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A mathematical model (Sediment-Transport-Associated Nutrient Dynamics —
STAND) has been developed for the study of sediment-associated water quality issues.
The model isintended to simulate changes of water quality constituents associated with
sediment behavior. It has a 3-level structure. The first level accounts for the hydraulics
of open-channel flow. The second computes sediment transport potential and actual rates
based on the information provided by the first level. A non-equilibrium approach is used.
In the third level, changes of nutrient concentrations along a studied river are computed
with the consideration of nutrient transport, adsorption/desorption, and interstitial water
release. In order to calibrate the model, field data were collected from the Oconee River,
amajor tributary of the Altamaha River in Georgia. Two stations, approximately 17 km
distant from each other, were established along the river for the purpose of data
collection. Observations of the river’s hydraulics, suspended sediment, and water quality
(mainly ortho-phosphate, nitrate, temperature, specific conductivity, oxidation-reduction
potential, dissolved oxygen, and pH) were collected at the two stations. Another data set
collected along a magjor tributary of the Yellow River in Chinawas aso used for
calibration and evaluation of the model’s hydraulic and sediment transport parts.
Calibration and evaluation results are encouraging, which suggests that STAND isa
useful tool for the thorough study and understanding of water quality issues associated
with sediment behavior. A semi-hypothetical river has been mathematically constructed
and the model has been applied to the river for the study of sediment and nutrient
behavior under the influence of hydrological conditions, pattern of upstream release, the
roles of peak flow and base flow, and lateral inflows of sediment and nutrients.
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CHAPTER 1
INTRODUCTION

M echanism based mathematical models have been developed to study different
behaviors of river systems and to help engineering practice and management decision
making based on the studied behaviors. These behaviors include physical transport of
water, sediments, and solutes, exchange of sediments between bed and overlying water,
exchange of material between dissolved phase and solid phase, production and
consumption of dissolved materials etc. Modelsfall into different categories depending
on what components are incorporated in them.

Traditional civil engineering-oriented models such as HEC-6, Fluvial-12, and
GSTARS 2.0 are mainly developed to s mulate hydraulics, sediment transport and
resulting channel morphological changes. Although satisfactory simulation results have
been provided by these models, they fall short of the ability to simulate water quality
issues because no such component is incorporated in any of them.

On the other hand, traditional water quality models, such as QUAL 2E, and
WASP5, usually have components for dissolved oxygen, pH, alkalinity, temperature,
nutrients, algae, zooplankton, and coliform bacteria etc. Very few of them consider
sediments as a water quality component, or as something that affects other components.
None of them consider the process of sediment transport and its consequences for water
qudlity.

Given the fact that approximately 95% of phosphorus in streams tends to adhere
to sediment particles (Hem 1985, Meybeck 1982), and that suspended sediment transport
rate is usualy 4 to 20 times as much as that of bed load sediment (Y ang 1996), we know



that not only is sediment an important factor that affects water quality, but also it is one
of the most important sinks and sources of some nutrients which affect water quality
significantly. So incorporating a sediment component in awater quality model, or
conversely, adding water quality components to a civil engineering river model, is
essential in studying sediment-related water quality issues.

A comprehensive mechanism-based model, Sediment Transport Associated
Nutrient Dynamics (STAND) has been developed to study not only sediment as a water
quality factor, but also its potential effects on other components aswell. STAND hasa
three-level structure. At the base level, hydrodynamical behavior is solved first, which
provides information for subsequent ssmulations. The second level deals with sediment
transport potential and the actual suspended sediment transport rate, as well as the
adjustment of channel morphology. The third level deals with the water quality, where
the behaviors of nutrients and dissolved oxygen are computed.

As with some of the traditional civil engineering models, STAND has the ability
to compute hydrodynamics and sediment transport potential (which is used as the actual
sediment transport rate in some models). Since the actual sediment transport rate is
usually not the same as the transport potential, it isimportant to compute the actual rate
based on the transport potential. A potential-approaching mechanism is proposed in
STAND, which thus distinguishes it from other contemporary models.

