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ABSTRACT

In recent years physically based comprehensive distributed watershed scale
hydrologic/water quality models have been developed and applied to evaluate cumulative
effects of land and water management practices on receiving waters. Although these
complex physically based models are capable of simulating the impacts of these changes in
large watersheds, they are often prohibitive for regular applications because of excessive
input data requirements and because of uncertainties in both the model processes and input
data. This task is beyond practical reality for policy makers and managers who need to
make decisions about multiple watersheds with limited time and resources. Nevertheless,
important decisions need to be made with regard to nutrient and water management
practices at the field and watershed scales. Models are needed to make decisions that
reflect our current understanding of the system yet require input parameters that can be
readily determined with 2 minimum of uncertainty.

In this project, lumped parameter watershed scale water quality models of various levels
of complexities for predicting nitrogen loading from lower coastal plain watersheds have
been developed and tested. These watershed scale lumped parameter models, developed
and tested herein, are based upon DRAINMOD, a field scale hydrologic water
management model for poorly drained high water table conditions that has been
successfully tested for varying geographical and climatological conditions. The watershed
scale models have in-stream hydraulic and quality transport submodels linked to
DRAINMOD. Models were simplified and a lumped parameter approach used to describe
in-stream water quality processes. The models were tested with both water quantity and
quality (concentrations and loadings) of nitrogen collected over a three-year (1996-1999)
period on several subwatersheds across an intensively monitored 10,000 ha Jower coastal
plain watershed near Plymouth, North Carolina. Model testing involved only minimal
calibration that used data available in the literature as input to the model. Given the
complexity of the model and limited data, predictions of daily and annual outflows at the
outlets of all the subwatersheds ranged from acceptable to excellent. The model
performed better for a uniform managed forest than for an agricultural watershed, which
was more heterogeneous with respect to soils, crops, and water management practices.
The degree of accuracy of predictions of seasonal and annual loads of nitrogen varied
widely depending upon the season and the level of complexity chosen in lumping the
transport processes.

A spreadsheet-based export coefficient model, which used average annual velocity for
estimating travel time in the delivery ratio, was as good as using a day-by-day velocity
simulated by the complex watershed scale hydraulics model. A GIS-based lumped
parameter model was developed based on an export coefficient-delivery ratio (DR)
concept, with the DR dependent on time of travel from field to the watershed outlet. The
GIS model can be used to quantify the seasonal and annual nitrogen loads at the
watershed outlet. Research is underway to include an uncertainty analysis component
with this lumped parameter water quality model so that nitrogen loading predictions can
be described as a probabilistic distribution.
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SUMMARY AND CONCLUSIONS

This study was conducted on a 10,000 ha watershed near Plymouth in eastern North
Carolina to develop lumped parameter water quality models for predicting nitrogen
loading from coastal plain watersheds. The watershed was instrumented to measure
cumulative effects of land use and management practices on loading of nutrients and
sediment from lower coastal plain watersheds. Flow rates and drainage water quality
measured at both the field scale and at the watershed scale were used for testing models
developed to predict hydrology and nutrient transport. Hydro-meteorologic and water
quality data collected over a near four-year (1996-99) period on the study watershed were
summarized. Rainfall data from several rain gauges distributed across the watershed were
used as model inputs. Daily weather data measured at two weather stations (one at forest
site and another at the agricultural site) were used to estimate daily PET for grass and
forest references. These data were also used as model inputs. Soil hydraulic properties for
the model were based on literature published data for the soil series identified using SCS
soil survey report.

It was hypothesized that the nitrogen loading to downstream receiving waters is mostly
dependent on the hydrology (drainage outflows) as a result of storm events of different
sizes and patterns. This means that the hydrology and flow routing part should be
accurately predicted before testing water quality components of the model. The lumped
parameter models developed were based on a field scale hydrologic model, DRAINMOD,
that has been successfully tested for predicting water table depths and outflow rates from
poorly drained, high water table soils.

Two DRAINMOD based watershed scale distributed hydrologic/hydraulic models,
DRAINMOD-DUFLOW and DRAINWAT were tested for their ability to predict
drainage flow rates and cumulative flow volumes from subwatersheds ranging in size
from 710 ha to 8140 ha, and having multiple land uses. The predictions of daily drainage
rates and total outflow using DRAINWAT were in excellent agreement with measured data
for the subwatershed S4, which had fairly homogeneous soils and vegetation. The
predictions were somewhat poorer for the agricultural subwatershed T4, which was more
heterogeneous with respect to soils, crops, and water management practices. Predicted
outflows and stages for two other subwatersheds, C2 and C5, were in reasonable
agreement with observed data, but the agreement varied among storm events. The model
was able to accurately predict both low flow events during dry periods as well as peak
drainage rates during the summer tropical events that occurred on a large 8140 ha
watershed with mixed land use. Some of the errors were attributed to weir submergence
during large events caused by the hurricanes and to backwater conditions due to beaver
dams. For most of the subwatersheds tested, the model gave reliable predictions of drainage
outflows when general published soil property data were used as input. These results
provide a basis for using these general soil property data in the watershed scale models. It
was concluded that these hydrologic models can be used to reliably predict outflow rates
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and volumes, and therefore, can be linked with water quality models to predict cumulative
total nitrogen loading from the poorly drained coastal watersheds.

Models with different levels of complexity and input requirements were evaluated in this
study. However, models based on DRAINMOD (DRAINMOD-DUFLOW and
DRAINWAT) were used to develop and test the comprehensive lumped parameter water
quality models. Lumped parameter water quality transport and transformation models
were derived based on the primary assumption that the rate of change in nitrogen
concentration is directly proportional to the concentration (i.e. first order kinetics). This
leads to the assumption that concentration in drainage water decays exponentially with
time of travel in the canals and coastal streams. Field experiments were conducted to
measure in-stream processes and parametrise the in-stream model. The hydrologic models
were linked internally or externally with the exponential decay equations to route the
nutrients to the watershed outlet. Other methods based on only DRAINMOD and/or
simple rainfall-runoff models, including an export coefficient (average annual loading)
approach that does not need field hydrology and concentration, were also identified for
estimating nutrient export at the field edge. A constant decay parameter, that lumps all the
transformation processes in the canal network, was assumed for all methods. Different
methods of estimating travel time needed to compute a delivery ratio using the decay
parameter were developed. GIS based and simple spreadsheet based lumped parameter
methods were tested for predicting nitrogen loads.

Most of the models considered were tested with data from a 2950 ha experimental
forested subwatershed. Both DRAINMOD-DUFLOW and DRAINWAT based models
with the exponential decay equation for nutrient transformation predicted annual nitrate
loads within reasonable error. The GIS based approach was encouraging as a spatial
analysis tool for prediction and assessment of annual N loads from lands with multiple
land uses and management practices. Simple, easy to use, spreadsheet based export
coefficient models were also analyzed. Results for the forested watershed S4 indicated
that there was not much difference in annual loads estimated by using travel time on day-
by-day basis using the DRAINMOD based model and the annual average travel time
obtained from velocity-area relationships, where average velocity was obtained from long
term model simulations. These results indicate that the net effect of in-stream processes
on nitrogen loads can be reasonably estimated by these lumped parameter models which
assume an exponential decay of concentration with time of travel.

The uncertainty associated with input parameters on the field hydrology, flow routing,
and nutrient transformation/transport on nitrogen loading predicted by the lumped
parameter models was discussed. An analysis of uncertainty of the results of the field
scale model DRAINMOD-N showed that the predicted subsurface drainage was most
sensitive to lateral saturated hydraulic conductivity than to eight other inputs. However,
the results of the watershed scale model (DRAINMOD-DUFLOW) analysis, applied to
the 2950 ha forested S4 subwatershed, showed that uncertainty of inputs for maximum
surface storage and lateral hydraulic conductivity have much less impact on the
uncertainty of predicted NOs-N loads at the outlet, than they have on the same load at the
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field edge. The parameters most affecting predicted peak outflow rates and total outflow
in watershed scale model FLD&STM/DRAINWAT were, in order of importance, time of
concentration, channel bottom slope, soil hydraulic conductivity, and channel roughness.
The simulated outflow was only moderately dependent on channel depth and width,
rooting depths or drainable porosity.

A sensitivity analysis using the decay coefficient, average velocity, and the field loading
in the lumped parameter models indicated that predicted nitrogen load at the watershed
outlet is more sensitive to loading at the field edge (predicted drainage outflows and
export concentrations) than to velocity and the decay coefficient. Although model
predictions of N loads were shown to be relatively insensitive to the decay rate parameter,
the uncertainty of the decay rate produced the widest confidence limits of all properties
and parameters investigated, affecting the overall uncertainty of the model predictions.
Analysis of the sensitivity of DRAINMOD-DUFLOW predictions to reaction coefficients
showed that denitrification rate was more sensitive than either the mineralization rate or
the dispersion coefficients.

The study concluded that a lumped parameter water quality model using a DRAINMOD
based hydrologic model with an exponential decay equation for in-stream transformations
can be used for evaluating the effects of land use and management practices on nitrogen
loading at the outlets of the lower coastal plain watersheds. Preliminary results of
application of these models demonstrated their potential as decision making tools.
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RECOMMENDATIONS

. Case studies should be conducted on the application of the watershed scale

models developed in this research. Such studies on 10,000 to 50,000 ha
watersheds in the lower coastal plain would allow evaluation of effects of land
uses and management practices on nitrogen loads. They would also identify data
gaps, effects of model parameter uncertainty on predicted nitrogen loads, and
further research needs for application of this technology.

Models with different levels of complexity and input requirements were evaluated
in this study. A GIS based system for organizing input data and visual display of
the outputs of the different models should be developed. Such a modeling system
could provide hierarchical methods of selecting the most reliable and appropriate
model based on data availability and the objectives of analyses to be conducted.

DRAINMOD based hydrologic/hydraulic models should be tested with multiple
years of flow data from multiple sites with different land uses and management
practices for their ability to predict drainage flow rates with a minimal field
calibration. This will allow evaluation for using both the published soil hydraulic
properties as well as the effects of variation due to weather.

. The models should also continue to be refined to accurately predict not only flow
rates at the watershed outlets but other fluxes such as water table depths and flow
rates at in-stream locations to verify the internal consistency of the model. This
would first provide increased accuracy of predicted nitrogen loading rates at the
field scale, in which the fluxes are dependent upon the predicted field water table
depths and flow rates at the field edge. Secondly, it would allow to accurately
predict the velocity distribution in the canal network used in estimates of travel
time component of delivery ratio of nitrogen.

. Soil hydraulic properties used in calibration of the models tested herein need to be

processed and linked in a GIS data base format such that DRAINMOD based GIS
models can be easily used for processing input parameters. This will facilitate use
of GIS models in spatial analysis of nutrient exports in the watershed.

Additional field experimental studies need to be conducted to determine the
nitrogen decay rates for in-stream processes in a range of canal/ditch system
typical of the coastal plain. This should include a study of the variability of decay
parameter on a seasonal basis.

Emphasis should be placed on aécurately determining the field edge loads and

their statistical distributions. More research is needed to establish a sound
database for export concentrations or coefficients for lower coastal plain fields
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10.

11.

12.

with different land uses and management practices. Flow and water quality data
collected at this study watershed and other sites need to be systematically
processed and analyzed to (a) develop export coefficients (average annual field
loads) specific to each land management practice, (b) to estimate annual exports
using measured average annual concentration data with DRAINMOD predicted
annual average outflows, and (c) to determine statistical distributions and their
parameters for nitrogen components for conducting uncertainty analysis of
predicted nitrogen loads at the watershed outlet.

Extensive field validation of DRAINMOD-N for both agricultural and forested
fields 1s needed to provide a more reliable means of estimating export coefficients
for N loading from the fields with different land uses and management practices.

As with hydrologic/hydraulic models, DRAINMOD based lumped parameter
water quality models developed herein should also be tested with multiple site
years of data to calibrate the decay parameter for different nitrogen components.
Testing of these lumped parameter models is more challenging but necessary on
agricultural lands with complex combinations of land uses and management
practices, as they discharge larger nutrient loads to the receiving waters compared
to the forested lands.

Further efforts including dye tracer study for measuring velocities and travel
times are needed to develop and validate velocity-drainage area relationships for
lower coastal plain watersheds. This will improve reliability of method for
estimating travel times and delivery ratios used in GIS and spreadsheet based
lumped parameter models.

Testing of the GIS based lumped parameter water quality models for watersheds
with multiple land uses is needed. Spreadsheet based models should also be
tested. These methods will be very useful tools for the planners and land managers
to visualize and evaluate the effects of land management practices for making
management decisions.

The next big step 1s to link the lumped parameter water quality models with an
uncertainty analysis component. The research on linking DRAINMOD-DUFLOW
based lumped water quality model with an uncertainty analysis component is
already underway. Possibility of linking MS-EXCEL spreadsheet based model
with a decision tool such as @RISK is being explored to conduct uncertainty
analyses of nitrogen predictions using Monte Carlo simulations.
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LUMPED PARAMETER WATER QUALITY MODELING OF COASTAL
WATERSHEDS

BACKGROUND

Water quality problems in North Carolina coastal rivers and estuaries, such as the Neuse, are
attributed to excessive nutrients, primarily nitrogen (N), but also phosphorus (P). Runoff water
from all land contains some of these nutrients, which are necessary for healthy surface waters.
However, they cause problems when present in excessive amounts. Nutrients are delivered to
estuaries by discharge from rivers and streams, atmospheric deposition through rainfall, and
groundwater discharge. They are derived from point sources (wastewater treatment plants,
industrial and municipal discharges) and from nonpoint sources (runoff from agricultural and
forested lands, rural communities and atmospheric deposition with rainfall). Scientists studying
the Neuse River Estuary system have concluded that N is the limiting element controlling plant
growth, alga blooms and associated water quality problems. The N.C. Department of
Environment, Health and Natural Resources (DEHNR) has proposed rules 15A NCAC 2B.0231-
.0236 (North Carolina Register, 1996) with the goal of reducing the average annual load of
nitrogen delivered to the Neuse River Estuary by a minimum of 30 percent of the average annual
load for the period 1990 through 1995 by the year 2001.

A large percentage of N entering coastal rivers and estuaries originates from agricultural and
forested lands. The Division of Water Quality (DWQ) estimates that agricultural lands and
forests contribute 54% and 15 %, respectively of the Neuse River Basin N load at New Bern (NC
DWQ, 1997). Through research conducted in the coastal plain soils over many years (Gambrell
et al., 1975; Gilliam et al., 1979, Skaggs et al., 1980; Skaggs and Gilliam, 1981; Gilliam and
Skaggs, 1984; Deal et al., 1986; Evans et al., 1993; Amatya et al., 1998a; Chescheir et al., 2003,
1996) we have determined both the magnitude and the factors affecting nutrient losses from
agricultural and forested soils. We have also researched the use of riparian buffers and controlled
drainage to reduce N and P losses to drainage waters (Gilliam et al., 1979; Skaggs and Gilliam,
1981; Jacobs and Gilliam, 1985; Deal et al., 1986; Gilliam, 1987; Evans et al., 1993; Amatya et
al., 1998a) and have developed models for predicting effects of land use and management
practices on nutrient losses at the field edge (Parsons et al., 1989; Wright et al., 1992; Chescheir
et al., 1992; Skaggs et al., 1995a; 1995b; Skaggs and Chescheir, 1999). However, these models
cannot be directly applied to predict nutrient loading at the watershed scale. Because of in-
stream processes, N and P loads at the watershed outlet are usually substantially less than the
cumulative loads at the field edge. Watershed scale models that will consider these in-stream
processes are needed to assess proposed methods for reducing nutrient loads to coastal streams
and estuaries.

A lower coastal plain watershed may be visualized as a mosaic of mostly rectangular fields or
blocks of fields defined by ditches and/or canals that drain to a common outlet. The individual
fields or blocks may have different so1l types, land uses, drainage and related water management
systems, and management practices. An example watershed in the lower coastal plain of North
Carolina is shown in Figure 1. Models can be used to address the following kinds of questions.
What are the cumulative impacts on nutrient loads at the watershed outlet of the different soils,



land uses (crops), fertility, cultural and other management practices and their distribution on the
watershed? How will nutrient and sediment loads vary from year-to-year due to variability of
rainfall? Is it more effective to reduce nutrient loading from field scale catchments in close
proximity to the watershed outlet than from fields further upstream? If so, what is the relative
importance? Answers to these questions are important to the development of strategies for
targeting management practices and land uses to effectively and efficiently reduce nutrients at the
watershed and nver basin scales.

Lower Coastal Plain To Albemarle Sound

Upper Coastal Plain "‘-.,

Agriculture
Managed Forest
Natural Forest

200

Automatic Stations
Manual Stations
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Stream Sections
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Figure 1. Location of watershed study site near Plymouth in lower coastal plain of North
Carolina.

As mentioned above, models are currently available to predict losses of nutrients and sediment at
the field edge. Research is continuing to expand and refine these methods, but acceptable models
are available for most management practices. We also have reliable methods for predicting the

hydrology in the lower coastal plain at both field and watershed scales (e.g., Konyha and Skaggs,

1992; McCarthy et al., 1992; Amatya et al., 1997; 1998b). While we can use these models,
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developed specifically for the poorly drained soils of the lower coastal plain, to describe drainage
outflows, we do not have acceptable methods for predicting nutrient loads at the watershed
outlet. Models (e.g., WASPS with submodel EUTRO4, Ambrose ¢t al., 1991; CE-Qual RIV1,
Dortch et al., 1990; HSPF, Johanson et al., 1981) for characterizing in-stream processes do exist,
but their hydrologic submodels were not developed for conditions of the lower coastal plain, and
the large number and uncertainty of the input parameters makes their application questionable
(Reckhow, 1994, 1996a, 1996b; Whitehead, 1992; Kao and Hong, 1996; Beck, 1987; Kumar and
Heatwole, 1994).

