the period from October 1, 2000 to September
30, 2001. The third water year (WY2002) covers the period from October 1, 2001 to September
30, 2002. Finally, the fourth water year (WY 2003) covers the period from October 1, 2002 to
November 30, 2003. These simulation years represent normal, dry, extreme drought, and wet
years respectively.

FLOW MODEL

One of the most important aspects of a watershed model is the transport of water and its
constituents throughout the system. DAFLOW was the model chosen by USGS to route
incremental flow inputs through the Passaic River and its tributaries. DAFLOW is a one
dimensional diffusive wave flow model that uses a Lagrangian solution method to calculate
stream flows at each time step and location (Jobson, H. E., 1989).

The model inputs are stream network elements, which consist of junctions, branches, and nodes,
the geometric characteristics for each node, the time series of flow for the upstream boundaries,
the flows from the dischargers and diversions, and the incremental flows from tributaries and
subbasins along the streams. Flow inputs and geometric characteristics are assigned to nodes
along a branch. DAFLOW provides the discharge at each node, the calculated cross sectional
area, the calculated top width and the input tributary inflow as outputs.

As a diffusive wave flow model, the original code of DAFLOW could not accurately represent
backwater effects that are known to occur at a specific location within the Passaic River system.
A large withdrawal, located at the Pompton River approximately 1000 ft from the confluence
with the Passaic River, can reverse the flow in the Pompton River between the confluence and
the withdrawal under some critical conditions. This made it necessary to modify the model in

530



order to take into account the reversed flow in the previously described section of the Pompton
River.

Data inputs for DAFLOW are broken into three datasets: general information, branch
information, and boundary conditions. According to DAFLOW’s user’s manual, the general
information dataset consists of parameters that control the simulation, such as the time step size,
the number of time steps and the system of units. The general information dataset also specifies
network schematization parameters, such as number of branches and interior junctions. The
branch information dataset contains information about the number of nodes, number of
downstream and upstream junctions, the node distance from upstream junction, the initial flow,
and the hydraulic geometry parameters. Finally, the boundary conditions’ datasets are average
flows during the time step for each node. The boundary conditions represent incremental, time
series of flow, which can be positive in the case of discharger and tributary inflows, or negative
in the case of a diversion. All input datasets for DAFLOW are contained in a file called
FLOW.IN, which is a formatted text file that is accessed by DAFLOW’s code at run time. A
more complete description of all input parameters can be found in Jobson H. E., 1989.

General information datasets are set by the modeler for proper model control and performance.
Information, such as number of internal junctions and branches in the system are a function of
the model network. The number of time steps is a function of time step size and the total period
of planned simulation. Perhaps, one of the most important parameters within the general
information dataset is the time step size. This parameter can be changed by the modeler to insure
stable and accurate simulations. Smaller time steps are desirable from a water quality
perspective, however due to DAFLOW diffusion analogy; more stable simulations would be
obtained with larger time steps. Therefore, after time step sensitivity analysis was performed, a
time step of 3 hours was chosen to simulate flow in the Non-Tidal Passaic River watershed.

Branch parameters are a function of the stream network defined by the modeler and the physical
properties of the system. The number of nodes within a branch, the beginning and end junctions,
and the distance of a particular node from the branch’s upstream junction can be obtained from
the model network and with the help of GIS. Other parameters such as hydraulic geometry and
cross sectional characteristics, which are essential to accurately simulate flow, depend on
physical properties of the system. Hydraulic geometry parameters are used in mathematical
equations that provide cross sectional area and tributary width as a function of flow. They can
also be constant values representing storage or ineffective flow areas. In DAFLOW, the
calculated cross sectional area is given by the parameter A; times the flow (Q) to the power of
the parameter A, plus the dead storage area, parameter Ao. The top width is given by the
parameter W; multiplied by the flow (Q) to the power of parameter W,. Equations 1 and 2 show
the relationship used by DAFLOW to calculate cross sectional area and top width respectively.