Unlike atraditional water quality model, STAND does not cover all the aspects of
water quality. Rather, it focuses on the dynamics of nutrients, which are hypothesized to
be affected by sediment behavior, and of dissolved oxygen.

To calibrate and validate different levels and components of the model, data sets
of high sampling frequency and long periods for the Oconee River were collected in the
summer of 1998 and the spring of 1999. To further strengthen the calibration and
evauation of the hydraulics and sediment transport part of the model, data sets of high

quality (high frequency, long period, base and extreme hydrologic events) for the Yellow



River of China, which is known for its high sediment concentration, were used.
Encouraging results were obtained for most hydraulic, sediment transport, and water
quality components.

A partial data set on the Chattahoochee River is available for the author to
construct a conceptual Chattahoochee-like river. STAND was then applied to the river to
study the effects of different incoming hydraulic, sediment, and nutrient conditions on the

downstream receiving waters.



CHAPTER 2
LITERATURE REVIEW

The current status of different aspects in water quality research, as well asthe
components of these aspects in various mathematical models will be reviewed in this
chapter. Sediment related water quality issues will be reviewed in section 2.1. Due to
the fact that not many of the previous investigations were focused on the issue of
sediment affected stream water quality problems, the author tried hard to review literature
aswidely as possible. But still, many of the listed literatures are not as closely related as
expected. Existing mathematical models accounting for hydraulics, sediment transport,
and water quality will be reviewed in section 2.2. The approach used by and the

limitations of these models will be discussed.

2.1. Sediment-Related Water Quality Issues

2.1.1. Sediment-Water Interactions|n Impounded Water Bodies

Many of the recent studies on sediment-water interactions focused on water
bodies such as lakes, estuaries, and reservoirs (Nairn and Mitsch 2000, van Luijn et al.
1999, Mayerset a. 1999, L ehtoranta 1998, Beddig et al. 1997, Brassard et a. 1997,
Kleegerg 1997, Ram et al. 1997, Nowicki 1997, Smaal and Zurbrug 1997, Appan and
Ting 1996, Reddy et al. 1996, Ferreira et al. 1996, Cowan and Boynton 1996, Rizzo and
Christian 1996, Bertuzzi et a. 1995, Alaoui-Mhamdi et al. 1995, Raaphorst and
Kloosterhuis 1994, Keizer and Sinke 1992). While direct applications of these studies on

river water quality modeling is not that obvious, they do provide the clearness of the



close relationship between sediment and water quality, and the insight of these
relationships.

Nitrogen fluxes were measured from sediment samples and incubated under both
oxic and anoxic conditions, and at different temperatures. The contribution of nitrogen
and carbon oxidation to the sediment oxygen demand was estimated (van Luijn et al.
1999). Mayer et al. (1999) has reported sediments as a source of nutrients to
hypereutrophic marshes of Point Pelee in Canada. It was found that high concentrations
of nutrients (4 mg/L of phosphorus and over 20 mg/L of nitrogen) existed in the
interstitial water, as aresult of decomposition of organic matters. The research
concluded that the internal regeneration of nutrients from sediments is the cause of the
pond’s hypereutrophic conditions. Lehtoranta (1998) conducted studies on sedimentation
and sediment-water nutrient fluxes in the eastern Gulf of Finland. He studied the
variation in nutrient concentrations of sediment between different accumulation areas,
magnitude of net sedimentation and nutrient flux from sediment to water column, and the
main factors controlling the binding and release of nutrients by sediments. 1t was found
that the sediments retain phosphorus well because of oxic conditions, and that iron plays
an important role in sediment phosphorus binding. Beddig et al. (1997) measured and
quantified the nitrogen fluxes at the sediment-water interface in the German Bight.
Brassard et al. (1997) studied the relationship between suspended sediment and dissolved
metal concentrations in Hamilton Harbour. It was found that contaminants could be
released from sediments during resuspension events. An equilibrium adsorption model is
adopted in predicting the metal concentration in the water column that would be found
during resuspension. Kleeberg (1997) found that despite efforts in phosphorus loading
reduction in the inflow, Lake Grober Miggel see still demonstrates year to year
fluctuating and strong internal phosphorus loading with increasing pore water phosphate
concentrations during summer, due to formation of anoxic microlayers at the sediment