The goal of this project was to develop a robust model that will predict N loading from lower
coastal plain watersheds on a monthly, seasonal or annual time frame without prohibitive input
requirements. First, the reliability of our existing hydrologic/hydraulic model for lower coastal
plain conditions was tested by predicting daily flow rates from subwatersheds with varying land
uses. Then efforts were made to predict N loading with a relatively simple lumped parameter
component for nutrient delivery. Two approaches for developing the N delivery part of the
model were explored. The first approach used a simplification of an existing comprehensive -
mode] such as EUTRO4 to predict monthly or less frequent cumulative N loads for lower coastal
plain conditions. The second approach was based on the assumption that change in N load from
a given field is exponentially dependent on time in transient as the drainage water moves from
the field through the network of ditches, canals and streams to the watershed outlet. Thus, N
loading was predicted with empirically determined attenuation coefficients which would depend
on such factors as drainage canal and stream conditions and season of the year. Both approaches
were evaluated and the most promising chosen for further development.

HYPOTHESIS

Our hypothesis was that variations in nitrogen loading at the watershed outlet is most affected by
hydrology (variation in timing and intensity of storm events) and hydraulics (time required for
drainage water to travel from the field edge through the conveyance system to the outlet). We
believed that methods developed in our previous research could be used to simulate the
hydrologic and hydraulic processes with reasonable levels of certainty, since these processes are
well understood and the parameters (such as weather data, stream dimensions and slope)
controlling these processes can be reasonably quantified. On the other hand processes
controlling nitrogen transformations are much more complex and are not nearly as well
understood. Parameters controlling these processes are numerous and very difficult to quantify.
Many of these processes involve cycling of nitrogen between different organic and inorganic
states, which may not significantly affect loading rates at the watershed outlet. Although it may
affect receiving water reactivity, the processes could still be reasonably lumped into simple
empirical relationships quantifying net change of nitrogen in the stream system. By developing
lumped parameter models for determining net in-stream attenuation of nitrogen and coupling
these models with existing mechanistic hydrologic and hydraulics models, we hypothesized that
we could predict nitrogen loading at the watershed outlet with reasonable accuracy.



OBJECTIVES

The overall objective of this project was to develop and test lumped parameter models for
approximating in-stream processes that affect nitrogen loading at the outlets of lower coastal
plain watersheds. These lumped parameter model were coupled with existing mechanistic
hydrologic and hydraulic models to predict nitrogen loading at the watershed outlet. Specific
objectives were:

1. to develop a lumped parameter model by determining the relative importance of
processes and parameters used in complex models that simulate nitrogen
transformations and lumping or omitting the processes or parameters according to
their importance in nitrogen loading at the watershed outlet;

2. to develop a second lumped parameter model by assuming simple exponential
decay of nitrogen with time and empirically determining attenuation constants
dependent on channel characteristics and seasonal conditions;

3. to quantify with field experiments the processes affecting in-stream attenuation of
nitrogen and to determine variability of parameters used to describe those
processes;

4. to evaluate the two lumped parameter models by comparing their predictions with
field measured data and with predictions of more complex process based models;
and

5. to determine the uncertainty of the lumped parameter models due to errors in
parameter estimation and errors in model assumptions.



DATA COLLECTION AND ANALYSIS
METHODS

Site description

The study site is an intensively instrumented 10,000 ha watershed located near town of Plymouth
in Washington County, NC (Fig. 1). The watershed is drained by two primary outlets on
Kendricks Creek, which flows to the Albemarle Sound in the north. The first outlet located at C7
drains about 8140 ha of land in the southern portion of the watershed, whose boundary is shown
by a thick line in Figure 2. The remaining 1860 ha of land in the north and north-west drains to
the second outlet at T5, about 1.5 km north of C7 (Fig.1). The soils are very poorly drained and
consist of both mineral (Portsmouth and Cape Fear series) and organic (Belhaven and Pungo
series). Land uses include cropland (36%), managed forested lands (52%), unmanaged forested
wetlands and riparian areas (11%) and areas covered by buildings, lawns, roads, etc. (about 1%).
These percentages of forested and crop lands are typical for the region.

The drainage systems on the watershed include the major types used in the Coastal Plains. The
primary system for both agricultural and forested lands 1s a network of field ditches and canals
which divide the watershed into a mosaic of regularly shaped fields and blocks of fields (Fig. 2).
Field ditches, which provide both surface and subsurface drainage, are spaced 80 to 100 m apart
and range in depth from 1.0 to 1.5 m on agricultural lands and 0.6 to 1.2 m on forested lands.
Some of the forested lands do not have field ditches. The field ditches drain to a network of
collector and main canals, all of which eventually lead to the watershed outlet. The watershed
has flashboard riser facilities for controlled drainage on about 50% of the land.

Land uses, soil types, water management practices, fertilizer applications, location and
characteristics of riparian buffer areas, and detailed information on crops and cultural practices
were documented for the entire site. A geographic information system (GIS) has been developed
to organize the data with respect to distribution in time and space. The GIS 1s based on stream,
canal, road, and field data digitized from 1:4800 orthophotos and verified by field
reconnaissance. Soil properties and other parameters determined for hydrologic/water quality
modeling are included in the GIS database.

Meteorology

Meteorological data are the key to assessments of hydrologic and water quality impacts at any
location. Meteorological data are continuously measured and recorded at three weather stations
located across the watershed (Fig. 2). Measurements at these stations include rainfall, solar
radiation, net radiation, air temperature, relative humidity, and wind speed and direction.

Rainfall, Rainfall is being continuously measured by automatic tipping bucket gauges that are
connected to these three weather stations (R2, R3, and R6) shown in Figure 2. The data at R2 and
R6 are being stored on half-hourly basis by the data loggers of the CR10X weather station.
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Figure 2. Diagram of 10,000 ha study watershed near Plymouth, NC. General distribution
of land uses, canals, and streams is shown with sampling stations and rain
gauges. The areas of subwatersheds S4, T4, C2, CS, and C7 are highlighted.



The gauges at R2 and R3 are located at a standard height above the open ground whereas the

gauge at R6 is located above the tree canopy on a 22 m tall tower equipped with the CR10X
weather station. Moreover, there is also an automatic gauge at a standard height in an open area
near R6. Data from this open area is used for the hydrologic analysis and modeling. Similarly, an
additional weighing gauge near R2 serves as a backup at Tidewater Research Station (TRS).
Rainfall is being measured with automatic tipping bucket rain gauges at 5 additional locations
(R1, R4, RS, R7, and R8) distributed on the site (Fig. 2). All of these stations are also equipped
with manual rain gauges as backups.

Other weather parameters. The weather station at the managed forest site (R6) is mounted on a
22 m tower that can adjust the elevation of the instruments. The instruments are currently
located 7 m above the ground surface (2 m above average canopy height of 5 m). The sensors are
raised every year before the beginning of the growing season to maintain at about 2m above the
average tree canopy. The weather stations at the agricultural water management site (R2) and
near the north entrance to the TRS (R3) include instrumentation on 3 m towers. The stations at
R2 and R6 measure air temperature, soil temperature, relative humidity, solar radiation, wind
speed, and wind direction every 30 seconds and store the average values in the data loggers on a
half-hourly basis. The data from two different weather stations (R2 and R6) are used and
analyzed to estimate potential evapotranspiration (ET) for short crop and forest reference
vegetations, respectively. Data from R3 has not yet been used in this study.

Hydrology

Field scale monitoring. Drainage water quality and pollutant loading at the field edge are being
determined from measurements at the outlets of 12 agricultural fields, 11 managed forested areas
and 1 natural forested wetland site (Fig. 2). Eight of the agricultural sites (H1 - H8) are on an
intensively instrumented field experiment to study the interaction of water table management and
fertility practices. Losses of fertilizer nutrients and sediment via surface runoff and subsurface
drain outflow are measured on a continuous basis (Munster ct al., 1997). The hydrology and
drainage water quality of a 135 ha wetland (W1) is also being continuously monitored at the field
scale (Chescheir et al., 1995). Results from these two studies have been used to modify and test
process-based simulation models for predicting the hydrology and water quality at the field edge
from managed agricultural land and from natural wetlands (Chescheir et al., 1994; Breve et al.,
1997a; 1997b). Additional field scale gauging stations (TO and T3) are located at the outlets of
fields on which swine lagoon effluent is irrigated. These sites are located on the Tidewater
Research Station (TRS) where studies are being conducted to determine impacts of irrigating
lagoon effluent on quality of shallow groundwater.

Field scale measurements are being conducted at 11 sites on a managed forested area (Fig. 2).
The field sites have been selected to include mixed hardwood and plantation pine at various
stages of growth. Three of the sites (F4, F7, and D3) are on a mixed hardwood forest that is over
35 years old. The other eight sites are on loblolly pine plantations at the following ages: 4 to 5
years (F1, F6, and D4), 9 to 14 years (F3, I5, and D2), and 18 to 19 years (F8, and D1). One of
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the sites (F8) was harvested (clear cut) during the summer of 1997.

Field scale monitoring includes flow measurement and surface water quality sampling from field
ditches or collector canals and water table measurement and shallow groundwater sampling in
the field. Instrumentation at each flow measurement and surface water quality sampling station
includes sharp crested V-notch weirs, water level recorders (located upstream and downstream of
the weir), automatic samplers, and microprocessors to store the data and control the samplers.
Flow rates are measured by a riser-culvert structure with 120° sharp-crested V-notch weir(s) on 7
ditch outlets draining field scale areas. Stage data upstream and downstream of the weir are being
continuously recorded using data loggers. Water table measurement and shallow groundwater
sampling stations in the field are equipped with water level recorders and microprocessors on

100 mm PVC wells and 3-50 mm PVC groundwater sampling wells screened at various depths.
The water level recorders used at all stations are equipped with potentiometers to translate
elevation to digital input for the microprocessors.

Microprocessors at the flow measurement and surface water quality sampling stations are
programmed to control the sampler in either a flow proportional composite mode or a storm
event discrete mode. The microprocessor normally operates in the flow proportional composite
mode. In this mode, it prompts the sampler to take a sample when the calculated cumulative
flow 1s greater than a specified amount. The microprocessor can be manually changed to a
discrete mode when intense sampling of a storm event is desired. In discrete sampling mode, the
microprocessor takes flow proportional samples until it is triggered into an intense sampling
mode by a change of water elevation exceeding a specified limit. The discrete sampling mode is
designed to increase the number of samples collected during the rising limb of the hydrograph
when greater concentrations of nutrients and sediments are likely to occur.

Canal and stream monitoring. Gauging and sampling stations are located at 30 locations on
selected canals and natural streams to determine water quality changes and pollutant transport
through the canal and stream network (Fig. 2). Equipment similar to that installed at the field
scale flow measurement and surface water quality sampling stations has been installed at 15
canal and stream monitoring stations to continuously record canal water levels and flow rates and
to automatically sample for water quality. Five of the 15 canal and stream monitoring stations
have sharp crested V-notch weirs while the other 10 stations measure flow though culvert, canal,
~ or channel sections. The five stations with weirs have a riser-culvert structure with 120° sharp-
crested V-notch weir(s). Stage data upstream and downstream of the weir are being continuously
recorded using data loggers. Three of the 10 stations without V-notch weirs are equipped with
Doppler velocity meters. For the 15 remaining stations without instrumentation, flow rates are
manually determined and grab samples are being collected at biweekly intervals.

Field instruments are serviced biweekly, at which time grab samples are collected to determine
water quality at all stations. Temperature and dissolved oxygen are measured in the field at the
time of sampling. These data should provide an accurate assessment of hydrologic and water
quality conditions from the ficld edge through the drainage canal network, and ultimately to the
receiving streams.



Intensive storm event sampling and flow measurements are usually conducted to determine
pollutant loading and in-stream water quality changes for testing prediction models. The events
are 3 to 5 days in duration in each of the winter, spring, summer, and autumn seasons. During an
intensive sampling event, manual grab samples are collected at 94 additional locations over the
watershed two or three times per day. Most of the additional sampling locations are along three
specific main canal sections: the main canal draining through S2, the main canal draining through
T4, and the main canal draining through AG4 (Fig. 2). Exact scheduling of event sampling
depends on hydrologic conditions, as determined by our continuous monitoring, and weather
forecasts. Only one intensive event sampling was, however, conducted in April 1997 at the
beginning of this project. Details of the instrumentation and monitoring procedures on this
watershed have been given by Chescheir et al. (1998).

Water quality

Nutrient and sediment concentrations. Water samples (both grab and composite) collected at
the above different monitoring stations were analyzed for different nutrient constituents and
sediments e.g. NO3-N, NH4-N, TKN, TP, and TSS in the soil chemistry laboratory, Department
of Soil Science, North Carolina State University. Before being brought to the laboratory these
samples, collected in 200 mL nalgene bottles, were stored in a large freezer at the Tidewater
Research Station. The bottles were then transported to the laboratory (a 2.5-hour drive) in coolers
packed with ice. Laboratory analyses of TKN, NH4-N, NO3-N and TP were colorimetric and
done according to US-EPA (1979). Procedures of APHA (1989) were followed for analysis of
TSS. Values of concentrations were reported in mgL .

Nutrient and sediment loadings. Nutrient and sediment loadings at the field outlets, in-stream
monitoring stations and subwatershed and watershed outlets were computed as the product of
concentrations and the average volume of flow for a given period. Results were summed to
obtain daily, weekly, monthly, and annual nutrient and sediment loadings.

Physical characteristics. Physical characteristics of water such as dissolved oxygen (DO) in
mgL‘l, temperature (°C), conductivity, and turbidity were measured at all in-stream monitoring
stations. These parameters were measured whenever grab samples were taken which was
normally on a bi-weekly basis.

In-stream process measurements. Two stream sections have been instrumented for field
experiments (Fig. 3) to determine input parameters to in-stream process models. These sections
are located in agricultural lands with organic soils on southwestern part of the watershed (Fig. 2).
The first section A1-P1 is on a canal, part while the second is the lateral ditch with outlet at P2.
These experiments include precise measurements and/or estimates of flow and seepage rates and
concentrations for nutrient balances, biomass studies, and sediment water interaction studies.
Reaches (Fig. 3) were selected that have only one inflow and one outflow point. Lateral inflow
from other canals, ditches or fields is minimal. Nutrient and water balances were determined for
each reach. Automatic samplers and flow measurement devices were installed at the inflow and
outflow points. Flow was continuously measured and discrete water quality samples were

collected so as to create concentration time series with flow. Water quality samples were
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analyzed for nitrogen (TKN, NOs-N, and NHs-N), phosphorus (total and ortho), carbon (TOC),
chlorides and pH. Two sample data sets of water elevation and concentrations of nitrogen
components measured during June 1998 at Al and P1 stations are shown in Figures 4 and 5,
respectively. Data in Figure 6 show the cumulative load of nitrate computed for stations A1 and
P1 for the same period. Suspended solids concentrations were also monitored at stations
upstream and downstream of each reach. The procedures described earlier were followed for the
analysis of water samples for these constituents, except for TOC, which was analyzed according
to ASTM (1988). Detailed procedures are described by Birgand (2000).
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Figure 6. Measured cumulative nitrate (NOs) load at inlet A1 and outlet P1 of the
agricultural canal in June 1998.

Temperature was measured continuously for each reach. Temperature (°C), conductivity,
dissolved oxygen (DO), and pH were also collected manually on a biweekly basis at several field
outlets, in-stream locations, subwatershed and watershed outlets. Sediment traps (Giraud, 1992)
have been installed at four locations along each reach and at three locations downstream of each
reach to determine sediment deposition rates. A sample of the data, showing variation in
temperatures along the water and sediment-water interface is shown in Figure 7 for the month of
June 1998. More detailed data and their analyses are presented in Birgand (2000). Atmospheric
deposition and litterfall into each reach were also sampled and quantified. Sediment,
atmospheric deposition and litter samples were analyzed for nitrogen content.

An assessment of the stream biomass was performed on each reach to determine the quantity of
nutrients stored or taken up from the streams. Floating algae and macrophytes biomass were
estimated by measuring the dry biomass. Nitrogen content was quantified for the biomass
samples. Knowing the total biomass and the nitrogen concentration in the biomass gave an
estimate of the nitrogen stored in the plant community for each reach.

Nitrate and ammonia concentration profiles in sediments were measured on a weekly basis using
the method of Hesslein (1976). Sample data sets of concentration profiles in the sediment pore
water are presented in Figures 8 and 9 for some periods in 1998-1999. Profile can be used to
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Figure 7. Measured temperatures at different depths of water and sediment water surface
at P1 station in June 1998.

compute fluxes of nitrate and ammonia to and from the sediment. These experiments were
conducted to determine input parameters for both complex process based models and lumped
parameter models. Results from these experiments will be used to determine input parameters
and the statistical distribution of measured values which will be required in subsequent error
analyses. Distributions of the measured values can be used to determine the uncertainty involved
in choosing input parameters. The uncertainty of a parameter as well as the effect of the

parameter on nitrogen attenuation in the stream was considered in the process of model
simplification.
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DATA ANALYSIS

Meteorology

Rainfall. Breakpoint rainfall data measured by datalogger at R1, R2, R6, R7, and R8 gauges
were processed to obtain daily rainfall. Daily cumulative rainfall only at four of these rain gauges
(R1,R2, R6 & R8) are plotted for the years 1996, 1997 and 1998, 1999 in Figures 10 and 11,
respectively. The seasonal and annual variation of rainfall among these gauges is evident,
especially in 1996 (Fig. 10, top) with tropical storms and hurricanes during the summer-fall
period. Variation was smallest in the relatively dry year, 1997 (Fig. 10, bottom), followed by
1998 (Fig. 11, top). Measured monthly and annual rainfall for seven rain gauges s shown in
Table 1 along with long term normal rainfall measured at the National Weather Service (NWS)
station near Plymouth, NC, for the 1950-90 period. Data clearly shows that summer and fall of
1997 had lower rainfall compared to 1996 and 1998. Similarly, the first six months of 1997 and
1999 had relatively lower rainfall than two other years. Monthly rainfall observed at all stations
for that period was also consistently lower than the long term normal, except for a few of the
stations in April 1997. The highest rainfall of the 4-year period occurred during the first six
months of 1998 in all gauges. There was as much as 69 mm difference in the rainfall between the
gauges R1 and R2 in June of 1996. A difference of 20-40 mm or more was found to be common
between at least two gauges during the summer and fall period. Based on annual data there was
no definite pattern in rainfall (Fig. 12). Annual rainfall was greatest in 1996 due to three summer-
fall tropical storms. Annual rainfall in 1996 was as much as 21 % (R8) higher than the long term
normal of 1292 mm at Plymouth station. Similarly, station R1 had as low as 931 mm in the
relatively dry year 1997, which was 27.9 % lower than the long term annual value of 1292 mm
(Table 1, Fig. 12).