A=A Q™ + A, (1)
W =W, «Q" 2)

These are standard equations used to estimate cross sectional characteristics. The parameters Ay,
Ay, Ag, W1 and W, are most commonly derived using regression analysis.
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The last set of parameters necessary to perform DAFLOW simulations are flow boundary
conditions. This dataset consists of all water inputs and outputs from the system for the entire
period of simulation. Flow boundary conditions are a time series of incremental flows in each
node. They should represent the average input or output from flow at a given node within the
model time step.

Boundary flows can be classified as external or internal. External boundary flows are defined for
upstream boundary nodes. In most cases, the flow for external boundaries is derived directly
from USGS gage data. Whenever possible, upstream boundaries in the model are located in the
proximity of flow gages. These selected gages provide 15 minute data records of flow that are
averaged within the model time step. Internal boundary flow inputs are defined for all internal
nodes. Internal nodes are positioned to represent major dischargers, diversions, and stormwater
and groundwater discharge.

Time series data for flow and for all upstream boundary gages and major dischargers present in
the model had to be collected. Gage flows were obtained and averaged for a 3 hour time step by
the USGS. All participating dischargers were contacted by TRC Omni Environmental, and asked
to provide their flow and water quality records for the period of simulation. The format in which
the data was provided and the frequency of measurements of the selected water quality
parameters varied significantly by discharger. In order to fill in the missing records in the
discharger data and to verify the datasets provided, TRC Omni Environmental requested
Discharge Monitoring Reports (DMRs), which contains monthly averages of flow for the period
of simulation for all participant dischargers. The DMR and discharger datasets were compiled in
one database, and the DMR information was used to fill in missing records whenever possible.
The smallest resolution for discharger flows available was average daily flow. These data had to
be broken up into smaller time intervals that were equivalent to the model time step in order to
be used.

The other type of flow inputs besides upstream boundary conditions and discharger flows are the
nonpoint source flows such as tributaries, stormwater flows and baseflow. Unlike the point
source flows and concentrations, there are no flow records available for nonpoint source flows.
The contribution of nonpoint source flows depends on several factors, such as precipitation, land
use, land cover, soil drainage, geomorphology and geology.

Nonpoint source flows vary according to the characteristics of its contributing area, which is the
watershed. Watersheds can be delineated for nodes where non-point source flows are to be
entered in the model. All non-point source flow generated by a given drainage area is assumed to
enter the system at its respective node. As discussed in the model network section, distances
between contributing watershed nodes were kept to a maximum of 1.5 miles, in order to
minimize the effect of lumping non-point source flows at nodes for water quality simulations.

The watershed defines the physical drainage area and the properties influencing groundwater and
runoff. Several methods can be utilized to estimate flow based on watershed characteristics in
order to create the necessary watershed flow inputs for DAFLOW. A drainage area ratio
approach was utilized to obtain watersheds flow estimates. The drainage area ratio method
consists of calculating total flows from watersheds based on flows from comparable gaged
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tributaries. This method provides an adequate estimate of watershed flows with relatively few
inputs. Another possible option to estimate watershed flows was to develop a rainfall-runoff
model for the Passaic River basin. However, the large scale of the model along the fact that
several stream flow gages exist within the model domain allow an excellent calibration to be
obtained using the drainage area ratio method.

DAFLOW outputs are used in the Passaic TMDL structure to drive water quality simulations.
Thus, outputs for each node in the stream network for all time steps are necessary. Outputs from
DAFLOW are given in two types of files: Flow.out and BLTM.flw files. Flow.out provides
tabular information summarizing the simulation for selected locations. BLTM.flw provides flow
field information for all nodes and time steps. For the purposes of the water quality simulations,
the output file of interest is the BLTM.flw. The information contained in the BLTM file is
presented by time step and by node. The output variables are the discharge at the node at the end
of the time step, the average cross sectional area during the time step, the average tributary width
during the time step, the average tributary input over the time step and the volume at the end of
the time step. A more detailed description of DAFLOW output files can be found in Jobson, H.
(1989).