surface. It isfound that phosphorus concentrations in the studied |ake were controlled by



the internal processes in the summer and by the inflowing River Nieplitz in the winter.
Ramm and Scheps (1997) studied the phosphorus balance of a small lake, Lake
Blankensee in Germany. During the period from April 1994 to March 1995, the lake's
net export of phosphorusis about a quarter of its input from the upstream river, due to
strong internal loading during summer (Ramm et al. 1997). This strongly indicates the
sediment’ s potentia to influence quality of the overlying water body. Nowicki’s (1997)
work revealed a potentially important loss pathway for nitrogen in sediment pore waters.
Smaal and Zurburg's (1997) research indicated significant regeneration of nitrogen from
sediments. Appan and Ting's (1996) studies show that the retention of high nutrient
levelsin the overlying water column was due to the flux from the sediments. The
dissolved oxygen levels (DO), pH and temperature in the overlying water were believed
to be the governing factors of the sediment nutrient flux. It was found that at low DO
levels, there was a higher net release of phosphorus from the sediments. Also, pH values
were found to play an important role in the final concentration of phosphorus and
changesin pH were likely to disturb the equilibrium of phosphorus. Reddy et a. (1996)
showed the important role of bottom sediments in releasing nutrients to the overlying
water column during wind induced sediment resuspension or by diffusion. Ferreiraet al.
(1996) studied the accumulation of nutrients in sediments near Marco, and quantified
nutrient concentrations in solution and in sediment phases. Mazouni et a. (1996)
quantified the oxygen consumption rate, ammonium production rate, and ammonium and
dissolved inorganic phosphorus concentrations at the sediment-water interfacein a
French shellfish-farming lagoon. Sediment-water oxygen and nutrient fluxes were
measured in three distinct regions of the Chesapeake Bay at monthly intervals during 1
year and portions of several additional years. The data showed strong spatial and
temporal patterns (Cowan and Boynton 1996). Sediment-water exchanges of ammonium,
filterable reactive phosphorus, and oxygen under aphotic conditions were determined in

the Neuse River Estuary. Obvious interrelationships in their spatial and temporal patterns
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are found (Rizzo and Christian 1996). Benthic nutrient fluxes were measured at the Gulf
of Trieste. It was found that the nutrient fluxes observed were not correlated significantly
to the consumption of oxygen, which suggested that anaerobic oxidation processes were
important at the sediment-water interface. The nutrient budget indicated that over 90% of
nitrogen and over 50% of phosphorus were recycled at the interface, which suggested that
sediment acts as an active source and sink for nutrients. It was found that in the sediment
layer with a depth of 0-14 cm, the pore water phosphate concentrations range between 2
to 10 mM, and ammonium concentrations between 20 to 120 mM. Benthic fluxes of
phosphate were low and a clear efflux was observed only during periods of high bottom-
water temperature and low bottom water oxygen concentration in late summer. Most
nitrate fluxes were oriented out of sediments, indicating that nitrification prevailed at the
sediment-water interface (Bertuzzi et a. 1995). Alaoui-Mhamdi et al (1995) collected
data on phosphorus concentration in the water column at various depths and
sedimentation flux and phosphorus release at the sediment-water interface. Raaphorst
and Kloosterhuis (1994) found that the phosphate concentration in superficial intertidal
sediments is controlled by the sorption kinetics together with diffusion, according to
sorption experiments and a dynamic model simulating sorption kinetics. Keizer and
Sinke (1992) studied the phosphorus cycling in the Loosdrecht lakes in the Netherlands.