Other weather parameters. The monthly average weather parameters (air temperature, relative
humidity, wind speed and net radiation) measured at two weather stations, forest, R6 and
agricultural site, R2, are presented in Tables 2 and 3, respectively, for the years 1996 through
June of 1999. Long term (1950-90) air temperatures measured at NWS station at Plymouth are
also presented for comparison. These weather parameters were used to estimate daily potential
evapo-transpiration (PET) using Penman-Monteith method for pine forest and short crop
reference vegetation (Jensen et al., 1990). Maximum stomatal conductance from a previous pine
plantation study site in North Carolina (Amatya and Skaggs, 2001) and peniodically measured leaf
area index (LAI) together with a LAI function developed by McCarthy et al. (1992) were used for
pine forest PET. Plots of estimated daily PET for these two vegetation surfaces are shown in
Figures 13 and 14, respectively. Daily PET for pine forest vegetation varied from as low as zero
during the winter to over 7 mm during the summer. Peak PET rates for both sites were often
between 5 to 6 mm/day in May to July, although the forest site had some higher values between 6
and 8 mm/day. PET data for monthly and annual periods are presented in Table 4 for forested
and agricuitural sites. Annual PET varied from 970 mm in a wet year, 1996, to 1042 mm for the
pine forest in 1998. Annual PET for the forested site was 6% and 8% higher than for the
agricultural site in 1996 and 1998, respectively. It was slightly lower (by 0.2%) in 1997. The
PET during the July-October season was higher in the pine forest than for the grass reference at
agricultural site. These PET data are consistent with other observations reported in the literature
(Konyha, 1989; Amatya et al., 1995; 1996) for the humid coastal plain of North Carolina.
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Figure 13. Daily potential evapo-transpiration (PET) rates estimated by Penman-Monteith
method for 4 years for pine forest at Parker Tract, NC.
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Figure 14. Daily potential evapo-transpiration (PET) rates estimated by Penman-Monteith
method for 4 years for standard grass at TRS site, NC.
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Table 1. Monthly and annual rainfall measured at 7 gauges across the study watershed.
Blank columns indicate unavailability of data. Longterm rainfall is from

National Weather Service Station at Plymouth, NC.

{a). Monthly Rainfall data, 1996 1951-90
Month R1 R2 R4 RS R6 R7 R8 Longterm
mm mm mm mm mm mm mm Rain
January 95 121 108 158 103
February 73 65 87 96 98
March 133 132 124 134 108
April 63 59 54 62 83
May 46 90 57 60 114
June 66 135 97 121 115
July 198 210 185 180 154
August 133 184 133 161 152
September 230 245 223 234 121
October 155 166 168 176 83
November 60 83 46 71 79
December 70 83 128 85 82
Annual 1322 1573 1410 1538 1292
(b). Monthly Rainfall data, 1997
January 65 80 67 75 87 75 103
February 49 73 69 66 70 67 98
March 89 92 78 80 90 68 108
April 60 103 84 61 79 76 83
May 71 80 74 86 75 71 114
June 51 52 40 61 76 51 115
July 113 102 164 85 140 130 154
August 99 123 82 96 99 99 152
September 96 106 85 99 101 92 121
October 60 73 68 72 74 90 83
November 99 90 91 99 96 80 79
December 79 58 88 79 81 82 82
Annual 931 1032 988 959 1068 981 1292
(c). Monthly Rainfall data, 1998
January 170 157 151 151 139 146 103
February 97 152 154 154 140 140 98
March 120 114 120 120 100 107 108
April 69 59 68 73 59 67 83
May 160 166 112 160 117 116 114
June 116 116 120 121 80 110 115
July 63 60 60 49 54 52 154
August 158 122 183 136 98 130 152
September 47 40 56 33 40 48 121
October 52 53 63 58 49 50 83
November 75 53 73 73 39 67 79
December 152 139 148 148 144 138 82
Annual 1279 1231 1308 1276 1059 1171 1292
(d). Monthly Rainfall data, 1999
January 92 96 88 89 89 72 89 103
February 71 53 777 50 58 53 52 98
March 79 66 74 70 69 70 71 108
April 64 39 45 49 59 28 47 83
May 98 79 72 119 110 40 91 114
June 74 66 85 124 111 87 103 115
July 38 84 64 64 59 35 71 154
August 176 152 126 173 186 139 147 152
September 409 429 369 399 385 394 356 121
October 196 164 135 140 166 196 129 83
November 58 58 49 42 57 57 55 79
December 32 40 36 34 32 35 32 82
Annuali 1387 1326 1218 1352 1381 1206 1243 1292
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Table 2. Monthly average weather parameters measured above pine forest canopy at
Parker Tract, NC. Longterm air temperature is from National Weather Service

Station at Plymouth, NC.

1996 1997
Air Rel. Wind Net Radi- Air Rel. Wind Net Radi- Longterm
Temp Hum. Spd. ation Temp Hum. Spd. ation Air Temp
Deg.C % mis  MJ/m‘/day Deg.C % m/s MJim’/day Deg.C
January 6.1 79.9 54 37 56
February 7.7 73.3 5.5 59 6.6
March 9.3 73.9 6.4 8.3 12.2 714 24 46 10.5
April 16.7 69.6 6.3 12.1 13.0 67.2 23 12.0 15.7
May 19.7 76.7 2.2 13.9 17.7 69.2 25 16.0 19.8
June 23.3 80.9 1.6 15.3 21.4 80.2 1.8 14.9 235
July 249 83.6 1.9 15.0 247 85.5 1.3 15.0 256
August 229 86.4 1.3 13.5 232 82.0 1.2 15.8 252
September 213 84.9 21 10.2 21.0 85.4 1.3 1.5 222
October 15.8 79.6 2.0 9.1 15.4 86.1 1.0 8.9 16.4
November 7.8 79.1 2.2 57 9.7 81.6 0.8 57 1.3
December 85 82.1 2.6 23 6.5 81.3 1.2 4.0 7.0
1998 1999
January 7.8 86.2 1.2 2.3 7.6 84.5 15 3.8 5.6
February 8.8 83.4 1.5 3.1 7.5 759 18 6.3 6.6
March 10.6 76.8 0.9 59 7.9 70.1 23 8.2 10.5
April 14.8 77.4 1.1 12.5 15.1 73.5 2.0 12.8 15.7
May 19.6 84.4 1.0 13.5 18.3 80.3 1.8 14.4 19.8
June 239 86.6 0.7 15.2 21.8 854 1.4 13.7 235
July 253 82.3 0.5 15.4 255 859 1.1 15.9 25.6
August 25.0 82.6 0.9 14.2 240 86.5 1.1 134 252
September 22.6 83.5 1.3 12.7 203 89.0 1.5 8.7 222
October 15.3 82.5 1.1 9.6 13.6 859 0.9 8.5 16.4
November 113 83.1 1.2 58 10.5 81.9 1.1 55 11.3
December 9.2 87.1 1.5 2.1 55 81.3 1.1 2.0 7.0
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Table 3. Monthly average weather parameters measured above a grass reference at
Tidewater Research Station (TRS), Plymouth, NC. Longterm air temperature is
from National Weather Service Station at Plymouth, NC.

1996 1997
Air Rel. Wind Net Radi- Air Rel. Wind NetRadi- Longterm
Temp Hum. Spd. ation Temp Hum. Spd. ation Air Temp
Deg.C % m/s MJ/m®/day Deg.C % m/s MJ/m’/day Deg.C
January 6.1 79.9 54 27 7.5 74.1 5.4 4.4 56
February 7.7 73.3 55 4.5 10.9 79.9 6.9 4.5 6.6
March 93 739 6.4 6.2 14.5 72.9 11.1 8.4 10.5
April 16.7 69.6 6.3 9.1 15.4 68.8 12.6 10.4 15.7
May 20.2 76.8 4.2 8.8 20.7 70.0 17.4 12.6 19.8
June 23.0 76.0 3.3 10.3 23.3 76.4 207 11.0 235
July 23.3 78.4 4.0 97 253 79.4 245 10.4 256
August 219 80.9 2.3 8.8 252 74.6 234 10.9 252
September  20.0 81.9 3.6 7.0 224 77.9 208 8.2 222
October 16.5 76.5 3.8 6.5 16.3 78.5 15.8 6.5 16.4
November 8.5 77.5 3.7 4.4 10.6 78.7 4.5 45 11.3
December 9.8 80.9 3.9 3.4 8.0 79.7 4.7 3.9 7.0
1998 1999 ,
January 9.4 82.9 4.6 3.2 9.0 79.8 22 1.7 5.6
February 1.2 82.1 6.1 4.4 8.9 76.3 25 5.0 6.6
March 12.6 75.5 54 7.9 9.9 70.3 2.8 7.4 10.5
April 17.2 75.2 52 10.4 16.0 73.0 3.0 10.2 15.7
May 21.2 79.3 2.8 10.3 19.4 81.1 24 1.9 19.8
June 251 77.8 23 11.8 23.0 87.4 1.8 11.9 235
July 258 78.6 1.3 12.2 26.6 87.5 1.3 13.7 256
August 253 79.6 1.7 10.0 252 88.4 1.4 117 252
September 229  80.7 25 8.9 21.5 91.4 2.0 7.5 222
October 16.7 75.9 2.0 71 15.7 87.9 1.5 4.2 16.4
November 12.7 771 2.3 4.2 12.6 82.3 1.8 1.1 11.3
December 94 81.6 2.8 2.8 7.6 80.7 1.9 -0.5 7.0

Note: Wind speed from March to October in 1997 was unusually high.
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Table 4. Monthly total Penman-Monteith PET estimated for (a) forested site at Parker
Tract and (b) agricultural site at Tidewater Research Station (TRS), both near
Plymouth, NC.

a. For loblolly pine (Pinus taeda L. )at forest site

Month S L DL T P Year, Mmm-«-eccmcconcnmacaan.
1996 1997 1998 1999

1 37 26 29 40

2 57 37 30 48

3 68 70 54 74

4 121 90 90 111

5 104 121 111 129

9] 117 123 130 120

7 125 133 147 158

8 108 145 135 138

9 79 97 120 80

10 81 76 93 77

11 41 44 62 60

12 30 37 41 40

Total, mm: 970 998 1042 973

b. For short grass at agricultural site

Month SEETETEEEEE L EELEE Year, Mmm---coccemmeonomcananne >
1996 1997 1998 1999
1 36 26 37 38
2 56 37 44 52
3 64 81 82 86
4 111 101 105 115
5 104 143 104 122
6 113 129 122 114
7 111 130 122 141
8 91 136 102 121
9 74 96 90 72
10 73 70 68 51
11 42 39 44 32
12 38 29 38 39
Total, mm: 911 1016 958 982
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Hydrology

Flow rates at in-stream stations (subwatershed outlets). Flow rates at the in-stream
monitoring stations were determined as discussed below. Flow rates through weirs were
computed using recorded stage data with standard equations (Brater et al., 1996). Although the
flow measurements are assumed to be relatively accurate compared to other components of the
hydrologic water balance (Rothacher and Miner, 1967), problems do occur on the very flat slopes
(< 0.1%) of the lower coastal plain. These problems include frequent submergence of weirs and
culverts due to storm events, outlet controls, tidal fluctuations and beaver dams downstream of
the structures. The effect of submergence on the flow rates depends on the degree of
submergence, which may be defined as the ratio of downstream stage to upstream stage above
the weir (Brater et al., 1996). Flow rates for submerged weirs were usually adjusted using both
of these stages, which were measured in our study. USGS (1977) recommends that flow rates for
submerged weir conditions be determined using a current meter or other similar field
measurements.

Another common problem on these lands is very slow, difficult to detect, velocity during dry
periods. This is not a problem for outlets with weirs, but is a frequent problem for stations such
as open channels and flumes that depend on velocity measurements to determine flow rates.
Birgand (2000) discussed the flow regimes including backwater conditions and their
measurements during several storm events of 1998 and 1999 in a 1160 m long open channel at
this study site. In other instances, beaver dams cause an artificial rise in water level in these
outlets. When velocity is not measured, or there is a gap in the velocity data, Manning equation is
often used for estimating flow rates. Due to uncertainty in estimates of the roughness coefficient,
slope for varying flow regimes during unsteady state conditions, and especially, due to artificial
rise in the water level, this approach may lead to large errors in the flow rates.

In both of the above mentioned circumstances (submerged weir as well as open channel flows)
Doppler based continuous velocity measurements were made in the locations with fixed control
outlets to develop stage discharge relationships. These locations were the exit end of the culverts
or the constricted portions of the open channels with flumes. Average velocity for any stage
height of water in the conduit or the open channel was multiplied with the cross-sectional area of
water flow to obtain the flow rate at any instant. Birgand (2000) found an excellent relationship
(R2 =0.99) between the velocity measured by the Doppler at the center of the flume and the
mean velocity obtained as a ratio of the total measured flow and the total cross-sectional area of
the channel divided into multiple elements of equal width.

Stage discharge relationships may have some systematic errors in a long run, but was not
included in the analysis. The scatter of measured velocity about the stage-velocity curve
experienced, in practice, is due principally to seasonal changes in the river or canal regime. This
1s especially true for the location near the sound that has a potential of tidal effects. Other
possible errors are the systematic bias in velocity meter readings of velocity and stage, the
instability of the station control, changing condition in the channel due to scour or accretion as
was reported by Herschy (1995). Bias due to station control was minimized by servicing the
station on a bi-weekly period. Assuming the velocity meters are factory calibrated, the systematic
biases in readings for the period of study were deemed insignificant. Similarly, potential errors in
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stage readings due to wind effects were assumed minimal for the meter location inside the
culvert.

Subwatershed S4 outlet. The outlet of subwatershed S4, which drains approximately 2950 ha of
forest, is a dual span 1.18 m wide 120° V-notch weir (Fig. 2). The weirs installed on a riser
structure discharge into a 2.28m diameter corrugated metal pipe (CMP) culvert located
immediately downstream. Stage heights upstream and downstream of the V-notch weir were
continuously recorded to estimate flow rates. Only upstream stage heights were used for
estimating flow rates for free fall conditions in the weir. Both upstream and downstream stage
heights were used for submerged flow conditions. A third stage height is also continuously being
measured about 1 m downstream of the end of the CMP culvert. The flow rates obtained by using
the weir equations for periods with high submergence were calibrated using a Doppler based
continuous velocity meter installed at the downstream end of the outlet culvert. The errors
assoclated with using the weir equations for submergence ratios higher than 0.80 during large
events at this outlet were analyzed by Amatya et al. (1998c¢). The authors found that the weir
equation underestimated total outflow by 24 % compared to that obtained by the area-velocity
method for a 35-day period in 1998. This was due to underestimates of peak flow rates as much
as by 45%, primarily during the large events with weir submergence. Using data from several
stations the authors also found that most of the flow recording stations on these flat, poorly
drained lands have potential of submergence due to a rainfall event of 25 mm or more in 24
hours. These results indicate that use of the weir equation alone for estimating flow rates during
high weir submergence generally caused by summer tropical storms and hurricanes may lead to
underestimates of nutrient and sediment export on these flat watersheds.

Daily flows were summed to obtain monthly and annual outflows. The measured monthly and
annual drainage outflows from subwatershed S4 for the period February 1996 to December 1999
are shown in Figures 15 and 16, respectively.

Subwatershed T4 outlet. The outlet of subwatershed (T4) draining 710 ha of mostly
agricultural land is a 200-meter long uniform straight open channel section that drains through
dual concrete box culverts under US 64 highway (Fig. 2). Stages at upstream and downstream
sections of the stretch have been continuously measured using a data logger since June 1996. The
channel sections upstream and downstream were measured to calculate cross-sectional areas for
each stage. Manning equation was used to compute the velocity based on the slope calculated
using the water surface profile and a constant Manning roughness chosen for the given channel
conditions. Flow rate was then calculated using the velocity-slope method. The errors associated
with using the Manning’s equation in the unsteady state flow conditions in the open channel
flows were analyzed by Amatya et al. (1998c). To minimize such errors the Doppler based
continuous velocity meter was installed in one of the dual span box culverts to measure both the
stage and velocity at the exit end. Then flow rates through the dual box culvert were calculated
using the area-velocity method. These flow rates were correlated with flow rates obtained by the
Manning equation for calibration. The Manning equation was then used when velocity meter data
were not available.

The measured monthly and annual drainage outflows from this subwatershed T4 for the period
July 1996 to December 1999 are shown in Figures 15 and 16, respectively.
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Figure 15. Measured monthly outflows for a 4-year period from 2950 ha forested
subwatershed S4 (top), 710 ha agricultural subwatershed T4 (middle), and 8140 ha
mixed land use watershed C7 (bottom) near Plymouth, NC. Some data not shown in

1996 are not available.
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Figure 16. Measured annual outflows for a three-year period (1997-1999) from three
subwatersheds (S4 — managed pine forest, T4 — primarily agricultural and C7 -
forest mixed with agricultural lands) in the study watershed near Plymouth, NC.