Outputs from DAFLOW are used by WASP to simulate water quality. In order to make
DAFLOW simulations available for WASP, the flow model network and the results originally
provided on a Lagragian solution scheme had to be translated into an Eulerian solution scheme
used by WASP. This data translation process consists of creating WASP segments from
DAFLOW nodes, assigning network connectivity, model boundaries, and unit conversions,
interpolating flow outputs to a time step used in WASP, and writing a WASP hydrodynamic file.
The algorithm responsible for the data translation can be accessed from WAMIT.

WATER QUALITY MODEL

In order to simulate the dynamics of nutrient cycling and its effects on water quality variables in
the Passaic basin, a modeling approach using the Water Quality Analysis Program 7.0 (WASP7)
was adopted. WASP7 includes routines for simulating the fate and transport of conventional
water constituents, which are often required for TMDL analysis. WASP7 is supplied with two
kinetic sub-models. The first sub-model is EUTRO, which simulates conventional pollution
problems, involving dissolved oxygen, BOD, nutrients and eutrophication. The second sub-
model is TOXI, which simulates toxic pollution, involving organic chemicals, metal and
sediment (Ambrose, R.B. et al. 1993). The EUTRO sub-model was used for the Non-Tidal
Passaic TMDL.

The water quality constituents of interest simulated in WASP for the Passaic TMDL are
ammonia, nitrate, organic nitrogen, orthophosphate, organic phosphorus, dissolved oxygen,
chlorophyll, ultimate biochemical oxygen demand, and benthic algae. The constituents above are
state variables in the water quality model. State variables represent the state (concentration) of
water quality constituents for a given time of the simulation. The value of state variables change
with time according to the processes and inputs defined in the model.
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Inputs of water quality constituents in WASP can be added through initial water quality
concentrations, water quality boundary conditions and loads. Initial water quality concentrations
are assigned to all segments of the system, and only impact very early stages of the simulations.
The water quality boundary conditions for WASP consist of concentrations of water quality
constituents associated with a boundary flow. Water quality boundary conditions are entered for
all segments representing point source inputs in the system. Loads are the total mass of a given
constituent entering the system during a day of simulation. Loads in WASP are not a function of
flow, and they can be assigned to any segment with or without boundary flows. The constituents
reaching water bodies via non-point sources are entered as loads to the system.

Initial concentrations must be specified for each segment in WASP. The products of the initial
concentrations and the initial volumes give the initial constituent masses in each segment of the
model. The WASP user manual recommends that for simulations with dynamic flows, where the
transient concentration response is desired, initial concentrations should reflect measured values
at the beginning of the simulation. However, for long term dynamic simulations, initial water
quality concentrations only impact the very early stages of the simulations. Thus, initial
concentrations are not expected to impact model results significantly.

Water quality boundary conditions in WASP are a function of flow boundary conditions.
Therefore, when flow boundaries are defined so are water quality boundaries. The boundary
conditions for the Passaic TMDL water quality model specify the water constituent’s
concentrations for point source flows and upstream boundaries of the system.

WASP boundaries conditions can be subdivided into internal and external boundaries. Internal
water quality boundary conditions are defined for dischargers, while external boundary
conditions are defined for upstream boundaries. Water quality parameters that need to be entered
as internal boundary conditions are ammonia nitrogen (NH3-N), nitrate nitrogen (NO3-N),
organic nitrogen (ON), dissolved orthophosphate (OPO4), organic phosphorus (OP), dissolved
oxygen (DO), and ultimate carbonaceous biochemical oxygen demand (CBOD,). External
boundary water quality parameters include all the parameters for internal boundaries as well as
chlorophyll.

Obtaining water quality boundary conditions for the non-tidal Passaic River was a major
undertaking for the model. This task included gathering point source discharge data and in-
stream water quality from several sources, manually entering written records provided by some
dischargers, formatting existing digital records, assembling all the information into a digital
database, deriving relationships between water quality constituents, and formulating assumptions
to estimate water quality variables for periods and locations where measurements were not
available.