It was found that the diffusive release of phosphorus from the sediments was small under
both aerobic and anaerobic conditions. Inorganic phosphorus was removed from the
sediments by downward seepage and uptake in the nutrient cycle during resuspension.
The amount of potentially bioavailable phosphorus in the top layer of sedimentsis less
than 15% of the total phosphorus content of the sediments, but is still three times larger

than the external phosphorus load.



2.1.2. Sediment-Water Interaction In Streams And Overland Flow

Studies on sediment-water exchange of dissolved and particular material in
streams and overland flow also indicates strong ties between the behavior of sediments
and of different water quality constituents (Nairn and Mitsch 2000, Croke et al. 2000,
Craft et a. 2000, Dezzeo et a. 2000, UusiKamppa et al. 2000, White et a. 2000, Correll
et a. 1999, Hondzo 1998, Russell et al. 1998, Walling et al. 1997, Emmerth and Bayne
1996, Heathwaite and Johnes 1996a,b, Garban et a. 1995, House et al. 1995, Santiago et
al. 1994, Caraco et a. 1993, Johnes and Burt 1991, Kozerski et a. 1991, Caraco et al.
1989).

Nairn and Mitsch (2000) studied phosphorus removal in two different created
wetland ponds in an agricultural and urban watershed. It was found that both wetlands
significantly reduced turbidity and enhanced dissolved oxygen, and that the retention of
both dissolved reactive phosphorus and total phosphorus was significant. The results
strongly implies that the removal of phosphorus is related to that of suspended solids.
Nutrient movement was found closely related to the transport of sediments due to
overland flow in the native eucalypt forest of southeastern Australia. It was found that
the nutrient yields were significantly reduced by delivering the runoff over a cross bank,
which had the ability to trap suspended sediments (Croke et al. 2000). Craft et al. (2000)
studied the sediment and nutrient accumulation in floodplain and depressiona freshwater
wetlands of Georgia, USA. They suggested that higher sediment and nutrient
accumulations likely reflect the absence of environmentally sound agriculture practicesin
southeastern Georgia. Dezzeo et al. (2000) studied the deposition of suspended
sediments and their associated nutrients in a single flood event of 1995 in the seasonally
flooded forests of the Mapire and Caura Rivers, Venezuela. They found that the total
amount of deposited nutrients varied over a big range, which is affected by the amount of
sediments deposited. UusiKamppa et a. (2000) presented findings regarding phosphorus

removal in buffer zones, constructed wetlands, and ponds in Finland, Sweden, and



Denmark. It was found that the retention of total phosphorus was affected by the width
of the buffer zones and the surface-area/water shed-arearatio of the constructed wetlands.
White et al. (2000) studied the storage of phosphorus by sediment in a northern prairie
wetland which received municipal and agro-industrial wastewater. They found that 60%
of phosphorus inputs into the marsh were stored in the sediments and that the isotherms
showed that the sediments near the inflow had a limited ability for additional phosphorus
sorption.

Transport of nutrients during storm events were studied in the Rhode River
watersheds (Correll et a. 1999). Concentrations of different nutrients were measured
during 76 storm events. The author made an attempt to correlate the concentrations with
discharge, though no modeling effort was made to explain the changes of the
concentrations. Russell et al. (1998) found that the particul ate nitrogen and phosphorus
fluxes closely reflect the suspended sediment dynamics of the studied basins, which is
controlled by basin size, morphology, and hydraulic conditions. They also speculated
that the desorption of nutrients from suspended sediment may be important during storm
events. The study of sediment-associated nutrient transport of four contrasting river
basins in Gresat Britain showed that significant differences existed in both specific
nitrogen and phosphorus; this reflected variations in the magnitude of the specific
suspended sediments yields and in the relative importance of point and nonpoint sources
(Walling et a. 1997). A study showed that the upper subbasin area, from Franklin,
Georgia, to the headwater of the Chattahoochee River, contributed to 96% of the
discharge and 97% of total phosphorus and total suspended solid loads into West Point
Lake (Emmerth and Bayne 1996), a fact that strongly suggests the links between the two
water quality constituents. It isfound that phosphorus transport increases in proportion to
the magnitude of the suspended sediment load (Heathwaite and Johnes 1996a).
Adsorption of phosphorus onto sediments is considered an important mechanism in the