Subwatershed outlet C5. The outlet at C5 was an old triple CMP culvert with an internal
diameter of 1.5 m placed under the road (Fig. 2). In order to estimate the flow rates, stages
upstream and downstream of the culvert were continuously measured and recorded. Manual
velocity at the center of the middle culvert was collected on a monthly basis for a two-year period
to develop stage-discharge relationship for estimating the flow. Beaver dams were a frequent
problem downstream of the culvert. Problems in accurately estimating outflow rates from open
canals, culverts and weirs associated with frequent submergence and back flow conditions on
these relatively flat lands (less than 0.1% slope) were identified and initial results of
measurements were presented elsewhere (Amatya et al., 1998c). These old CMP culverts were
later (June-July 1999) dismantled by North Carolina Department of Transportation and replaced
by two new 2.1m diameter CMP pipes. A Doppler based continuous velocity meter was installed
in one of the culverts in July 1999 to monitor both stage and velocities for accurately estimating
outflow rates from this subwatershed. These data are yet to be analyzed. However, instantaneous
flow rates measured at this location (in the channel downstream of the culvert) using the manual
velocity meter and stage heights during the 1996-98 period are given in Table 5. The highest flow
rate of 0.55 m’/sec (cms) recorded was for an event of March 22, 1998. During most of the
summer time measurements flows were either zero or negative flows, indicating the back flow
conditions at this outlet.

Subwatershed C2. The outlet of this subwatershed is a straight open channel section with a
trapezoidal flume made of galvanized steel. The flume is constricted in the middle to facilitate
measurement of low flow rates. A Doppler based velocity meter was installed in late 1998 to
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Table 5. Flow rates for four in-stream stations (C3, CS, C7 & TS) estimated by using stage
and velocity measured intermittently during 1996-98 period.

Date Site Velocity (ftis) Width /Depth{ft) Flow(cfs) Velocity, m/s Flow,cms
3/12/1996 c-3 097 34 /2.93 84 3 0 30 2.39
C-5 008 572867 2.54 002 0.07
c-7 0.31 38 /6.0 70 009 1.98
T-5 0.3 23/3.00 2104 0.09 0.60
4/24/1996 Cc-3 0.41 14/1 31 7.52 c 12 0.21
C-5 -0.03 512 17 -0 26 001 -0.01
c-7 002 38/4 4 334 001 0.09
T-5 0 23/3.00 0 0.00 0.00
5/22/1996 Cc-3 0.32 7.17/0.58 1.33 0.10 0.04
Cc-5 0 511.75 0 0.00 0.00
c-7 0.01 38/2.8 1.06 0.00 0.03
T-5 0 23/4.00 0 0.00 0.00
7/110/1996 c-3 0.04 5.1/0.33 0.07 0.01 0.00
C-5 0.01 5.0/2.00 005 0.00 0.00
Cc-7 -0.03 40/4.5 -5.4 -0.01 -0.15
T-5 -0.06 25/4 .43 -6 64 -0.02 -0.19
9/19/1996 c-3 1.16 34/3.6 141.98 0.35 4.02
C-5 0.98 5/2.95 14.47 0.30 0.41
c-7 0.99 40/8 04 318.38 0.30 9.02
T-5 0.51 25/508 64.77 0.16 1.83
11/18/1896 C-3 0.4 28/ 0.12
C-5 ] 0 0.00 0.00
c-7 0.9 0.27
T-5 0 0 0.00 0.00
1/28/1997 Cc-3 0.82 32/3 5 91.84 0.25 2.60
C-5 N/A N/A N/A
c-7 0.34 40/4 54 .4 0.10 1.54
T-5 0.07 24/2.25 3.78 0.02 0.11
3/2511897 C-3 0.67 18/2.0 241 0.20 0.68
C-5 -0.017 5/2.68 -0.22 -0.01 -0.01
c-7 0.128 40/2 .95 15.1 0.04 0.43
T-5 0.018 24/2.52 1.11 0.01 0.03
5/4/1997 Cc-3 0.62 18/1.8 21.33 0.19 060
C-5 0.02 5/2.5 068 0.01 0.02
Cc-7 0.14 40/5 29.73 004 0.84
T-5 0.05 24/3 3.25 0.02 0.09
711511997 C-3 0.16 2071 3.2 0.05 0.09
C-5 -0.02 5/3 -0.25 -0.01 -0.01
c-7 -0.05 40/4.6 -9.2 -0.02 0.26
T-5 -0.02 24/2.5 -1.68 -0.01 -0.05
8/19/1997 c-3 0.02 9/1 0.2 001 001
C-5 0 51 0 0.00 0.00
Cc-7 0.04 40/4.5 72 0.01 0.20
T-5 -0.02 2413.5 -1.7 -0.01 -0.05
9/16/1997 Cc-3 N/A N/A N/A
C-5 N/A NI/A N/A
Cc-7 -0.02 40/4 1 -3.08 -0.01 0.09
T-5 N/A N/A N/A
2/3/1998 Cc-3 1.08 37/3 114.2 0.33 3.23
C-5 0.25 5/2.25 6.43 0.08 0.18
Cc-7 0.8 45/6 280 .4 0.24 7.94
T-5 0.02 45/3 2.25 0.01 0.06
3/18/1998 C-3 1.34 21/2 3 64.7 041 1.83
C-5 0.23 5/3.0 3.92 0.07 0.11
c-7 027 48/7.6 98.5 0.08 2.79
T-5 062 30/3.2 60 0.19 1.70
3/22/1998 Cc-3 1.6 24727 107 .2 0.49 3.04
C-5 0.56 5/2.4 19.45 0.17 0.55
Cc-7 0.71 48/7.6 260.4 0.22 7.37
T-5 0.31 30/3.4 3153 .0.09 0.89
5/18/1998 C-3
Cc-5
Cc-7
T-5
71711998 C-3 1.2 410.2 096 0.37 0.03
C-5 0 5/1.2 0 0.00 0.00
Cc-7 0.02 48/4 .2 4 0.01 0.11
T-5 0.005 30/2.3 0.3 0.00 0.01
9/17/1998 C-3 059 4/0.2 047 0.18 0.01
C-5 0 5/1.2 0 0.00 0.00
Cc-7 -0.01 48/4.5 -0.22 000 -0.01
T-5 0 30/0.3 0 0.00 0.00
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continuously measure the stage height and velocity in the flume. The measured stage and velocity
were then used to compute the flow rates at this outlet. No flow data were available until 1998.
However, intermittent flow data for several storm events in 1998 and 1999 were measured and
analyzed by Birgand (2000) for two in-stream locations Al and P1 (Fig. 2) within this
subwatershed.

Watershed C7. Measurement of flow rates at this station, which is one of the two primary
outlets of the 10,000 ha watershed, started in the middle of 1996. Flow rates were first estimated
from continuous stage measurements upstream and downstream of a dual span 3m wide and 3m
high concrete culverts under NC Highway 64E. This outlet drained about 8140 ha of the lands,
primarily in the south of the watershed. Later (mid 1997) data were supplemented by Doppler
based continuous velocity measurements at the end of one of the box culverts. Flow rates were
estimated using the average velocity and cross-sectional area of flow in the culverts starting mid-
year in 1997. A relationship was developed with a good set of stage and velocity data measured
in 1998, which were used to verify flow rates for the 1997 period, when only the stage data were
available. The relationship was also used to estimate discharge rates in 1999. The velocity
measured in one of the box culverts throughout the measurement period was assumed the same
in other two for total flow computation purposes. This may actually introduce some errors with
overestimation of discharge rates, as the velocity in the side culverts may be somewhat lower
than in the middle one. Wind effects on flow rate computation were not considered. However,
tidal effect, which is a possibility at this location near the sound, was assumed to be included in
the actual velocity measured by the Doppler. The instantaneous manual measurements of flow
rates at this outlet are shown in Table 5. Data showed the evidence of both low flows with
velocities as low as 3 mm/sec during the summer-fall period and the negative flows with
backwater condition. The highest flow rate of 9.02 m’/sec (cms) was measured for the tropical
event of September 1996 followed by 7.94 m’/sec (cms) for the winter event of February 1998.

Velocities measured by velocity meters at several stations across the watershed have shown that
the velocity meters yield large errors during the low flow periods. Instantaneous spikes that were
recorded during low flow periods were removed and somewhat smoothed using an arbitrary
method. The continuous small flow rates, observed in watershed C7 during the dry summer
periods, may be an artifact of the stage-velocity constructed using measured data from 1998.
Flow rates were observed to be almost zero when the depth in the box culvert was 60 cm or less
during such periods. Therefore, the total daily flows obtained by integrating the flow rates
obtained from the stage-discharge relationship were adjusted to reflect near zero flows, especially
during the summer-fall periods. Such an adjustment was made by careful examination of the
stage and rainfall data.

The measured monthly and annual drainage outflows from watershed C7 for the period January
1997 to December 1999 are shown in Figures 15 and 16, respectively. These measurements show
some flows occurring on C7 watershed during the dry summer months of all three years when
there was zero or only a small flow from subwatershed S4. This may be explained by base flow
occurring as lateral seepage from agricultural and forested fields into the deeper main collector
canals and streams of the watershed. Uncertainty in measurement of velocities by the data logger
during the low flow periods may also explain part of this difference.
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Water Quality

Nitrogen concentrations at soil-water interface. Birgand (2000) used two complementary
approaches to quantify the rates of nutrients and chemical removal in a mass balance study on a
1160 m long drainage canal adjacent to agricultural lands (Fig. 2). Direct measurements of the
nitrogen and carbon concentrations at the sediment-water interface were conducted to calculate
nitrogen fluxes between the water-column and the sediment. However, nitrogen fluxes calculated
with this method were shown to be underestimated. Despite this apparent failure, nitrate retention
in the reach was confirmed to be the result of denitrification after diffusion in the anaerobic zone
of the sediment. Results showed that organic nitrogen was released from the sediment and from
the 1160 m long canal section.

Nitrogen concentrations at subwatershed outlets. Water quality samples were collected at the
outlets of several subwatersheds as well as in-stream sampling locations. The main in-stream
locations considered here are outlets of TS and C7 watersheds. The 1860 ha watershed draining
to T5 includes the 710 ha subwatershed draining to T4. Both of these watersheds are
predominately mineral soils on agricultural lands. The distance along the stream from the T4 to
the T5 outlet is 6 km. The 8140 ha area draining to C7 includes the 1325 ha subwatershed
draining to C5, the 2640 ha subwatershed draining to C2, and the 2950 ha subwatershed draining
to S4. Both C5 and C2 subwatersheds are on mixed land use (approximately 50% agriculture
and 50% forestry); however, C5 is mostly comprised of mineral soils and C2 has mostly organic
soils. The watershed draining to S4 is comprised of all managed forested lands on mostly organic
soils.

Differences in nitrogen concentrations of drainage waters from subwatersheds with differing land
uses and soil types were of particular interest (Tables 6-11). Total nitrogen concentrations and
organic nitrogen concentrations were highest at the outlets of subwatersheds draining organic
soils as shown in Table 8 for S4 and Table 9 for C2. The mean concentrations of the nitrogen
components were very similar for these two subwatersheds with the only differences being
slightly higher NO3-N at the mixed land use outlet (C2) compared to the forest land use outlet
(S4). The mean concentrations of the nitrogen components were also very similar for two mineral
soil subwatersheds with the only differences being higher NO3-N for the predominately
agricultural subwatershed (T4, Table 6) compared to the mixed land use (CS, Table 10). Ina
recent study on “Evaluation of the Condition of Kendricks Creek, North Carolina,” Lebo et al.
(2000) observed similar seasonal variation in NO3-N concentration throughout the watershed.
The authors reported that the higher NO3-N concentrations are characteristic of the system rather
than associated with a particular land use or point source, and that organic-N and NH4-N were
associated more with organic headwaters. A possible high systematic bias in measured organic-N
concentrations at the study site was noted by the authors when data measured from the Kendricks
Creek downstream of this study site were compared with those measured by NCDWQ for the
1996-98 period.

Another interesting result was the change in N concentrations as drainage water moved from one
subwatershed outlet to the outlet of larger subwatershed downstream. The N concentrations
observed at the T5 outlet were 20 to 50% lower than those observed at the T4 outlet located 6 km
upstream of T5 (Tables 6-7). The greater reductions in N concentrations were observed for the
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inorganic N components. The N concentrations observed at the C7 outlet (Table 11) were 25 to
60% lower than those observed at the S4 and C2 outlets (Tables 8 and 9) located 11 km upstream
of C7. However, these annual comparisons should be made cautiously as they are affected by the
seasonal distribution of sample collections, with a larger number of samples in the winter during
high flows and very few samples during summer with low outflows. The higher NO3-N
concentrations at S4 outlet were partially attributed to a low number of summer period samples
when significantly lower NO;-N concentrations occurred throughout the Kendricks Creek
watershed due to a lack of outflow (Lebo et al., 2000). The greatest reductions in N
concentrations were observed for the NHs-N components. N concentrations observed at the C7
outlet (Table 11), however, were 15 to 30% higher than those observed at the C5 outlet (Table
10) located 6 km upstream of C7. The lower N concentrations at C5 were due to more mineral
soils on the C5 subwatershed.

Table 6. Summary statistics of concentrations of nitrogen components in water samples
collected at Station T4 from 1996 through 1998,

TKN NH,4-N NO;-N Org-N Total N

T4 mag/L mg/L mg/L mg/L mg/L
Mean 1.23 0.12 1.94 1.10 3.10
Standard Deviation 0.68 0.52 3.23 0.49 2.97
Coefficient of Variation 0.55 4.20 1.67 0.44 0.96
Maximum 6.10 5.60 27.30 3.10 26.60
Minimum 0.50 0.00 0.00 0.40 0.50
Median 1.10 0.00 1.10 1.00 2.30
75" Percentile 1.40 0.10 2.35 1.30 410
90" Percentile 1.80 0.20 4.10 1.80 5.58
Number of Samples 105 126 126 105 105

Table 7. Summary statistics of concentrations of nitrogen components in water samples
collected at Station TS from 1996 through 1998.

TKN _ NHeN _ NO>N _ Org-N _ Total N

T5 mg/L mg/L mg/L mg/L mg/L
Mean 0.90 0.05 1.33 0.85 2.26
Standard Deviation 0.29 0.06 0.63 0.30 0.72
Coefficient of Variation 0.33 1.22 0.47 0.35 0.32
Maximum 2.00 0.20 3.20 2.00 4.50
Minimum 0.40 0.00 0.00 0.30 0.60
Median 0.90 0.00 1.30 0.80 2.20
75" Percentile 1.10 0.10 1.80 1.00 2.70
90"™ Percentile 1.30 0.10 2.20 1.23 3.13
Number of Samples 128 138 138 128 128
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Table 8. Summary statistics of concentrations of nitrogen components in water samples
collected at Station S4 from 1996 through 1998.

TKN NH,4-N NO;3-N Org-N  Total N

S4 mag/L mg/L mg/L mg/L mg/L
Mean 2.71 0.52 1.76 2.18 443
Standard Deviation 0.93 0.47 1.99 0.68 1.96
Coefficient of Variation 0.34 0.90 1.13 0.31 044
Maximum 7.20 2.70 7.10 4.50 9.60
Minimum 1.40 0.00 0.00 1.10 1.80
Median 250 0.30 0.80 2.10 3.90
75" Percentile 3.10 0.88 3.13 2.40 575
90" Percentile 3.96 1.13 473 2.92 7.12
Number of Samples 115 118 118 115 115

Table 9. Summary statistics of concentrations of nitrogen components in water samples
collected at Station C2 from 1996 through 1998.

TKN NH,-N NO;-N Org-N Total N

C2 mg/L mg/L mg/L mg/L mg/L
Mean 2.61 0.50 2.08 2.17 476
Standard Deviation 1.32 0.84 1.99 0.96 1.70
Coefficient of Variation 0.51 1.66 0.96 0.44 0.36
Maximum 6.10 6.30 10.20 4.60 10.70
Minimum 0.40 0.00 0.00 0.40 2.50
Median 2.50 0.30 1.55 2.10 4.25
75" Percentile 3.40 0.60 2.73 2.80 5.70
90" Percentile 4.28 0.97 4.70 3.30 6.52
Number of Samples 65 76 76 64 64

Nitrogen concentrations varied greatly with time within each subwatershed. The highest
variability occurred in the inorganic N components, with NHa-N usually having the highest
coefficient of variation. The coefficients of variation for all N components were higher for the
smaller upstream subwatersheds (S4, C2, C5, and T4) when compared to the downstream in-
stream stations in the watersheds (C7 and T5).
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Table 10. Summary statistics of concentrations of nitrogen components in water samples
collected at Station CS from 1996 through 1998.

TKN  NHeN  NOsN  OrgN  Total N

C5 mg/L mg/L mg/L mag/L mg/L
Mean 1.36 0.13 1.07 1.22 2.45
Standard Deviation 0.75 0.20 0.77 0.74 1.05
Coefficient of Variation 0.55 1.52 072 0.60 0.43
Maximum 5.80 1.30 3.70 5.70 6.50
Minimum 0.50 0.00 0.00 0.50 0.90
Median 1.20 0.10 0.90 1.00 2.40
75" Percentile 1.60 0.10 1.40 1.50 2.70
90" Percentile 2.00 0.30 2.13 1.80 3.74
Number of Samples 103 118 118 103 103

Table 11. Summary statistics of concentrations of nitrogen components in water samples
collected at Station C7 from 1996 through 1998.