The data used to derive water quality boundary conditions consist of TRC Omni’s 2003 in-
stream sampling, TRC Omni’s 2003 STP effluent sampling, discharger STP effluent sampling
from October 1999 through November 2003 and DMR data available from October 1999
through November 2003.
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The availability of data for water quality boundary conditions change according to the location,
the period of time, the discharger, and the variable of interest. Thus, methods and assumptions
for obtaining the water quality boundaries may vary in order to best represent the water quality
inputs for the model. Basically, two distinct methodologies were used to derive boundary inputs
for external and internal boundaries.

In-stream water quality measurements are the basis for assigning water quality concentrations to
upstream boundaries (external boundaries). Locations defining upstream boundaries in the model
were selected as sampling stations by TRC Omni, and in-stream samples were collected during
the summer and fall of 2003. For each sampling station, the number of days water quality data
was obtained varies. Generally, whenever a site was sampled there are measured concentrations
for all the necessary input variables. An exception is chlorophyll, which was sampled with less
frequency.

Water quality simulations require continuous boundary inputs. Sampled data consists of discrete
data records that need to be interpolated to provide a continuous series of inputs to the model.
For the purpose of the Non-Tidal Passaic TMDL, continuous concentration records for the
boundary parameters were obtained by linearly interpolating consecutive discrete values.
Because the time frame of the sample availability is smaller than the modeling simulation period,
the average of the samples was used as the discrete flow concentration values at the beginning
and end of the simulation period.

Since in-stream water quality data used to derive upstream boundaries is limited to water year
2003, the same values were used to represent upstream boundaries for the remaining years.
Using the same values for the previous simulation years is a reasonable assumption since
upstream areas are mostly natural, covered basically by wetlands and forest. In addition,
upstream boundaries are supposed to have very little impact in the overall results of large scale
models such as the non-tidal Passaic watershed.

Concentrations for upstream boundaries are within the lower range found in water bodies, which
demonstrates the relative pristine conditions of their watersheds, and supports the assumption of
using the same seasonal concentrations for other water years.

The methodology for deriving internal water quality boundaries is more complex than the one
adopted for external boundaries. Internal boundaries are concentrations for point source
dischargers. These concentrations vary in time according to discharger and the parameter being
measured. The data used to derive internal boundary conditions consist of periodic discharger
water quality measurements, TRC Omni 2003 STP effluent sampling and DMR data.

The water quality data obtained from the different sources mentioned above were compiled
within a single database and used to derive boundary conditions for the model. The period with
available water quality data varies considerably. Although TRC Omni collected regular samples
from STP effluent from June to November 2003, the frequency of discharger measurements and
the parameters measured may vary according to discharger. Also, DMR data is not necessarily
available for the entire simulation period for all dischargers. Because of data availability and
variability, different methods were used to calculate boundary conditions for parameters which
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were not directly available in the compiled database. The methods can change according to water
quality parameter and discharger.

Besides initial concentrations and boundary conditions, water constituents can also be entered in
the system via loads. Loads can be defined for all segments in the system, independently if there
is a flow input defined for the segment. In order to represent the amount of pollutant being
transported with baseflow and surface runoff, and to be consistent with the flow model inputs,
loads were entered into the system for segments containing inputs from watershed flows.

Loads are calculated independently for each contributing area, as a function of flow weighted
storm water EMCs, base flow, surface flows, and watershed characteristics. The procedure for
calculating the loads is described in the WAMIT section of this paper.

WAMIT

WAMIT (WAtershed Model Integration Tool) was developed by TRC Omni primarily to serve
as a GIS interface for DAFLOW and to host algorithms to integrate DAFLOW and WASP.
WAMIT’s GIS interface for DAFLOW allows the user to assign DAFLOW global parameters,
local parameters for each node, and time series of flow by selecting the respective nodes on a
map display or on a tree view menu. WAMIT also provides means for graphic display of the
model’s inputs and outputs. The algorithms to integrate WASP and DAFLOW can be accessed
directly from the WAMIT interface and they require their own set of parameters. There are four
main algorithms: hydrodynamic file generator, hydrograph separation, EMC flow weighting, and
NPS file generator.