cycling of phosphorus, and phosphorus transformations are considered strongly linked to
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the cycling of sediments (Heathwaite and Johnes 1996b). Exchanges at the sediment-
water interface in the River Seine, France, were quantified by experiments determining
the exchanges accounting for all chemical, biological and physical processes (Garban et
al. 1995). Kozerski et a. (1991) found that in the lowland river of River Spree, the
transport of most nutrients and pollutants is biologically affected and that sediment play
an important role in the process. Caraco et al. (1989, 1993) studied the phosphorus
release from sediments affected by the presence of sulphate and found that sulphate
concentration of waters was extremely important in controlling phosphorus release from
sediments.

House et al. (1995) studied the uptake of inorganic phosphorus to suspended
sediments and stream bed sediments. The research reveal s the importance of suspended
sediments in the fast uptake of solute reactive phosphorus, contrasting the control of
influx to the bed sediment in channels with low concentrations of suspended solids.
Santiago et al. (1994) studied the various pollutants bound to both suspended and bed
sediments in the Rhone River basin. They concluded that suspended sediments are more
suitable for synoptic monitoring of the environment quality of the river basin. Johnes and
Burt (1991) conducted an analysis on nitrogen loading and possible sediment interactions
in the Windrush catchment, United Kingdom. They found that the delivery and cycling
of nutrients are significantly affected by suspended sediments. They concluded that
sediment transport to surface waters is an important mechanism of the delivery of
ammonium, particulate organic nitrogen, and phosphorus. They aso concluded that the
resuspension of bed sediments and erosion of bank sediments affects the recycling of
nutrient fractions adsorbed to sediments.

Hondzo (1998) studied the detailed transfer mechanism of the dissolved oxygen at
the sediment water interface. The research found that the shear stress velocity controls
the thickness of the diffusive boundary layer and thus the mass transfer coefficient for

dissolved oxygen transfer at the interface.
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2.1.3. Processes Of Adsor ption-Desor ption

The adsorption isotherm for bromide was studied (Korom 2000). Column
experiments were done to determine the nature of bromide adsorption onto and
desorption from a sediment sample from Savannah River Site, South Carolina. It was
found that adsorption and desorption were reversible and repeatable, and that adsorption
followed an apparent Freundlich isotherm.

Brouwers (1999) proposed a one-dimensional nonequilibrium transport model
which describes the unsteady mass transfer between flushing medium and solid phasesin
soil columns. The Freundlich relationship was used to account for the nonlinear sorption
of contaminant on the solids.

It isfound that the internal phosphorus loading and resuspension of sediment are
strong stabilizing factors supporting the maintenance of shallow eutrophic turbid lakes.
The dissolved phosphorus concentration at the interface between the top layer and the
deeper sediment is related to sediment phosphorus according to the Langmuir equation.
The three parameters of this relation are the maximum adsorption capacity of the
sediment, the Langmuir adsorption constant, and the ratio between adsorbed and total
phosphorus (van der Molen et al. 1998).

Hartikainen et al. (1996) studied the adsorption- desorption equilibrium between
solid and solute phophorus in aerobic and anaerobic sediments. It was found that the
sediments have high hydrated aluminum and iron oxides and as a result, had high
phosphorus adsorption capacity and alow phosphorus concentration. It was also found
that phosphorus and silicon were bound to the same components and competed in the
adsorption processes.