TKN NH;-N NO;-N Org-N  TotalN

Cc7 mg/L mg/L mg/L mg/L mg/L
Mean 1.74 0.15 1.27 1.60 3.00
Standard Deviation 0.56 0.18 1.09 0.52 1.26
Coefficient of Variation 0.32 1.23 0.86 0.33 042
Maximum 3.50 1.10 6.60 3.40 8.80
Minimum 0.10 0.00 0.00 0.10 1.10
Median 1.70 0.10 1.00 1.60 2.80
75" Percentile 2.10 0.20 1.70 1.90 3.50
90" Percentile 2.40 0.35 2.46 2.20 4.55
Number of Samples 137 146 145 137 136

Nitrogen concentrations at subwatershed outlets depended on the land use and soil type within
the subwatershed. N concentrations were higher on subwatersheds with more organic soils
compared to subwatersheds with primarily mineral soils. This is somewhat in contrast to results
reported in an earlier study in the same area (Skaggs et al., 1980) in which N losses particularly
in the inorganic form, were higher from mineral than from organic soils. The difference is
attributed to the fact that the organic soils in this study have not been recently cleared, have
higher hydraulic conductivities, and are much better drained, than those in the previous study
(Skaggs et al., 1980). N concentrations tended to be higher from the more agricultural
subwatersheds when compared to forested soils on the same soil type. This was also the case in
the Skaggs et al. (1980) study. Average N concentrations were lower at downstream monitoring
locations compared to upstream ones. Again, seasonal distribution of sample collection may
affect these spatial comparisons since forested sites were not sampled as frequently during the
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summer periods when flows ceased, while flows continued (albeit slowly) at downstream
locations (C2, C5, C7). This may result in a bias with overstatement on the relative contribution
of S4 to the mainstem N load (Lebo et al., 2000). A pattern in change in concentration from the
upstream to downstream location could not be examined by plotting the longitudinal profiles for
these stations since sampling dates were not the same. The drainage channels from T4 to TS and
from C2, S4, and C5 to C7 passed through natural riparian or swampy areas, which seemed to
reduce N concentrations in the drainage water along these reaches. The variation in N
concentrations was also dampened as the drainage water moved through these reaches of the
channels.

SUMMARY

Hydro-meteorologic and water quality data collected over a near four-year (1996-99) period on
the large 10,000 ha watershed near Plymouth, NC, were summarized. Meteorologic data included
mean monthly weather parameters (air temperature, relative humidity, wind speed, net and solar
radiation) measured at two weather stations (one at an agricultural site and another at a forested
site). Estimated daily, monthly and annual PET for grass and forest reference were presented.
Rainfall data from several rain gauges distributed across the watershed were analyzed to obtain
daily, monthly and annual rainfall. As expected, rainfall during summer months, and especially
during tropical storms varied rather widely. Data were compared with long term average data
based on records from a station at Plymouth, NC. Flow rates and their seasonal distribution
measured at several major in-stream locations (subwatershed outlets) and the major watershed
outlets were presented and discussed. Water quality samples measured at these locations were
analyzed and the concentrations of nutrients and sediments analyzed were reported as statistical
distributions.
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HYDROLOGIC AND HYDRAULIC MODELING

INTRODUCTION

In recent years physically based comprehensive distributed watershed scale hydrologic and water
quality models have been, and continued to be developed, tested and applied to evaluate impacts of
both point and non-point source pollution on receiving waters. Because many of these models have
been developed for upland watersheds they are often unable to accurately represent the physical
processes governing subsurface flow driven by shallow water tables in relatively flat, low lying
artificially drained watersheds such as those in the lower coastal plains of North Carolina and other
Atlantic and Gulf Coast States. Similarly, these models may not adequately describe the in-stream
hydraulics of the very flat canals and drainage system of the lower coastal plains. Although there
are models that can describe these processes separately, there are only a few models that are
distributed and sufficiently comprehensive to adequately describe the hydrology of these
watersheds. Hydrologic/Hydraulic models for generation of stream flow and its movement to
receiving waters are the keys to the successful development and application of watershed scale
water quality models, as will be described 1n this section.

Two different DRAINMOD based watershed scale distributed hydrologic and hydraulic models
were selected for application on lower coastal plain watersheds. DRAINMOD (Skaggs, 1978,
1980) 1s a field scale model that has been successfully tested for predicting water table depths
and outflow rates from fields with high water table soils. The models were first tested to
determine whether they are capable of predicting the hydrology of these relatively flat, poorly
drained, diverse watersheds. This part of the modeling process is crucial because it is important
that the hydrology and flow routing part are predicted with acceptable accuracy before testing
water quality components of the model. Our hypothesis is that the nitrogen loading to
downstream receiving waters is mostly driven by water quantity (hydrology) as a result of storm
events of different sizes and patterns. If this hypothesis is true, it is extremely important that the
model adequately describes the hydrology and hydraulics. Brief descriptions of the models are
given below.

MODEL DESCRIPTION
FLD&STRM/DRAINWAT model

DRAINMOD was originally developed as a field scale model to describe the hydrology and crop
response on artificially drained agricultural lands with shallow water tables. DRAINMOD is based
on water balances in the soil and at the soil surface. It uses functional methods to quantify
infiltration, subsurface drainage, surface drainage, evapotranspiration (ET), seepage, freezing,
thawing, snowmelt and seepage. The model predicts the water table depth and soil water contents
above the water table, drainage rates and the other hydrologic components on a hour-by-hour,
day-by-day basis for long periods of hydrologic record. Hydrologic predictions of the model
have been tested and found to be reliable for a wide range of soil, crop and climatological
conditions (Skaggs, 1999). The model includes algorithms to predict effects of excessive and
deficit soil water conditions and planting date delays on crop yields. The model can be used with
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a long-term (usually 40 years or more) climatic data to describe the effects of year-to-year
variation in weather on simulated drainage outflows. McCarthy et al., (1992) made modifications
in rainfall interception, subsurface drainage and ET components of DRAINMOD to more
accurately describe hydrologic processes in a drained pine forest. This modified version, called
DRAINLOB, was successfully tested with data from a field scale experimental site on a drained
forested watershed for both conventional drainage (McCarthy et al., 1992; Amatya and Skaggs,
2001) and controlled drainage (Amatya et al., 1994) conditions. Konyha (1989) developed the
FLD&STRM model by linking DRAINMOD with a hydraulic model which routes flows through
the drainage canal network to the watershed outlet. The model uses a flow routing procedure
based on the numerical solution of 1-D St. Venant equations to predict depth and flow rate in
drainage canals and streams. Backwater conditions caused by tides or restricted flow capacities
downstream could be considered. The equations are solved by using Newton-Raphson iteration
technique in Box implicit finite difference scheme. The model was tested and verified with field
data from a 640 ha agricultural watershed in eastern North Carolina (Konyha and Skaggs, 1992).

The stream routing component of FLD&STRM was linked with modified forestry version of
DRAINMOD (McCarthy et al., 1992) to provide a stream routing capability for large watersheds
containing forested lands (Amatya, 1993). The resulting watershed scale model could simulate
both agricultural and forested lands and was named DRAINWAT (DRAINmod for
WATersheds). DRAINWAT was thus developed as a sequenced set of simulations so that
outflow from each "field" (area of a stand draining from one to several lateral ditches) is first
combined into the collector ditch of the subwatershed. In a complex forest with a variety of
conditions, the smallest area is a ““field”” with a relatively uniform soil and stand conditions, and
for which the same DRAINMOD input parameters would apply. Drainage rates and surface
runoff simulated by DRAINMOD from individual fields are first routed to the subwatershed
outlets using the concept of instantaneous unit hydrograph (IUH) generated with a time of
concentration. The simulated outflow from each subwatershed is combined in sequence with
outflows from other subwatersheds and routed through the transport channel system to the
watershed outlet using the 1-D St. Venant equations for the canal and stream reaches.
DRAINWAT was successfully tested on both medium and large scale forested watersheds
(Amatya et al., 1997; 1998b; 1999). The detailed descriptions of the model and modeling
procedures are given elsewhere (Konyha and Skaggs, 1992; Amatya et al., 1997).

The first step in modeling watershed hydrology using DRAINWAT is to divide the watershed
into a set of subwatersheds and stream segments. Subwatershed delineation is based on soil
types, vegetation and cover crops, and configuration of drainage systems. Delineation is done
such that uniform soil and vegetative cover conditions exist within a field or a subwatershed.
Konyha and Skaggs (1992) suggested that the area of a field or a subwatershed not exceed 250
ha. Simulated results of the two-year (1998-99) hydrology of the 8140 ha watershed (C7)
discretized into 50 fields with an average area of 163 ha were found to be satisfactory (Amatya et
al., 2000). The authors suggested that aggregation into larger field sizes may introduce errors, not
only due to spatial variability of soil water properties, but also due to errors in time of
concentration, and in identification and hydraulic estimates of canal/stream network. For more
accurate results, however, average field areas of 75 ha or less were highly recommended. This 1s
consistent with the recent studies by Refsgaard (1997), Kuo et al. (1999) and Cotter et al. (2003).
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In a recent study, Molnar and Julien (2000) demonstrated that flow on overland cells i1s more
sensitive to changes in grid-cell size than in channel flow. Therefore, course grid sizes can be
used for rainfall-runoff simulations on large watersheds as channel flow dominates the
hydrograph shape in large watersheds. This is more so for simulating events of high intensity or
of long duration storms. Based on a modeling study using SWAT, FitzHugh and Mackay (2000)
also concluded that streamflow and outlet sediment predictions were not seriously affected by
decreases in subwatershed size.

The canal/stream network is modeled as a set of straight line segments (elements) and junctions
(nodes). DRAINWAT is capable of simulating flow control/measurement structures such as
weirs either within the network or as boundary conditions. A node is required at the location of
each weir. The model can also simulate three-branched canals with three nodes, one at each
branch. Lateral inflow from subwatersheds to the canal/stream network is allowed only at nodal
points. The current version of the model is capable of modeling a maximum of 50 subwatersheds
and 200 nodes. If drainage outflow of a specific subwatershed is of interest (e.g. for comparison
with measured data), then control structures at the subwatersheds outlet must be represented in
the delineation. Generally, resolution of the watershed delineation also depends upon the
objectives of the hydrologic study and the amount of data available for model calibration.

DRAINMOD-DUFLOW model

An integrated watershed scale hydrology and water quality model was developed by linking field
hydrology and nutrient submodels with canal/stream routing and in-stream water quality models.
As with DRAINWAT, the field hydrology sub-model is based on DRAINMOD (Skaggs, 1978,
1980) and DRAINMOD-based models (Konyha and Skaggs, 1992; McCarthy et al, 1992;
Amatya et al., 1997). The field water quality sub-model consists of DRAINMOD-N (Breve et al.,
1997a; 1997b). These field scale models were linked with water quality transport and
transformation components of DUFLOW (Aalderink et al., 1995) to derive DRAINMOD-
DUFLOW (Fernandez et al., 1997). The model 1s also described in the following section.

The field hydrology component of FLD&STRM (Konyha and Skaggs, 1992), as modified by
Amatya et al. (1997), serves as the core field hydrology model of the watershed scale model. The
model includes surface flow routing components (overland flow and field ditch flow) based on
instantancous unit hydrographs. The field hydrology component of FLD&STRM was modified to
incorporate the linkage with the erosion and sediment components of CREAMS and with a crop
yield component (Mohammad, 1998). Although FLD&STRM includes a routing component, a
different canal routing model was used in developing the watershed scale model

The model DUFLOW was selected because it includes both canal hydraulics and water quality
transport and transformation components. The model can handle looped networks, simulates
various control structures and has options for management and operation of structures in the
canal network. The hydraulic routing component of DUFLOW predicts water table levels and
discharges at various points in the network by solving the 1-D St. Venant equations for continuity
and momentum using the Priessman scheme. The water quality component is a solution to a one-
dimensional advective-dispersive mass transport equation (The detailed procedures are described
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by Fernandez et al., 1997). A schematic diagram of the linked model is shown in Figure 17.
MODEL EVALUATION CRITERIA

The performance of both watershed scale models was evaluated using the graphical comparison
of observed and simulated daily outflows and cumulative outflow volumes and goodness-of-fit
statistics.
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Figure 17. Schematic diagram of DRAINMOD-DUFLOW based watershed scale model.
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The statistics used for comparison were mean, standard deviation, average absolute daily
deviation (AADD) between observed and simulated daily values, coefficient of determination
(Rz), coefficient of efficiency (E), and root mean square error (RMSE). The statistical tests with
dimensionless coefficients proposed by Aitken (1973), ASCE Task Committee (1990), and
McCuen and Snyder, (1975) are briefly defined below:

Average Absolute Daily Deviation (AADD)

It is a measure of the average model deviation from the observed data. Unlike the average daily
deviation (ADD) parameter, it prevents cancellation of errors with opposite signs. A value of
zero indicates a perfect fit of the measured data.

Root Mean Square Error (RMSE)
It is a measure of the deviation of the predicted variable from observed values. This is a measure
that 1s most often used as a quantitative means of evaluating a model performance.

RMSE = V( Z(3i=x0 ) /N e (1)

Where, yi, x; = observed and predicted flow values respectively, and
N = total number of observations.

Coefficient of Determination (D or Rz)
This statistic 1s commonly used for measuring the degree of association between observed and
estimated flow values and is computed as:

D=1 (Z(yi-Yes) )/ ( Z0i-Yoar )’ ) oo )

where, D = coefficient of determination (or RZ)

vi, X; = observed and predicted flow values respectively,

ybar = mean of the observed flow values y; and

Yest = estimated flow value obtained from the regression line of yi on x;. This coefficient (D or Rz)
1s a good measure of the degree of association between the observed and predicted values. It does
not, however, reveal systematic error if it exists.

Coefficient of Efficiency (E)

This coefficient developed by Nash and Sutcliffe (1970) and recommended as a goodness-of-fit
criterion for watershed models by an ASCE Task Committee (1990) is analogous to D or R2, but
1s not identical:

E=1-((Z(yi-50") 7 S0 bar ) oo 3)

where, E = coefficient of efficiency. This coefficient measures the goodness-of-fit to the line of
perfect fit (the 1:1 line) and measures how well the simulated and measured flows correspond. If
th;e results of a model are highly correlated but biased, then the value of E will be lower than D or
R
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TESTING OF THE MODELS

Testing of the hydrology and hydraulics part of the model was performed only for DRAINWAT
because the daily flow rates predicted by this model for 2950 ha subwatershed S4 were almost
identical to the ones predicted by DRAINMOD-DUFLOW model as will be shown later. This
result was expected because both of these models are based on DRAINMOD field hydrology
and, in both cases, canal/stream routing 1s performed by using the solutions of 1-D St. Venant
equations. The only difference is in methods of solving these equations as described earlier.

The testing of the watershed scale hydrology-hydraulics model DRAINWAT was performed on
five different subwatersheds of varying sizes and land management practices without any field
calibration. Only measured data were the field areas and drainage system design parameters
(ditch spacings, ditch depths, canal lengths and dimensions). Most of the input data were
obtained from the available literature; other inputs were based on the past experiences as
presented in the following sections. To be able to successfully apply this model with minimal
field calibration was one of the main objectives of using a lumped parameter approach for
modeling water quality of poorly drained coastal watersheds.

Subwatershed S4

This subwatershed is comprised of the land draining past station S4 in Figure 2. The 2950
hectare watershed drains mainly managed pine forest stands and some second growth mixed pine
and hardwood stands to an outlet at Kendrick's Creek 11.2 km upstream from Albemarle Sound
(Fig. 2). The primary drainage system is a network of field ditches and canals, which divide the
watershed into a mosaic of regularly shaped fields and blocks of fields. Field ditches (shown by
dotted lines 1n Fig. 2) provide both surface and subsurface drainage to a network of collector and
main canals, leading to the watershed outlet at S4. Measured characteristics of lateral and
collector ditches/canals on this subwatershed as inputs to the model are shown in Table 12,

Table 12. Characteristics of lateral and collector ditches and drainage canals in forested
subwatershed S4.

Parameters Lateral ditch Collector ditch Drainage canal
Ditch spacing, m 100 - 200 800 -
Bottom width, m  0.50-0.70 1.20-1.80 2.00-2.50
Ditch depth, m 0.70 - 1.00 1.80-2.50 2.00-3.00
Side slope 0.8:1 0.6:1 0.5:1
Bottom slope 0.0001 0.0001 0.0001
Manning "n" - 0.035 0.04-0.05

Both mineral and organic soils are present in the watershed (SCS, 1981). The mineral soils are very
poorly drained Portsmouth (Typic Umbraquults), Cape Fear (Typic Umbraquults ) and Wasda
(Histic Humaquepts) series (Wasda has a histic epipedon), while the organic soils, Belhaven (Terric
Medisaprists) and Pungo (Typic Medisaprists) are predominant in the southern half of the
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watershed. The surface vegetation varies from field to field and ranges from unharvested second
growth mixed hardwood and pine forest to loblolly pine plantation (Pinus taeda L.) of various ages
and stages (Weyerhacuser Company, unpublished data).

Rainfall was measured with recording rain gauge located at R6 in Field 6 (Fig. 2), and nearby
gauges R1 and R8. The gauges are also backed up manual gauges. Meteorological data are being
continuously monitored by the weather station at Field 6. The sensors are installed above the pine
tree canopy to determine net and solar radiation, wind speed, temperature, and relative humidity for
estimating potential ET of the forest reference. Data from weather station at the TRS agricultural
site was used to supplement the data for the missing periods. Since complete weather station data
for estimating the REF-ET are not gencrally available for a given site, it is customary to use data
from the nearest site for hydrologic modeling and water balance studies.

Canal water level measurements were continuously recorded both upstream and downstream of
120° V-notch weirs for computing flow rates at nine gauging and sampling stations within the
watershed. Five of these stations are located at field drainage outlets, three on the main drainage
canals within the watershed, and one at the outlet of the watershed. Weir levels at the outlets of
each field were set lower than the bottom of lateral ditches, allowing conventional drainage in the
fields. Daily outflow rates from the watershed outlet were calculated as discussed earlier in Section
2. Water table depths were continuously measured in wells midway between parallel ditches in each
of the five experimental fields (3, 4, 5, 6, and 7) since March 1993. A detailed description of
procedures has been discussed elsewhere (Chescheir et al., 1998).