Hydrodynamic file generator

The hydrodynamic file generator converts DAFLOW outputs from a Lagrangian solution scheme
to a finite difference structure as required by WASP. The difference between modeling
approaches requires the definition of assumptions for data interpretation and consistency. The
first assumption is regarding the spatial segmentation of the river network. This assumption
requires that both models use the same segmentation framework. In order to make these two
approaches compatible, WASP segments are defined as being the same as the distance between
two nodes in DAFLOW, where the properties of a WASP segment are given by the upstream
node in DAFLOW.

The outputs of interest from DAFLOW are discharge, tributary discharge, cross-sectional area
and top width. The first two outputs, discharge at the node and tributary discharge at the node,
are averaged for the time step. This value represents the flow between two segments within a
time step, which corresponds to the segment’s interfacial flows in WASP. Therefore, the values
of interfacial flows are equivalent to the discharge output and the interfacial flows at the node for
a given time step.

Differently from discharges, cross-sectional area and top-width are averaged in space, not in
time. The outputs from cross-sectional area and top-width represent instantaneous values at the
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end of the time step and are averaged over the segment. These values, associated with flows and
segment length, are used to calculate segment volume, depth, and velocity, which according to
the Eulerian scheme, should be constant within a segment for a given time step. Therefore, the
node outputs from DAFLOW at the end of a time step are used to calculate WASP’s segments
properties at the end of the time step, which is consistent with WASP’s Eulerian scheme, and the
mass balance within each segment.

Hydrograph separation algorithm

The hydrograph separation algorithm is necessary to provide an estimate of the individual
contribution of surface flow and base flow from each subbasin. Watershed flows in DAFLOW
lump surface flows and baseflow in one single time series of flow. This approach is appropriate
from a flow routing perspective. However, concentrations of water constituents in baseflow and
surface flow differ considerably, and so does the proportion of these flows according to subbasin
characteristics. These differences in concentrations and degree of perviousness of a subbasin
directly affect nonpoint source loads. The hydrograph separation algorithm separates the original
watershed flows entered in DAFLOW into surface flow and base flow. This separation of
watershed flows, allows nonpoint source pollution to be directly addressed in the Non-Tidal
Passaic TMDL.

The hydrograph separation algorithm is based upon a recursive digital filter method (Nathan R. J.
and T.A. McMahon, 1990). The digital filter method has been widely used for hydrograph
separation programs such as USGS’s HYSEP (Sloto and Crouse, 1996) and it can be used with
one or two filtering parameters. For the one parameter method, the filter is represented by
Equation 3 as shown by Nathan R. J. and T.A. McMahon, 1990.

1+ a)
2

fo=aof , +

(Qc —Qcr) 3)

Where,

fx = filtered direct runoff at the t time step,
f.1 = filtered direct runoff at the t-1 time step,
o = filter parameter,

Q= total stream flow at the t time step,

Q.1 = total stream flow at the t-1 time step.

The filter parameter represents the recession coefficient of a drainage area. The digital filter for
the two parameter method is given by Equation 4 Eckhardt (2005). This method in addition to
the recession coefficient also uses the BFlyax index, which represents the maximum value of
long-term ratio of baseflow to total stream flow.

)xaxb,_, +(1-a)xBFI_, xQ,
1-axBFIl
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Where,
b; = filtered baseflow at the t time step,
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b:.1 = filtered baseflow at the t-1 time step,

BFIma= maximum value of long-term ratio of baseflow to total streamflow,
o = filter parameter,

Q= total stream flow at the t time step.

For the purpose of the Non-Tidal Passaic TMDL, the two parameter method was used to separate
surface flows and baseflows. Default parameters suggested by the literature, were initially used
for a and BFIyax and were later calibrated based on annual ground water recharge estimated
using the GSR-32 method and subbasin characteristics. Values for a vary from 0.95 to 0.98 and
values from BFlnax vary from 0.75 to 0.95.