Froelich (1988) studied the reversible two-step mechanism for phosphate
adsorption onto sediment surfaces and found that the phosphate concentration of

unperturbed turbid rivers were controlled near the dynamic equilibrium phosphate



concentration of their particles and quantified the amount of phosphate that can be
desorbed from suspended sediment surface.

Meyer (1979) found that the sorption of dissolved phosphorus is an equilibrium
process, and that the buffering capacity of the sediments was affected by severa factors.
Silty sediments were found to have higher buffering capacity than sandy sediments and

the phosphorus sorption increased as aluminum and organic matter content increased.

2.1.4. Some Modeling Practice Regarding Sediment-Water Exchange

Mathematical models addressing the interaction between sediment layer and
overlying water body were developed (Cerco and Seitzinger 1997, Gent et al. 1996,
Engelhardt et al. 1995, James and Bierman 1995, Garsdal et al. 1995, Crabtree et a.
1995, Lin et al. 1995, Rutherford et al. 1995, Crabtree et a. 1994, Mol et al. 1994, Blom
and Toet 1993, Cerco and Cole 1993, Coghlan et al. 1993, McGregor et a. 1993, Smits
1993, Janse et al. 1992, van der Molen 1991, Kamp-Nielsen, 1989, Beck 1985, Berner
1980).

Blom and Winkels (1998) proposed the combined use of STRESS-2d (Sediment
Transport, Resuspension and Sedimentation in Shallow lakes) and DIASPORA
(Diagenesis of Aquatic Sediments and Dispersion of Pollutants due to Resuspension and
Sedimentation in Aquatic Ecosystems) in studying sediment and contaminant in alakein
the Netherlands. The combined model was capable of simulating resuspension, erosion,
sedimentation, and changes of contaminant concentration.

A combination of models — hydrodynamic, sediment diagenesis, benthic algal,
and eutrophication — was fitted to test the seasonal algal influence on the transfer of
nutrients to and from sediments (Cerco and Seitzinger 1997).

Younger et al. (1993) studied the role of streambed sediments as a barrier to

groundwater pollution using a three-dimensional model. It was found that the
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groundwater quality would only be damaged had the river water been heavily polluted for
asignificantly long period.

Janse et al. (1992) proposed a dynamic eutrophication model called PCLOOS.
The model had components of algal groups, zooplankton, fish, detritus, zoobethos,
sediment detritus and inorganic phosphorus fractions. The studied |ake showed a delayed
response to the decreased phosphorus loading until a new equlibrium was reached in five
years. The reasons for the lake' s resilience in responding to the load reduction were the
high phosphorus assimilation efficiency of the cyanobactreia and the high internal
recycling of phosphorus.

Van der Molen (1991) proposed a model (SED) describing the release of
phosphorus from sediments in shallow eutrophic lakes. SED has only three state
variables, dissolved phosphorus, organic particulate phosphorus, and active sediment
layer, and simple relationships between the variables and a limited number of parameters.
The model considered diffusive transport of dissolved phosphorus to the overlying water,
mineralization of organic phosphorus in the sediment, and adsorption/desorption and
fixation of inorganic phosphorus. SED is able to replicate phosphorus retention in the
studied lake and generate values for the net phosphorus release from the sediment with
realistic magnitude and seasona pattern.

Boers et a. (1991) found that in the shallow Lake Loosdrecht in the Netherlands,
the concentrations of phosphate and ammonia were strongly correlated, and the ratio
between them was close to that predicted by a mineralization model. It was found that
pore water concentrations are valuable indicators for early diagenetic processes of
phosphate. The similarity in concentration patterns for phosphate and ammonia indicated
that phosphate concentrations were maily governed by the processes of mineralization
and diffusion.

Beck (1985) made an attempt to reveal the dynamics of nutrient loading and

sediment resuspension for Lake Balaton, Hungary. It was concluded that sewage
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discharges are important sources of soluble phosphorus in the Zala catchment, and that
further understanding of the in-stream phosphorus-cycle process and the role of
marshland drainage as a source of phosphorus are important.