For modeling purposes the watershed was treated as 27 separate ficlds with varying areas (42 ha to
205 ha with an average of 109 ha) having common drainage, soils and vegetation management
practices (Fig. 18). The areas of the fields were obtained from geographic information system (GIS)
data based on digital orthophotos with ground verification. Measured soil water properties for each
field on the site were not available. The dominant soil series in each field was identified by
overlaying the watershed layout on the existing 1:24,000 scale county soil survey maps (SCS,
1981). Properties of these soils for input into the model were assumed to be the same as reported by
Skaggs and Nassehzadeh-Tabrizi (1986) for Cape Fear, Belhaven, Portsmouth, and Wasda series
and by Amatya et al., (1997) for Pungo muck soil. A constant rooting depth of 40 cm was assumed
for all stands and ages. Similarly, a constant average effective surface storage of 10 cm was
assumed for all fields, with or without beds. Soil hydraulic properties used as inputs to
DRAINMOD are presented in Table 13.

The version of the model being tested is limited to the use of only one set of rainfall data, i.c.,
rainfall data from only one gauge or an aerially averaged estimate of rainfall can be used. There are
several methods for estimating spatially averaged rainfall, e.g., arithmetic mean, weighted average
based on Thiessen Polygon, inverse distance, krigging, etc. In this study, uniform rainfall
distribution over the watershed was assumed and rainfall data from the gauge R6 at Field 6, located
near the middle of the watershed, was used as input to the model. Although the model has the
capability of simulating wet and dry canopy, and soil evaporation separately for the forested
watersheds, this was not done because required data on Leaf Area Index (LAI), canopy cover and
stomatal conductance for the complex forest with varying cover densities and stand ages were not
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available at this time. Daily Penman-Monteith potential evapotranspiration (PET) for pine forest
reference and grass reference (Jensen et al., 1990) calculated using weather data from the forest and
agricultural sites, respectively, were used in the model to represent average conditions for short and
tall vegetation. Time of concentration for ditch flows from the farthest point in each field to the
field outlet was estimated by the SCS travel time method (SCS, 1986). The hydrograph time base
was adjusted by the method of Capece et al., (1988). Outflow from each of these fields was
assumed to be the lateral inflow to the collector ditch or main canal. The collector ditch and canal
network was divided into stream segments with 60 nodes, 8 branches and 9 weir control structures
for routing the flows to the watershed outlet at S4 (Fig.17). A uniform slope of 0.0001 was
assumed for these very flat lands. Dimensions and elevations of ditches and weir control structures
were also obtained from the GIS database and ground level surveys (Table 12).

Collector ditch/Canal A Node for Lateral Inflow
Weir location Ut Field Boundary

Legends :

@ Field Number
Figure 18. Delineation of individual fields and ditch/canal'network draining fields in 2950 ha
forested subwatershed S4.
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Table 13. Main soil hydraulic properties of forested subwatershed S4 used as inputs in
DRAINMOD.

Soil parameter < Soil Type >
Belhaven Cape Fear Punga Partsmouth Wasda

Depth to impermeable

Layer (cm) - 270 300 250 240 200

Hydraulic Conductivity

(cm/hr)/Depth range (cm) 20 (0-30) 15 (0-100) 10 (0-30) 50 (0-30) 20 (0-30)

1 (30-80) 45 (100-300) 1.7 (30-150) 10 (30-50) 0.4 (30-80)

0.01 (80-270) 5.0 (150-250) 10 (50-240) 1 (80-200)

Saturated Water Content

in root zone (cm’/cm’) 0.73 0.48 0.69 0.37 0.76

Water content at wilting

point (cm’/em’) 0.45 0.22 0.40 0.13 0.45

The model was tested with four full years of data from the 2950 ha forested subwatershed. The
daily and also the cumulative drainage outflows predicted by the model were in excellent agreement
with measured data for most of the flow events in winter and spring (Fig. 19). This is shown by
the computed statistics for the measured and predicted outflows. The AADD values for the four
years were 0.50, 0.14, 0.30, and 0.41 mm, respectively, with an average of 0.39 mm/day. The R-
square statistic between measured and predicted daily flow data for 1996, 1997, 1998, and 1999
were 0.81, 0.87, 0.84 and 0.90, respectively. Similarly, the Nash-Sutcliffe coefficients of
efficiency (E) were 0.75, 0.84, 0.83, and 0.71, respectively, indicating an acceptable performance
of the model. The model underpredicted the annual outflow by about 12% in 1996 and
overpredicted by 5% in 1998. These results indicate that the general published soils data are
sufficiently accurate for this scale of watershed hydrologic modeling for daily outflows. However,
underprediction of peak flows for two events in the summer of 1996 was attributed to
overprediction of ET and/or underestimates of rainfall. Results of the water balance indicates that
the difference may be partly due to overprediction of ET, which was based on REF-ET data
averaged from both the agricultural and forested sites. Given the relatively large difference in
annual rainfall between gauges at R1, R6, and R8, it seems reasonable that a significant part of the
difference in May of 1997 could have been due to the use of rainfall data from a single gauge for
the entire watershed. Similar large differences in rainfall within a distance of only 800m were
found in another eastern NC study (Amatya et al.,, 1996). The assumption of uniform rainfall based
on a single rain gauge does not hold as the size of the watershed increases beyond a critical area for
a certain size storm (Garbrecht, 1991). These results clearly indicate the importance of considering
the aerial distribution of rainfall in this scale of watershed modeling.

In general, the model, using the minimal data, was capable of accurately simulating daily,
seasonal and annual outflows. However, a study by Amatya et al. (1999) on testing of this
watershed scale model’s ability in predicting hydrology (water table depths and flow rates) of
individual fields
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Figure 19. Measured and predicted daily and cumulative outflows from forested
subwatershed S4 for the period March 1996 to December 1999.

within the watershed showed that more intensive calibration is required for reliably predicting
hydrology and water quality at the field edge. The results also showed that intensive calibration
and validation of the hydrologic model with multi-response data like water table depths are
needed to accurately quantify the hydrology, in-stream hydraulics, and nutrient loadings at both
the field and watershed outlets on a finer time scale.

Subwatershed T4

This 710 ha subwatershed, located at Tidewater Research Station (TRS) in Plymouth, NC, drains
to the second major outlet TS of the 10,000 ha watershed near Kendrick’s Creek (Fig. 2). It is
comprised of 175 ha of forested land, 80 ha of natural wetland, 68 ha of clear cut land and
remaining 387 ha on intensively farmed agricultural lands. Most of the forested and agricultural
lands are drained by open lateral ditches connected at various locations to the main collector
canal draining to the subwatershed outlet T4. There are some parcels of farmlands that also
utilize lateral subsurface drainage tiles. An intensively monitored agricultural water management
study site with eight research plots (Breve et al. 1997a; 1997b; Munster et al.,, 1997) is located in
this subwatershed. In addition, the hydrology and water quality of the natural wetland site have
been described by Chescheir et al. (1995). The soils in the subwatershed are dominated by
Portsmouth, Roanoke, Belhaven, Cape Fear, and Wasda series as reported by Kleiss et al. (1993).
Many agricultural fields in the subwatershed are irrigated during relatively dry periods of the
summer and fall.
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Two automated rain gauges (R2 and R3), a manual rain gauge and also an automated weather
station that monitors temperature, humidity, wind speed, and radiation are located near the gauge
R2 within the subwatershed (Fig. 2). The flow rates at the outlet T4 were estimated using both
stage elevations and continuous velocity measurements as described earlier. Flow rates at three
other in-stream locations (W1, T0, and T1) with 120° V-notch weirs were estimated using stage
measurements upstream and downstream of the weirs.

The subwatershed was divided into 30 fields with sizes varying between 10 ha to 79 ha and 69
in-stream nodes for watershed scale modeling (Fig. 20). Soil hydraulic properties of the soils for
these fields were estimated from published data associated with simulation and field studies
(Breve, 1994; Evans, 1991, Skaggs and Nassehzadeh-Tabrizi, 1986). The corn-wheat-soybean
crops on a two-year rotation were used in the model simulation. Rooting depths and other crop
parameters were also estimated from the same literature cited above. Subsurface drainage tiles
and irmgation application rates were not simulated in this application of the model. Ditch spacing
of 80 to 100m was assumed for the fields. Average rainfall from the stations R2 and R3 was used
as input to the model. Daily potential evapotranspiration (PET) was estimated using half-hourly
weather data collected at the site (R2) in the Penman-Monteith ET method with a crop reference.

The model was tested with three and a half years (July 1996 — December 1999) of measured flow
data at the T4 outlet. A comparison of predicted daily outflows with measured data is shown in
Figure 21 for the period of July 1996 to December 1999. The model underpredicted the total
measured outflow by about 18 % for this period. The larger discrepancies occurred during 1997.
Most of the discrepancies was attributed to a beaver dam built immediately downstream of the
outlet. This caused questionable measured outflows both in the early and later part of 1997.
Secondly, model predictions did not include the amount of surface irrigation that was applied on
a fairly large area of agricultural lands during the summer of 1997, which was relatively dry
compared to 1996. There were some large discrepancies in peak drainage rates of a very large
event that occurred in February 1998, possibly due to 1gnoring the tile drains in some fields. The
model almost accurately predicted the peak events (40 mm/day or higher) of hurricanes Floyd
(Day 1355) and Irene (Day 1385) in 1999. However, the model failed to predict the event due to
hurricane Dennis that occurred after a long dry period in 1999. This was most likely due to errors
in modeling ET or antecedent conditions caused by irrigation application.

The AADD statistics for the years 1996, 1997, 1998, and 1999 were 1.94, 0.67, 0.63, and 0.82
mm/day, respectively. Nash-Sutcliffe coefficients of 0.50, 0.51, 0.86, and 0.73 were computed
for corresponding R” values of 0.76, 0.69, 0.92, and 0.79, indicating a bias with underpredictions
in all four years. Although these values were lower than those computed for the subwatershed
S4, the predictions were considered satisfactory given the uncertainties with input data and other
field conditions for this subwatershed. However, on a monthly basis the predictions were in
much better agreement with measured data as shown by slope = 1.02 and R’=0.92 (Fig. 22).
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Subwatershed CS

This 1325 ha subwatershed is located east of Tidewater Research Station and north-east of
Weyerhaeuser’s Parker Tract (Fig. 2). It is comprised of 110 ha of riparian area, 583 ha of
forested land, and 642 ha of intensively farmed agricultural land. Most of the forested and
agricultural lands are drained by open lateral ditches. The riparian areas are mostly natural
undrained wetlands on the banks of the stream. Both organic and mineral soils are found in this
subwatershed. The soils in the subwatershed are dominated by Portsmouth, Roanoke, Belhaven,
Cape Fear, and Wasda series (SCS, 1981). Some agricultural fields in the subwatershed are
irrigated during relatively dry periods of the summer and fall.

There was not a single rain gauge located within this subwatershed. But the gauges R2, R3, R6,
and R7 are located immediately outside in the vicinity of the subwatershed. Only intermittent
manual flow rates on a month to 2-month basis were available at the outlet C5. However,
continuous stage measurements upstream of the triple corrugated metal pipe (CMP) culvert outlet
of 1.5 m diameter each were available. Flow rates from only one field F8 in the subwatershed
were measured with 120° V-notch weir installed at the outlet.

The subwatershed was divided into 30 fields with sizes varying between 9 hato 117 ha and 63
in-stream nodes for watershed scale modeling (Fig. 23). Soil hydraulic properties of the soils for
these fields were estimated from published data (Breve, 1994; Evans, 1991; Skaggs and
Nassehzadeh-Tabrizi, 1986). The corn-wheat-soybean crops on a two-year rotation were used for
agricultural lands in the model simulation. Rooting depths and other vegetation parameters for
agricultural crops and pine forests were also used from the same literature. Surface irrigation was
not simulated in the model. Average rainfall from the stations R2, R3, R7, and R8 was used as
inputs to the model. Daily potential evapotranspiration (PET) was estimated for both the crop
and forest reference using the Penman-Monteith ET method with data from weather stations at
agricultural site near R2 and forested site at F6, respectively. The average daily PET data from
these two different reference surfaces was used in the model.

The model was tested with one and a half years of data from subwatershed C5. The model
predictions of flow rates could not be evaluated due to lack of sufficient measured flow data at
this outlet. Stage inside the middle culvert was continuously measured by a datalogger. A
comparison of measured and model predicted stage heights at the outlet is shown in Figure 24(a)
for the period of July 1996 to December 1997. Although the model was able to correctly respond
to most of the drainage events including the peak stages, it underpredicted the stages for low or
base flow events (stages less than 0.7 m) by as much as 25 cm. There may be several reasons for
this. The measured stage is the water level above the bottom of the middle culvert. The culverts
have become somewhat tilted with the left one deeper than the right one, by as much as 20 cm.
Intermittent manual water level measurements in three culverts have shown the difference of as
much as 30 cm after large events. Secondly, the model does not simulate the hydraulics of a
culvert outlet, but assumes Manning’s uniform flow conditions in an open channel outlet. This
will result in lower predicted stages in the channel than in the culvert, which has restricted
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flow conditions. Moreover, the bottom of the culvert with stage measurements may be somewhat
deeper than the bottom of the canal at the outlet assumed in the model. Accordingly, when the
predicted stages were adjusted 17 cm upwards as shown in Figure 24(b), the model predictions
were in much better agreement with measured data. The reason for slow build up of the measured
water level during the periods of November-December in both the years was due to a beaver dam
immediately downstream. Intermittent manual velocity measurements at the culvert have shown
that the flow generally does not occur at this outlet for stages of about 50 cm or less.

Most of the stages measured manually during this period at this location C5 (Table 5) are also
consistent with predicted stages. Model predicted constant lowest stages without any flows for
the long summer periods of 1997 when measured data indicated some minor events in Figure 24.
This may be due to irrigation application on some of the agricultural lands that the model has not
accounted for. However, the fact that the model can respond well to each measured event, but
with different initial base flow conditions, indicates that most of the discrepancies are due to the
reasons stated above. Alternate flow measurements are being considered at this outlet to obtain
more reliable flow rates, and the nutrient/sediment loadings. Another reason for underprediction
during low flow summer periods during the summer periods is the effect of irrigation application
on some of the agricultural lands that have not yet been considered in the model.

Subwatershed C2: The study site is a 2640 ha mixed landuse sub-watershed. It is included in
the southern and south-western parts of the 10,000 ha watershed located in Washington County,
North Carolina (Fig. 2). The study watershed is comprised of both agricultural and managed
forest land uses with nearly one-to-one ratio. The southern part contains primarily agricultural
fields cultivated with corn while the southwestern part is dominated by pine forested stands.

Soils on this site are poorly drained and nearly leveled. Both organic and mineral soils are found
in the subwatershed (SCS, 1981). The organic soil is mainly Belhaven series which dominates
the southern part followed by Pungo series found in few areas of the southwestern part. The
mineral soils are mostly classified as the Cape Fear series and are found in the southwestern part
of the subwatershed. The soil hydraulic properties used for three categories of soils identified
using SCS (1981) were estimated from Skaggs and Nassehzadeh-Tabrizi (1986).

The sub-watershed is artificially drained through a set of field ditches and collector canals. The
drainage networks in the agricultural fields are more intensified and better maintained than in
forested areas. Field ditches, which provide both surface and subsurface drainage, are spaced 80
to 200 m apart with average depth of 120 cm. The field ditches drain into a network of branch
and collector canals, which eventually lead to the sub-watershed outlet at station C2 (Fig. 2). The

sub-watershed has flashboard riser outlet structures for controlled drainage on most of the
agricultural fields. Values of the canal and stream hydraulic parameters for the drainage network
were measured at the site.
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Figure 24. Measured and predicted daily stage heights at the outlet of subwatershed C5 for
the period of July 1996 to December 1997.

Meteorological data recorded at two weather stations, one on agricultural field at TRS (R2) and
the second one at the forested site at F6 (Fig. 2), were used for estimating daily PET. Average
data from these two sites was used in the model. Rainfall is also being measured with rain gauges
at other locations within the large watershed. Rainfall data from the nearest gauges to the sub-
watershed located at R1 and R6 were used in simulating the sub-watershed hydrology (Fig. 2).
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Five field stations (F1, F3, F4, P2, B2) and five stream stations (A1, P1, B1, C1, C2) lie within
the sub-watershed (Fig. 2). Drainage outflows are measured at field stations using sharp crested
V-notch weirs. Each canal/stream station 1s equipped with a Doppler velocity meter installed at
an artificial uniform cross-section, to measure the stream flow rate. The stream station C2 is at
the outlet of the sub-watershed being modeled. For model simulation, C2 subwatershed was
represented as 27 ficlds and 40 stream nodes (F1g. 25).

Because of the lack of reliable flow measurements at C2 during 1998, predicted stream flows
were compared to flow measured at a midstream station, P1 located close to node 11 within the
subwatershed (Fig. 26). This comparison allowed testing of the internal consistency of the model
(e.g. its ability to predict outflows at other points within the watershed) as argued by Ambroise et
al. (1995). Flow measurement at P1 was also intermittent with only 188 days of data during the
whole year. This added a source of inaccuracy and some bias to model testing process.

The simulation was conducted with weighted average PET and Thiessen-based average rainfall.
The model was able to predict all of the measured drainage events. Predicted daily outflows
matched measured values but the levels of agreement varied among storm events (Fig.25). The
R’ value of 0.85 indicates that the model was able to explain at least 85% of the variation in the
measured data. The computed statistics of AADD and RMSE were much less than the values
reported by Amatya et al. (1997) for the evaluation of this model using S-years of data. The
model markedly underestimated outflow volumes during spring events. However, it did a much
Dbetter job in predicting outflows during summer and winter events when measured data were
available. The scatter diagram of daily outflows (not shown) showed a general trend of
underprediction of flow by the model. However, the absence of measured data during half of the
simulation year affects the results of the statistical analysis and magnifies the impact of model
under prediction during the spring events of the simulation year.