Flow Weighted EMC method

The storm water EMC flow weighting algorithm is used to account for differences in surface
flow contributions from different land use types. The methodology applied by USGS to estimate
watershed flows does not explicitly account for source areas with distinct land uses. The surface
runoff and base flow are given by subbasin, which lumps distinct source areas with different
degrees of perviousness. EMCs alone represent average concentrations of storm water
constituents for a given area based on land use. Since different areas generate different
proportions of runoff volume, simply calculating the area-weighted EMC could substantially
misrepresent the total load from a subbbasin. Therefore, in order to better represent the relative
contribution of areas with distinct land use and soil type, the source area EMCs are flow-
weighted based on an approach that uses the Curve Number Method.

The flow weighting method requires land type EMCs, basin parameters and a value for the
representative storm as inputs. EMCs were obtained through storm water sampling that was
conducted by TRC Omni. Drainage areas representing distinct land use types were selected and
sampled during storm events. Six land use classes were represented: residential, commercial,
forested, agricultural, barren, and wetlands for this study. EMCs for NH3-N, NO3-N, ON,
OPO4, OP, DO, and CBOD, have to be entered for each subbasin. Although WAMIT allows
EMCs to vary by subbasin as well as by land use type, the EMCs are assumed to vary only
according to land use type for the Non-Tidal Passaic River TMDL.

Basin parameters consist of areas for each land use type within a subbasin and their respective
area weighted curve number. The assignment of basin parameters starts by defining source areas
with unique combinations of land use and soil type. Each of these source areas are assigned with
a curve number. An area weighted curve number is then calculated for each land use type. These
steps are performed using standard Geoprocessing tools available in ArcView. After the basin
parameters are calculated, they can be manually entered in WAMIT, or imported using tab
delimited files with subbasin identification and respective EMC.

The representative storm is necessary to calculate a percent contribution of flow from areas with
different land use types. A value of 1.5 inches was chosen as the representative storm based on
rainfall records available for New Jersey. About 94% of the storms in New Jersey are 1.5 inches
or smaller, and about 76% of the annual rainfall is delivered in storms of 1.5 inches or smaller.
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The flow weighted EMC for each land use type and for each subbasin are calculated using
equations 5 and 6. Equation 5 gives the representative surface runoff (f;) from each land use type
(1) (ininches) as a function of the representative storm (P) and the area weighted average
moisture curve number for the respective land use type (CN;). The flow weighted EMC (fEMC;)
for each parameter (j) is calculated using equation 6, by dividing the sum of the representative
loads from each land use type by the sum of the representative volumes.

2
P-0.2* @—10
¢ _ CNi
{P+0.8*(1000—1oﬂ
CN,

> f*A*EMC;
YA

EMCs for base flow are not assumed to vary by land use type. The flow weighting EMC method
is only applied to calculate loads from surface runoff. EMCs for base flow can be entered
directly in WAMIT, and they can vary by subbasin. TRC Omni conducted sampling in pristine
areas and in areas affected only by nonpoint sources during low flows periods to estimate base
flow concentrations in different areas of the Passaic River Basin. Because measured
concentrations from base flows show low concentrations for the water constituents, average base
flow concentrations for each parameter were calculated and applied for all subbasins. Using the
average base flow concentration is a first approximation and model calibration and validation
will further determine the need for determining subbasin specific concentrations.

(5)

fEMC, = (6)

NPS file generator

The NPS file generator is the simplest algorithm embedded in WAMIT. It generates a text file
with daily loads of NH3-N, NO3-N, ON, OPO4, OP, DO, and CBOD, for each subbasin and
assigns the loads to the subbasin’s respective segment in WASP. The loads are calculated based
on the flow-weighted EMCs for each parameter and subbasin, EMCs for baseflows, and the
surface flows and baseflows calculated with the hydrograph separation algorithm. The total
volume of water from base flow and surface flow reaching the streams during a 24-hour period
are multiplied by the base flow EMCs and fEMCs respectively. This multiplication yields the
total daily non-point source load for each water quality parameter.