However, many of the studies and modeling practices did not take into account an
important factor that affects water composition of studied lakes and impounded water
bodies, nutrient transport in the streams that drain into them. Van der Perk (1996)
specifically studied the impact of bed sediments on the overlying river water body and
revealed that the adsorption- desorption processes and the transformation of nutrients have

significant effects on the river water composition.

2.2. The Existing M odels

HEC-6 is a one-dimensional movable open channel flow numerical model for the
simulation and prediction of river profile changes resulting from scour and deposition
over moderate time periods. River geometry is represented by a series of cross sections
and the distances between the cross sections. Each cross section is described by a
transverse section profile composed of points (with relative transversal distances and
elevations as coordinates). Thistypical approach is also adopted by most river models.
This segmentation is the basis for the hydraulics, sediment transport, and water quality.
In a one-dimensional approach, hydraulic variables are assumed uniformly distributed in
awetted cross-section, i.e. the value of avariable remains the same at different locations
in a cross-section at any time. Any changes happen along the longitudinal direction or
against time. In the hydraulic computation, a pseudo-steady-state approach is adopted. A
continuous flow record is partitioned into a series of steady flows of variables and
durations. In other words, the upstream inflow is considered a series of flow with
different constant flow rates. Further, the flow passing the entire simulated reach is

considered steady. The equations governing steady flows are used in solving the
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hydraulics. Based on the computed steady-state hydraulics, sediment transport is
computed. It should be noted that the sediment transport rate computed is in fact the
sediment transport potential, which is the actual sediment transport rate for steady flows.
In the case where flows remain constant, the simplifications for both hydraulics and
sediment transport are acceptable and actually quite computationally efficient. But, if the
studied reach has a frequent changing hydraulic condition, these simplifications may lead
to significant misrepresentation of the reality by the model. There is no water quality
components incorporated in HEC-6 (USACE 1996).

GSTARS 2.0 was developed by Molinas and Y ang (1986) for the Bureau of
Reclamation, U.S. Department of Interior. The model is also intended to simulate
hydraulics, sediment transport, and the resulting channel morphological changes. Unlike
HEC-6, which is a pure one-dimensional model, GSTARS 2.0 simulates the flow
conditions in a semi-two-dimensional manner. This is achieved by using the concept of
stream tubes on top of a one-dimensional backwater model. The base one-dimensiona
model is similar to the hydraulic model used in HEC-6. Inflows are approximated by a
series of step functions, and the flows passing the whole reach are considered steady.

The energy equation is used when the flow is subcritical, and the momentum equation is
used when there is supercritical flow. Sediment transport potential is computed
thereafter. Unlike HEC-6, GSTARS 2.0 does not take the sediment transport potentia as
the actual transport rate, instead, a non-equilibrium approach is adopted in computing the
actual sediment transport rate (Han 1980, Han and He 1990). No water quality
component is incorporated in the model (Yang et a. 1998).

Fluvia-12 is formulated for the smulation of hydraulics, sediment transport, and
resulting river channel changes. This one-dimensional model was developed by Howard
H. Chang at San Diego State University. Unlike HEC-6 and GSTARS 2.0, Fluvial-12's
hydraulic computation part has a more dynamic and theoretically sound basis. The full

St. Venant equations, which govern open channel hydrodynamics, are solved. No
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steady-state approximations are made and the simulated flow in the studied reach can be
truly unsteady, which is the case in most rivers with fast changing hydraulic conditions.
Sediment transport potential is computed afterwards. A non-equilibrium approach is
used in computing the actual sediment transport rate (Zhang et al. 1983). Thereisno
water quality component in the model.

QUALZ2E is a comprehensive and versatile river water quality model. It has the
ability to simulate up to 15 water quality constituents (dissolved oxygen, biochemical
oxygen demand, temperature, algae as chlorophyll a, organic nitrogen, ammonia, nitrite,
nitrate, organic phosphorus, dissolved phosphorus, coliforms, an arbitrary non-
conservative constituent, and three conservative constituents). Unfortunately, the
hydraulic component of the model can only deal with steady state flow, limiting the
model’ s application to rivers whose hydraulic conditions do not change dramatically.
There is no sediment component in the model. Neither sediment transport nor its
possible impact on the other water quality constituents can be simulated by the model.