The poor match between model predictions and field data could be attributed to erroneous
estimate of input parameters. Rainfall is the most important parameter that affects flow

predictions by all hydrologic models. At watershed scale, spatial variability of rainfall becomes
very significant and must be taken into account. Abtew et al. (1995) investigated the minimum
number of rain gauges required to minimize error in estimating rainfall over large catchments
from point measurements. Only two rain gauges, R1 and R6, were used to estimate rainfall over
the C2 subwatershed. Most of the discrepancies between predicted and measured outflows
occurred during the wet period of early spring 1998. At that time, R6 was not functioning and
rainfall at R1 was the only available rainfall measurement over the entire watershed. A relative
error in mean aerial rainfall as high as 67% could occur (Abtew et. al, 1995).
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Figure 26. Measured and predicted daily outflows at in-stream location P1 within
subwatershed C2 for the year 1998.

The other probable source of error may be the inaccurate estimate of soil hydraulic conductivity,
which is the most important soil property affecting predictions of drainage rates in DRAINMOD.
Soil hydraulic conductivity used in modeling of C2 subwatershed was approximated based upon
published data for the soils that were identified based on SCS (1981). A more rigorous model
application would require field-measured values of this input.

Watershed C7: The large watershed contributing to drainage at C7 near Roper, NC (Fig. 2)
includes about 8140 ha. The 8140 ha area includes areas within S4 (2950 ha), C2 (2640 ha), and
C5 (1325 ha) described earlier. The remaining 1225 ha area is in the downstream of these
headwater drainage areas and is comprised of 680 ha of agricultural, 300 ha of forested and 245
ha of riparian lands. The soil series in the 1225 ha are very heterogeneous compared to other
subwatersheds. Based on availability of input parameters, altogether 8 major soil categories, e.g.,
Belhaven, Cape Fear, Pungo, Portsmouth, Roanoke, Arapahoe, Tomotley, and Wasda were
identified. Again most of the agricultural crops are corn, wheat and soybean in rotation. Cotton
is grown on a few fields in this area. The vegetation in the forest and riparian areas is mostly pine
and pine mixed with hardwood, which is native to the wetlands, respectively. There are
altog;ther five recording rainn gauges (R1, R2, R6, R7 and R8) within the watershed with gauge
(R7) in the 1215 ha area outside of subwatersheds S4, C2, and CS5. Each of these gauges is also
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backed up by a manual gauge. No additional weather stations apart from the two discussed
above are located on this watershed.

The distributed model (DRAINWAT) was applied to this largest (8140 ha) watershed (C7) as
described above. The schematic of watershed delineation into 50 fields (with an average size of
163 ha) and 183 nodes in the major canal network is shown in Figure 27. This average field size
is a kind of threshold based on the results analyzed for the smaller S1 and S4 watersheds
(Amatya et al., 2000). Most of the field properties (soils and drainage parameters) were the same
as were used in the simulation of S4, C2, and CS subwatersheds. Properties for fields outside of
these subwatersheds were extrapolated using the closest soil and land use attributes. Canal-
stream network dimensions outside of these subwatersheds were also measured for input into the
model. Average rainfall from the five gauges was used as input to the model. Daily Penman-
Monteith PET obtained by averaging data from two weather stations with two different
vegetation canopies was used to take into account both the agricultural and forested vegetation.

Again, surface irrigation applied on some agricultural lands and subsurface tile drainages on
some lands were not taken into account.
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Figure 27. Delineation of individual fields and ditch/canal network draining the fields in
8140 ha watershed C7 with mixed land use. Thick solid lines represent the main
ditch/canal and streams.
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The predicted daily and daily cumulative outflows at the outlet of watershed C7 for the years
1998 and 1999 are illustrated in Figure 28. The graphical comparison shows that the model is
quite capable of simulating all events including those for the dry period (June 1998 to August
1999) and the wet winter and summer-fall periods of 1999. A careful comparison, however,
revealed that the model prediction of peak flow rates is slightly delayed and the predicted rates
are higher than observed in both years. The predicted outflow of 564 mm in 1998 was about
22% higher than the measured outflow of 463 mm. In 1999, the overprediction of outflow was
only 10% higher than the measured outflow of 514 mm, which occurred mostly during the
hurricane events. The overprediction in the summer in both years might be due to either the
errors in estimating ET and/or overestimates of seepage caused by larger stream depths used in
the model. Similarly, use of simple arithmetic mean as aerial estimate of rainfall may have
contributed to some discrepancies. Furthermore, the measured flow data itself may have some
errors both during the low flow periods when the flow rates were adjusted, and also during large
summer tropical storm events, especially for this location with the outlet near the sound affected
by tidal waves and high winds.
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Figure 28. Measured and predicted daily and cumulative outflows from watershed C7 for
the period of January 1998 to November 1999.

Other statistics such as average absolute daily difference (AADD) = 0.87, coefficient of
determination (RZ) = 0.59 and Nash-Sutcliffe coefficient (E) = 0.37also indicate larger errors than
expected based on the graphical comparison of daily outflows (Fig. 28). This may also be due to
a time lag in the daily flow predictions. As a result, statistics for the lumped monthly periods
with both years taken together improved significantly with R*=0.93 and E = 0.91. However,
these results obviously are much better than the preliminary results obtained for the same
watershed delineated with a coarser field resolution (e.g., only 30 fields ranging from 133 ha to
583 ha with an average area of 273 ha). The latter one used not only a large aggregation of soils
and drainage network but also less intensive field verification of stream network. With minimal
field data, the model was able to adequately describe the timing of daily outflows. Predicted
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monthly outflows were in better agreement with measured data than the daily ones for this large
complex watershed. Reliable predictions of outflows with the minimal calibration will provide
the basis for using water quality submodels of various degrees of complexity to estimate nitrogen
loading rates at the watershed outlet will be shown in the following section.

SUMMARY AND CONCLUSIONS

A DRAINMOD-based watershed scale hydrologic/hydraulic model, DRAINWAT was tested for
its ability to predict drainage flow events and rates with data for varying periods from lower
coastal plain watersheds ranging in sizes from 710 ha to 8140 ha, and having multiple land uses.
A second model, DRAINMOD-DUFLOW was also tested with 2-year data from 2950 ha
forested subwatershed. Both the models yielded similar results in predicting daily drainage rates
and the flow velocities at different locations of the watershed. The predictions of daily drainage
rates and total outflow using DRAINWAT were in excellent agreement with measured data for the
subwatershed S4, which had fairly homogeneous soils and vegetation. An exception was the peak
drainage rates that occurred during the large hurricane and tropical storm events, when measured
data may have been in error. The predictions were somewhat poorer for the agricultural watershed
T4, which was more heterogeneous with respect to soils, crops, and water management practices.
Predicted outflows for subwatershed C2 matched with observed data. But the agreement level
between observed and predicted outflows varied among storm events. For most of the
subwatersheds tested, published soil property data as input to the model gave reliable predictions of
drainage outflows on this scale. This provides a basis for using such input data in hydrology and
water quality models for estimating cumulative total nitrogen loading at the watershed outlet.
Analysis of the modeling results also showed that delineation of the watershed into fields of areas
as large as 163 ha on average can yield a satisfactory result on predictions of daily watershed
outflow. This indicated that the model can capture the effects of spatial heterogeneities affecting the
outflow process even at this scale on this low relief, flat lands.

Simulations using weighted average rainfall at subwatershed C2 showed better results
than those based upon only one point measurement as a representative of rainfall over the entire
watershed. Averaging rainfall using either inverse distance or Theissen polygon method gave
better results than the arithmetic mean method. Research is underway to develop field validated
methods for estimating spatially distributed rainfall using Doppler radar data (Fernandez et al.,
2000b). Simulations using weighted average PET gave best results in C2 compared to those
based upon either agricultural- or forest-based PET alone. Model simulations using rainfall from
different stations and REF-ET data determined for different sites and by different methods showed
the importance of considering the areal distribution of these variables for this scale of watershed
modeling. Refinement in these procedures for spatial variability in rainfall and PET will further
reduce the uncertainty in watershed outflow and velocity predictions used by the lumped parameter
water quality models as will be shown later. The tested and validated models can be used for
assessing the impacts of changes in land use and land management practices on watershed outflows
and exports of nutrients and sediment.
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WATER QUALITY MODELING
INTRODUCTION

A large number of studies have been done in development and application of models to predict
effects of land use and management practices on sediment and nutrient loads on lower coastal
plain watersheds (Skaggs et al., 1995a; 1995b; Breve et al., 1997a; 1997b Parsons, 1999; Skaggs
and Chescheir, 1999). While these methods have been shown to be reliable for predicting loads
at the field edge, water quality concerns are usually focused at the mouth of the watershed, or in
the estuary, which may be several miles downstream. A major challenge to the planners and
regulators is to determine the cumulative effects of management practices and land use changes
on nutrient loads in receiving waters. Success in modeling the cumulative effects including
drainage water quality and pollutant loads is completely dependent upon successfully modeling
or quantifying the hydrology and hydraulics at a watershed scale. As with the hydrologic models,
there is a whole spectrum of models used for water quality planning and assessment that range
from the more comprehensive mechanistic models (e.g., Ambrose et al., 1991; USEPA, 1987) to
the conceptual and/or highly simplified lumped parameter models (Johnes, 1996; Worall and
Burt, 1999; Winter and Duthie, 2000; USEPA, 1997). These mechanistic models can describe the
detailed processes of constituent transport and transformation on a finer time resolution, given
the accurate estimates of a large number of input parameters. Such models are less likely to be
used in day-to-day planning and evaluation processes due to a large amount of time needed for
calibration and application. Lumped parameter water quality models are often the choice for such
purposes.

LEVELS OF COMPLEXITIES IN WATER QUALITY MODELING

Diagram in Figure 29 shows the range of possible alternatives for combining field hydrology and
water quality model with in-stream transport models to develop comprehensive watershed scale
water quality models applicable to poorly drained coastal plain watersheds. Depending upon
objectives, the complexity in the comprehensive model may arise both from field and in-stream
routing components for hydrology/hydraulics and transport/transformation for water quality. Runoff
for a field can be generated as simply as a coefficient of total rainfall or the SCS curve number to as
complex as process based DRAINMOD. The degrees of complexity in transport and transformation
components also vary from process based in-stream advective-dispersive (ADR) transport and
transformation equations to a lumped equation with a first order kinetics. Both categories of the
comprehensive model depend upon the flow rates and velocities predicted by the hydrology
component of the model, but are generally used for predictions on different temporal scales.

In this study, however, DRAINMOD was chosen as a primary rainfall-runoff hydrologic model.
The hydrology/ hydraulics model was linked with water quality transport and transformation
submodels of varying degrees of complexity to provide a means of predicting both hydrology and
nutrient loadings from these watersheds. Lumped parameter models of different levels of
complexity using both FLD&STRM/DRAINWAT and DUFLOW were identified based on
availabilly of input data and model parameters. These include the full blown mechanistic model
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using DRAINMOD-N/ DUFLOW (Fig. 17) with the EUTRO component of WASPS5, a lumped
model such as FLD&STRM/DRAINWAT and/or DUFLOW with simple nutrient transport and
transformation using the first order decay rate, and even a simple delivery ratio based on travel
time and a decay rate. The Dutch DUFLOW hydraulic and transport model (Aalderink et al.
1995; van Duin et al., 1995) which includes EUTRO water quality submodel of WASP5
(Ambrose et al., 1991) for nutrient transformation processes was linked with DRAINMOD field
hydrology submodel to develop a detailed mechanistic hydrology-water quality model
(Fernandez et al., 1997). Due to limited data on a large number of field and stream input
parameters needed by this model for nutrient kinetics, the model has not yet been fully tested.
Implementation of this approach is beyond the scope of this study. However, a partial testing of
the model neglecting sediment-water interface processes are discussed below. Potential of simple
spreadsheet based models that use export coefficients instead of generated flows and nutrient
concentrations were also explored for modeling nutrient loads from the watersheds.

WATERSHED SCALE WATER QUALITY MODELING
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Figure 29. Schematic of range of alternatives for watershed scale water quality modeling.
Highlighted lines indicate the approaches used for lumped parameter water
quality modeling in this study.

Field scale water quality model

The nutrient loading or concentration at the edge of a field can be simulated by using DRAINMOD-
N, a nitrogen version of DRAINMOD (Breve, 1994). It is a quasi two-dimensional model because
the N transport considers only vertical transport in the unsaturated zone and both vertical and lateral
transport in the saturated. Only the nitrate-nitrogen component of N is considered in the model.
The controlling processes considered by the model are rainfall deposition, fertilizer dissolution, net
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mineralization of organic nitrogen, denitrification, plant uptake, and surface runoff and subsurface
drainage losses. The model has been successfully tested on agricultural lands (Breve et al., 1997a;
1997b). Youssef (2003) recently modified DRAINMOD-N to simulate a more complex N
dynamics and turmover in the soil-water plant system under different management practices. It1is an
enhanced version of DRAINMOD-N that simulates amore complete N cycle, adds a simplified
carbon cycle, and operates at various levels of complexity. The modified model DRAINMOD-N II
was successfully tested for North Carolina soils (Youssef et al., 2003). Research 1s under progress
to modify the model to simulate nutrient dynamics of pine forests on lower coastal plains. In other
cases, model predicted drainage outflows are used with measured flow-weighted concentrations to
obtain N loadings at the individual outlets of the fields with different management scenarios. In the
absence of such data, field edge concentrations can be estimated from published data on average
annual N concentration and/or loading for a field with a given management practice (see the
following sections). Alternatively, relationships of flow versus concentrations can also be used for
each field with a specific land management practice. Flow rates can be simulated by DRAINMOD
or DRAINMOD based watershed scale models. In other cases exponential rating curves or loading
functions have also been used to estimate nutrient concentrations from individual fields (Haith and
Shoemaker, 1987; RTI, 1995). As a simplistic approach, export coefficients can be used to generate
seasonal or annual nutrient loads from a field with a given land management practice (Johnes,
1996; Frink, 1991, Beaulac and Reckhow, 1983).

Export Coefficient is defined as annual nutrient loading at the field edge (kg/ha/yr). Export
coefficient methods are frequently used by regulators and planners for assessing cumulative
nutrient loads from watersheds into receiving waters. This method is similar to Export Coefficient
Method suggested by NCDWQ (1997) for basin scale modeling. Loading rates for each individual
stream reach are directly extrapolated from the literature values based on soil and land management
practice on the parcel of land drained by that reach. However, effects of rainfall on drainage outflow
are rarely considered. Similarly, export coefficients do not reflect the effects of change in land use
and management practices. These values continue to be built up in the literature for lands with
different management practices on the lower coastal plain.

In-stream process transformation model

Using data from a 1160-m long agricultural canal of the lower coastal plain watershed (Fig. 3),
Birgand (2000) developed a simple approach for modeling in-stream nitrogen transformations in
the agricultural canals of the lower coastal plain. The combined results of the mass balance study
in a 1160-m long agricultural canal of the lower coastal plain and the study of inorganic nitrogen
concentrations at the sediment water interface, resulted in the description of the retention of total
nitrogen 1n the lower coastal plain canals as the combined retention of nitrate and release of
organic nitrogen at the sediment-water interface. Other processes were shown to be minor and
were ignored in the modeling approach. Nitrate retention was modeled as a first-order simple
diffusion equation and the release of organic nitrogen (ON) in the canals and streams of the lower
coastal plain was modeled as a zero-order equation. The equation implicitly states that most of
the nitrate 1s removed by a lumped diffusion in canals, may it be by denitrification after diffusion
into the sediment, and/or by assimilation by autotrophic organisms in the water-column.
Biogeochemical processes are very complex and involve numerous biological, chemical and
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physical processes overlapping each other. Despite the complexity, we were able to identify and
quantify trends of retention and release of nutrient species. The modeling approach for nitrogen
transformations presented by Birgand (2000) was purposely simplistic, because many
uncertainties of parameter calibration would result from more complex models.

Only three parameters need calibration in Birgand’s (2000) model: the mass transfer coefficient,
the maxumum rate of ON release, and the limiting organic nitrogen concentration in the water
column. The mass transfer coefficient describes the ability of the bottom sediment, but also more
largely a particular stream or canal, to remove nitrate from the water column. The results suggest
that the mass transfer coefficient for canals in this watershed could be estimated as 0.3 m/d as a
first approximation. Similarly, values between 4.0 and 6.0 mg ON/L were suggested as a first
approximation in the model calibration. Although the preliminary results of testing of this model
for simulating nitrogen retention were encouraging, the author suggested that the lumped model
need further testing. Details of the model are described by Birgand (2000).

LUMPED PARAMETER MODELING APPROACHES

Two approaches for developing a lumped parameter model to predict N loading in the coastal
watersheds have been developed and tested. In the first approach, the methods used in EUTRO
were simplified by modeling only those processes that are important for quantifying N losses in
the experimental watershed, and more generally, in the lower coastal plain, where most of the
soils are artificially drained and/or have shallow water tables. Denitrification was found to be one
of the most significant processes in retention of nitrates in the coastal agricultural canals
(Birgand, 2000). To further simplify the model, as was suggested by Birgand (2000), the
processes that affect short-term storage and recycling of N were omitted and predictions were
made on monthly, seasonal, or annual, rather than daily time interval. A sensitivity analysis of
major input parameters of EUTRO was performed. The range of input parameters was selected
from observations made in our field study (Birgand, 2000) and in the literature. The sensitivity
of predicted nutrient loading to input parameters and processes was determined. Based on results
of sensitivity tests, parameters and processes to which predicted results were not sensitive were
eliminated or simplified, and the model was rerun and predictions were compared to measured
results. The lumped parameter models were thus developed after analysis of the sensitivity tests
and the field experiments.