CALIBRATION OF FLOW AND WATER QUALITY MODELS

The Passaic TMDL has two major model components that require extensive calibration: the flow
model and the water quality model. The flow model calibration was performed by USGS, which
was the main entity responsible for its development. The flow model calibration was based on
continuous gages along the Passaic and Pompton rivers. Notes about the flow model calibration
are available in the USGS report for the Non-Tidal Passaic TMDL. The water quality model was
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calibrated by TRC Omni. Nineteen calibration stations located in the Passaic River and its major
tributaries were used for the model calibration and validation. Throughout the summer of 2003,
TRC Omni collected water quality samples from these stations and performed continuous diurnal
DO measurements during critical weather conditions for selected stations. In addition, NJDEP
and USGS performed continuous diurnal DO measurements from 1999 to 2002 at seven
locations throughout the basin were used for additional calibration and validation. The stations
used for calibrations as well as boundary stations are shown in Figure 3.

Water quality parameters of interest for the Non-Tidal Passaic TMDL are OPO4, TP, NH3, NO3,
and DO. WASP does not have an automated calibration tool, and there are a significant number
of global and local parameters, which make the calibration process time consuming. Because
diurnal dissolved oxygen variations are greatly influenced by the presence of benthic algae
(periphyton) and macrophytes in the Passaic River and its tributaries, emphasis was given to the
calibration of the periphyton module in WASP.

The initial calibration was performed during one of the critical low flow periods in August 2003.
During this period, continuous DO measurements were taken at selected calibration stations.
Simulated and observed DO was compared and the periphyton routine parameters were adjusted
to provide a DO representation similar to the measured diurnal DO. Obtaining a good
representation of diurnal DO variations was critical for the Non-Tidal Passaic TMDL.
Calibration parameters that affect diurnal DO levels are growth rates, death rates, respiration
rates, the percentage of stream bottom covered by algae, and sediment oxygen demand (SOD).
The presence of macrophytes and periphyton are being lumped in the percentage of stream
bottom coverage parameter. After diurnal DO representation was satisfactory, parameters
affecting nutrient decay and settling in the stream were calibrated. Fine tuning of the calibration
was performed for one high flow event that occurred in June 2003.

Model validation was performed for the remaining period when samples were available. The
number of samples varies according to the calibration station. Figure 4 shows the comparison
between observed and predicted diurnal DO for station PA5, which is located in the upper
Passaic River, approximately 1 mile downstream of the confluence with the Rockaway River.

CONCLUSIONS

Modeling the Non-Tidal Passaic TMDL watershed has been a challenging and exciting
undertaking. The setup of a representative stream network, the development of a flow model for
the Passaic basin, the reconciliation between models with different solution schemes, the
gathering of the data for model inputs, the development of routines for the representation of the
spatial distribution of nonpoint source pollution, the calibration, and the validation the water
quality model are some of the aspects discussed in this paper.



Figure 3 Calibration and Boundary Stations
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Figure 4 Comparison between Predicted and Observed Data
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The modeling structure presented here was developed to address issues raised for the Passaic
TMDL. The previously initiated flow modeling effort mandated one of the components of the
modeling structure. The need to simulate nutrient fluxes and diurnal variation of DO required the
use of a water quality model with routines to simulate the impact of periphyton and macrophytes.
The need to interconnect modeling tools justified the development of a graphical interface
(WAMIT) to manage the models’ inputs and outputs.

The elements of the modeling structure are interconnected through WAMIT. Model inputs can
be managed from WAMIT, which greatly enhances the simulation of different scenarios and
consequently the TMDL analysis for the Non-Tidal Passaic River. The modeling structure is an
effective methodology for the simulation of management scenarios. Effluent discharges can be
easily changed and so can the concentrations of water constituents in the effluents. Event mean
concentrations and watershed perviousness can also be changed to account for the impact of best
management practices and spatial variation of these parameters.
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