The second approach simply assumes that the decrease in N loads as drainage water moves from
the field edge to the watershed outlet is exponentially dependent on time in transient and can be
described with a single attenuation coefficient. This approach has been proposed for predicting
delivery of nutrients in the Neuse River Basin (NCDWQ, 1997). An advantage is that it could be
rather easily combined with our existing watershed hydrologic model and thus could be applied
on time scales ranging from individual storm events to seasonal or annual loads. Attenuation
coefficients would have to be determined empirically for different drainage channel and stream
conditions and they may vary with season of the year. Because our hydrologic models are
capable of predicting the travel times from each field to the outlet on a continuous basis, this
approach to nitrogen modeling can be applied on either a distributed (field-by-field) or
aggregated bases, in both space and time. A similar approach was used successfully by Wagner
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et al., (1996) for phosphorus loading in the poorly drained soils north of Florida's Lake
Okeechobee. Heatwole et al. (1987) applied the BASIN model to predict the total annual
watershed nutrient (N and P) load based on estimated delivery of average annual nutrient loads
from individual fields defined in the basin. A first order rate equation was used to attenuate
nutrient loads in streamflow with rate coefficients from the literature. This basic approach has
also been used by Yarmanoglu et al., (1981) for watershed hydrology, and DeCoursey (1996) in
ecosystem models. DeCoursey (1996) described current consensus opinion on approaches to
scaling hydrologic and ecosystem models. He demonstrated the value of using complex
mechanistic models to calibrate simple ecosystem models for use at large spatial and temporal
scales.

Both approaches should allow development of robust models that will predict N loading on a
monthly, seasonal or annual time frame without prohibitive input requirements. The lumped
parameter models developed in this study were tested against the complex models and field
measured data. Lumped input parameters from the field experiments were used in the new
models to predict nutrient loading at the outlets of various subwatersheds within the large
watershed and at the main watershed outlet.

One of the disadvantages of these approaches to analyzing the fate of N is that alteration of forms
of N (in terms of relative contributions) may affect removal coefficient and downstream
reactivity. A lumped parameter model may not be able to capture this effect without artificial
adjustment of the attenuation coefficient. For example, a change in management in the fields may
cause a shift in the total N composition of the stream water. Birgand (2000) conducted a
thorough literature review on nitrogen removal in streams of agricultural catchments. The study
concluded that nitrogen not only gets recycled within the surface waters but there is also retention
due to uptake by primary producers within the stream network. N is also lost from the aquatic
environment by denitrification. Birgand also found that in-stream removal rates of N and the
efficiency of removal are highest in summer and lowest during winter due to high flow rates and
loadings.

Exponential decay equation for nutrient transport/transformation

The basic assumption of developing these models is that there are no sources or sinks of the
constituent other than the natural decay commonly known as first order kinetics. It is assumed to be
an exponential function of the travel time, a time the water is in the drainage canal or coastal
stream. The exponential decay method of the lumped parameter model is based on a gross
assumption that dispersion of the constituent concentration along the canals and ditches is totally
negligible due to minimal effects of tidal influence and there are no sources or sinks of the
constituent, other than that represented by natural decay (Loucks et al., 1981). The sensitivity
analysis as shown in subsequent section below in DRAINMOD-DUFLOW model also indicated
that nitrate loading was much less sensitive to dispersion coefficient compared to decay rates.
The method as shown by Loucks et al. (1981) has been derived as follows:

The partial differential equation defining the concentration of any constituent C for a one-
dimensional flow in a canal or a stream is
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AC/AT = 1/AA /AX (EAAC/AX = UAC) £ 5 (Sk) worore comemes oo oo oo oo (4)

where, C = Concentration (mg/L) of the constltuent tis the time (T), X is the distance (L) along
the stream, E is the dispersion coefﬁcxent (L? /T), U is the net downstream velomty (L/T), Ais
the stream’s cross-sectional area (L ) and S represents a source or sink (M/L /T) of the
constituent.

The equation states that the change in concentration with respect to time is equal to the change in
constituent flux in the X direction due to the dispersion (EAAC/AX) and due to advection
(UAC) plus or minus the source/sink terms. The source or sink includes various reactions that
increase or decrease concentrations of the constituent.

The coefficient of dispersion E usually depends upon the amplitude and frequency of tidal
influences and turbulence of water in the canal or stream. It may be justified to assume the
minimum significance of E at least in the collector ditches and canal system that is far away from
the estuary so that tidal effects are negligible and turbulence is low.

For a steady state condition of flow in the canal/ditch system equation 4 becomes:
0=AC/ AT = EA’C/ AX® = U. AC/ AX = K.C ovvooomeoeoeooeoeeeoe oo oo oo o (5)

where, K is a reaction or a decay rate coefficient (T'] ) based on the assumption of the first order
kinetics that assume the reaction rates are proportional to the constituent concentration. This
assumption has been used in many applications for natural aquatic systems. The steady state
condition may be applied to many flow conditions in river systems, including low-flow
conditions often found in the late summer or early fall.

Integration of equation (5) for constant parameters of K, E, A, and U leads to

C(X) = Wo/Qm. V™ X 00 X <0 and tovvirs oo o o e e (6)
C(X) = Wo/Qm. eV ™ X for X 20 i oo oo et e e e, (7
where, m = \/(1 + 4K E/U° ) e e e e e e et s et e e (8)

and W, = Initial nutrient loading. Note that m > 1, U and E are always positive making the
exponent in Eq. (7) always negative. That means that the concentration is reduced exponentially
with distance and tends to zero for large distances from the source.

Initial concentration due to a point discharge is

C(0) = Wo /QUIN oo oo oo eeeeee oot oo eeeees eeereee oo oo oo oo (9)

In canals and streams with no tidal effect E <<<I and so m in Eq. (8) is nearly equal to 1. Then
Eq. (6) becomes simply
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C(0) = Wo /Q it oo et it ettt it et s e e e e s (10)
If E is <<<1, dispersion is negligible and for any X
C(X) = Wo /Q. EXp(-K.X/U) ittt it et e et et e, (11)

This represents the exponential decay of the constituent over time as it travels downstream from
a single point of discharge at X = 0.

Alternatively, C(X) = Co € woovves woorees eoerreweeeees seveees ceveee eoeeee eeoeees oreeees oo eeeeers oo (12)

where T = Travel time = X/U.
Furthermore, C(X)/Co, = e'K'T which is equal to the Delivery Ratio.

Then the change in initial nutrient concentration from a given field is exponentially dependent on
decay rate and the time in transient as the drainage water moves from the field through the network
of canals and streams to the watershed outlet. The method incorporates only two variables
(concentration at the field edge and travel time) for each field and one input parameter (decay
constant, k) to estimate nutrient concentration at the watershed outlet. However, these lumped
methods may have some caveats because the predictions for management alternatives may be
affected by change in total N concentration as “k” changes due to a shift from more labile to
recalcitrant forms of N.

The relationships for exponential decay of nutrient concentration shown above were assumed to be
equally valid for nutrient loads, which is a product of the concentration and flow rate. The total
cumulative annual load (L, kg) of the nutrient at the watershed outlet was defined as the sum of the
loadings delivered from each individual field. The load delivered from each field to the watershed
outlet is not the same as the loading at the field edge as shown below.

Lo 3 (1) oo (13)
where, Li= Lio ® DR, (14)
DR = e ) (15)

where DR is the Delivery Ratio, Li, is the nutrient load (kg) at the edge of field, “i” and L, is the
nutrient load (kg, after attenuation) delivered from a field “1” to the watershed outlet.

k = Nutrient decay constant (day'l) and Ti= Time (day) required for the nutrient to be transported
from the edge of field “1” to the watershed outlet;

Loading at the field edge, Lio = Export Coefficient * Area;................ooooiiiin ., (16)

The value of export coefficient is based on a given land management practice (soil,
crop/vegetation, and water management). As described earlier in field scale model, it can be
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obtained by either direct measurements or from simulations using process based model
DRAINMOD-N for a field of interest. In the absence of resources for using DRAINMOD-N,
general values on loading can be obtained using literature published data (Chescheir et al., 2003;
Correll et al., 1999; Lebo and Herrmann, 1998; Amatya et al., 1998a; Jordan et al., 1997; Dodd
etal, 1992; Evans et al., 1993; Frink, 1991; Chescheir et al., 1990; Beaulac and Reckhow,

1983). Alternatively, the value can also be estimated as a product of annual outflow measured or
simulated using DRAINMOD (see procedures below) and export concentration, e.g., annual
average nutrient concentration obtained by direct measurements or published data in the literature
cited above. In other cases, loading functions developed for specific land management practices
are used (Haith and Shoemaker, 1987; RTI, 1995).

Nutrient decay or attenuation rate (“’k”): This parameter is used to approximate the cumulative
effects of several complex in-stream transformation processes. As a result, it is a fairly uncertain
parameter with large variability. The values may vary with both season and location in the canal
with generally higher values during low flows and vice versa. The rates may also vary with
different forms of nitrogen (N). This decay parameter “k” should be reasonably estimated based
on field experimental or published values for denitrification constants. Reaction constants for
different stages of nitrogen transformations are reported by B0W1e et al. (1985) and Ascl (1995).
Values in other units pubhshed for Flornida were 0.00005 m’ (Heatwole 1987) and for natural
processes 0.000038 m’ (Huber et al., 1976) Birgand (2000) recently reported a mass transfer
coefficient of approximately 0.3 m d"! for nitrate in agricultural canal of the lower coastal plain.
Similarly, a smaller value of “k’ may be used for very wet (cold) seasons compared to dry (hot)
seasons because difference in temperatures by season may also affect the decay rates. Alexander
et al. (2000) recently reported in-stream loss coefficients as a function of stream water depths
using data from several studies.

Travel time (T): It is the time required for the nutrient leaving the field edge to travel along the
canal/stream for arriving at the watershed outlet, and 1s calculated as

Ti= Distance/Velocity, (AAY); . ...v e e e e (17)

where, Distance is the length (m) of the nutrient travel path along the canal/stream from the field
edge to the outlet. Distance 1s measured along the specified flow path passing through the nodes
of the canal/stream network that is identified and defined during the delineation of the individual
fields with its specified outlet in the canal/stream network (Fig. 31).

Velocity is the average velocity (m/day) of water (and nutrient) movement along the canal/stream
and is a function of season or event and location in the watershed.

The above concept of first order kinetics with an exponential decay of nutrients (concentration or

load) was applied with DRAINMOD based watershed scale hydrology/hydraulics, DRAINMOD.

and export coefficient models to develop and test comprehensive lumped parameter water quality

models of various levels of complexities. The different combinations of lumped parameter water

quality models, described below in decreasing order of complexity, are highlighted with a thicker
“line in the diagram of Figure 29.
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DRAINMOD-DUFLOW with first order kinetics: DUFLOW (Aalderink et al, 1995) includes
both canal hydraulics and water quality transport and transformation components. The model can
handle looped networks, simulates various control structures (e.g. weirs, culverts, siphons etc)
and has options for management and operation of structures in the canal network. The hydraulic
routing component of DUFLOW predicts water levels and discharges at various points in the
network by solving the St. Venant equations of continuity and momentum using the four-point
implicit Priessmann scheme, which is solved with a Newton-Raphson-type iteration scheme.
External and internal boundary conditions are solved within the Priessmann scheme.

The water quality component is a solution to a one-dimensional advective-dispersive mass
transport equation. There is flexibility in the specification of the kinetic processes and the
relationships of the modeled water quality parameters in DUFLOW. Process models for in-
stream water quality constituent dynamics can be user supplied. This feature of the model is
attractive since it would allow the exploration of various alternatives in defining the in-stream
water quality processes depending on the level of detail in representing the nutrient dynamics in
the drainage canals and the availability of data to support parameter specification.

The framework for integrating the DRAINMOD field hydrology and water quality and the canal
routing model DUFLOW is designed as a dynamic interaction of field hydrology and stream
routing. The field hydrology model is dynamically linked to the stream routing component. The
basic time step is one hour. Hourly water levels in the drainage network at the field outlets serve
as control for the field hydrology. At the field outlets, the water levels are estimated based on
conditions of the previous day. Using these estimates, DRAINMOD simulates the hydrology of
the field and the predicted hourly outflows are used by the stream routing model as inflows into
the network. Hourly water levels predicted by the routing model are then compared with the
initially assumed water levels by the field model. The model iterates until the difference between
the predicted water levels and the initially assumed levels are within a specified tolerance limit.

Outputs of the field hydrology and hydraulics routing arc aggregated to the desired time step to
drive the water quality component of the model. This is accomplished as a two-step process.
Watershed hydrology and hydraulic routing are first simulated followed by water quality
transport and in-stream process simulation. This framework is consistent with the modeling
framework of DUFLOW. The current model does not consider a detailed water quality modeling
of the field. Estimates of loadings at the field edge are obtained from measured data. However,
transport of nutrients from the field edge to the watershed outlet is modeled with the advective-
dispersion model of DUFLOW. Nutrient transformation along the drainage canals is simulated
with a lumped parameter model. In-stream nitrogen transformation is simply described by an
exponential decay function. The model is based on a gross assumption that complex in-stream
processes can be adequately described by a lumped parameter model.

The integrated watershed scale hydrology and water quality model, DRAINMOD-DUFLOW
(Fernandez et al., 1997) was evaluated for simulating the nutrient loading in a 2950 ha forested
watershed. A simple exponential decay equation was used to characterize in-stream
transformation of nitrate-nitrogen. While the simulation for the daily cumulative outflow of the
watershed was in good agreement with field measured data at the outlet S4 of the subwatershed
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(Fig. 30), mitial water quality simulations underpredicted nitrate-nitrogen loading at the outlet
(not shown). The predicted nitrogen loading from the forested subwatershed S4 was sensitive to
the decay coefficient selected for the simulation as shown in Fig. 31.
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Figure 30. Measured and DRAINMOD-DUFLOW predicted daily and cumulative
outflows from subwatershed S4 for the period of February 1996 to December 1997.
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Figure 31. Predicted cumulative nitrate loads for a three year (1996-98) period at the outlet
of subwatershed S4 for varying decay rate parameter (k). X axis scale is in years
starting in 1996 with year divided into five equal divisions (73 days interval).
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The model was also used to simulate nitrogen dynamics of two forested subwatersheds (S1 and
S4). The fourth level of complexity of the EUTRO submodel of WASPS (Ambrose et al., 1991)
was used for these simulations which included all eight systems of eutrophication and 42 input
parameters. In the absence of measured data, input parameters for the in-stream model were
taken from the literature. Sensitivity analyses of the model showed that predicted NO3 loading
was more sensitive than organic N to mineralization constant (Fig. 32). Similarly, predicted NOs
loading was more sensitive to decay rate constant than to dispersion coefficients (Fig. 33). Data
also show that nitrate-nitrogen is more sensitive to decay rate constant than the mineralization
rate. These results tend to support the conclusions of study by Birgand (2000) on observations of
nitrogen retention process in an agricultural canal, where the retention of nitrate was reported
primarily due to diffusion and the release of organic N.
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Figure 32. Effect of mineralization rate constant (Kmin) on predicted loading of organic
nitrogen (N-org) and nitrate-nitrogen (NO3) for S4 subwatershed during
February-April 1996.
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Figure 33. Effect of decay rate constant (K) and dispersion coefficient (d) on predicted
loading of nitrate-nitrogen (NO3-N) for S4 subwatershed during February-April 1996.

DRAINMOD-DUFLOW based alternative method: Since travel time is an important
parameter in the exponential decay rate method, a numerical tracer experiment with transport
subroutines in DUFLOW was conducted to determine travel times from a field outlet to the
outlet of the S4 subwatershed. This was performed after validating the flow rates predicted by the
model since time is a function of velocity computed within the routing model, and velocity
affects the flow rates. Travel times for an inert tracer for several events were determined from
simulations using the linked DRAINMOD-DUFLOW model (Fernandez et al., 1997). Results
showed the dependence of travel time with distance of the field from the outlet. Figure 34
illustrates the calculated travel times for any particular cumulative load as the difference between
cumulative inflow of load from a typical field and cumulative outflow of the load from the outlet
of the 2950 ha forested subwatershed for a summer storm that occurred after Hurricane Fran on
September 5, 1996. These simulations showed that travel times varied more with field distance
from the outlet than with rainfall amount (Table 14).
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Figure 34. Time of travel of water/nutrient calculated using cumulative nitrogen load for
an event of 1996 at subwatershed S4.

Table 14. Time of travel (in days) for different events and different fields of forested
subwatershed S4 as simulated by DRAINMOD-DUFLOW model.

Field 1 Field 2 Field 3 Field 4
Distance from Qutlet 1.6 km 9.3 ki 6.6 km 1.5 km
Rainfall
43 mm 3.00 2.57 0.80 0.25
37 mm 2.75 2.34 0.83 0.28
77 mm - 1.96 1.63 0.42 0.20
147 mm 1.66 1.97 0.34 0.14

DRAINMOD-GIS based model: A lumped parameter model was developed using a GIS based
approach for the spatial analysis of cumulative monthly and annual nutrient loading at the outlet
of lower coastal plain watersheds (Fernandez et al., 2002). The method is a lumped version of
mechanistic process of nutrient transformation and transport. The model uses a spatially
distributed delivery ratio (DR) parameter to account for nutrient transport and retention or loss
along a drainage network. Nutrient delivery ratios are calculated from time of travel and a first
order decay equation for nutrient transport and transformation dynamics. Travel times from any
point in the drainage network to the watershed outlet are obtained from simulations using the
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Figure 48. Predicted total nitrogen (N) loadings with (solid dark) and without (solid white)
a delivery ratio at the top and predicted total nitrogen (N) loadings for decay
parameter, k = 0.01 (solid dark) and k = 0.05 (solid white) at the bottom.

Using typical values of field input parameters for agriculture and forested fields in DRAINMOD,
simulations of outflow and nitrogen loadings for a scenario, where the upstream 50% of the land
was in agriculture, were compared to a scenario in which all 100% of the land was in forest.
Changing the landuse to 50 % agriculture in the same forested subwatershed increased the
predicted total flow for a two-year period (1996-97) by 15% (Fig. 49) and the nitrate-nitrogen
loadings by 100% (Fig. 50).
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