WASP5 provides dynamic water quality modeling for aguatic systems, including
both the water column and the underlying benthos. The model is capable of simulating
the behavior of chemical tracer, sediment, dissolved oxygen, eutrophication processes,
simple toxicants, and organic chemicas (Ambrose et al. 1993b). The model uses a
hydrodynamic model, DYNHY D5, as its hydraulic base. DYNHY D5 does provide
solution of the full St. Venant equations, although using an explicit scheme and a
somewhat strange representation (Ambrose et a. 1993a). WASP5 does have a sediment
transport component. However, sediment scour and deposition are not considered
functions of hydraulic conditions, as in most civil-engineering-models. Rather, the user
needs to specify the rate of scour and deposition for the sediments. This approach makes
the sediment dynamics a constant process, which is not the case for many rivers.

Johnes (1996) and Johnes et al. (1997) used an export coefficient model to study

the impact of land use change on nitrogen and phosphorus load to surface waters. The



17
model provides catchment scale and long-term (annual) prediction with regard to nutrient
loading at a certain point on ariver. The model predicted well in the two studied reaches.
However, no detailed mechanism, especially the mechanism regarding the effects of
sediments on nutrient cycling, was present in the modeling approach, athough the author,
in one of hisearlier publications (Johnes et al. 1991) concluded that the nutrient
dynamics were affected by sediment behavior.

Bathurst and Purnama (1991) proposed a physically-based modeling system for
water, sediment and contaminant transport at the river basin scale, SHETRAN-UK. The
model is based on the SHE hydrological modeling system and is intended to simulate soil
erosion, sediment yield, and dissolved and particul ate contaminant transport. Sediment
and contaminant interactions and sediment transport by size fraction are the core
components of the model. However, no attempt was made and no data were presented
for the calibration and evaluation of the model.

Van der Perk (1996) studied the role of bed sediments during flood waves by
analyzing the observed behavior of dissolved nutrients and suspended solids. Phosphate
is considered removed from solution by adsorption to bed sediments or suspended
sediments (and biological uptake that can not be identified in the model) down to an
equilibrium concentration. Phosphate is released from the interstitial water of the stream
bed sediments by erosion, and is produced by decomposition of suspended solids.

Like phosphate, ammonium is considered removed from the water phase by
nitrification, possible biological uptake, and adsorption to bed and suspended sediment
down to an equilibrium concentration. Ammonium is released from the interstitial water
in the stream bed sediment during erosion and resuspension, and is produced by
decomposition of suspended solids. Nitrate is considered removed from solution by
denitrification and is produced by nitrification.

Suspended solids concentration is a state variable of van der Perk’s model, but the

model was not intended to simulate its transport, which is a key factor affecting the
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quality of overlying river water. Considering the fact that approximately 95% of
phosphorus in streams tends to adhere to sediment particles (Hem 1985, Meybeck 1982),
and the suspended sediment transport rate is usualy 4 to 20 times as much as that of bed
load sediment (Y ang 1996), it is reasonable to speculate that suspended sediment
transport plays an important role in ariver’s transportation of phosphorus.

Review of the literature indicates the important role sediments play in the change
of water quality in ariver system, and that more can be revealed by more comprehensive
modeling practices supported by substantial data sets. A thorough literature review has
shown that such data sets have not been reported for the purpose of calibrating a
mechanism based model before. Nor was there a comprehensive water quality (based on

hydraulics and sediment transport) modeling study reported.



CHAPTER 3
MODEL DEVELOPMENT

3.1. Overall Structure Of Model STAND

The mathematical model Sediment-Transport-Associated Nutrient Dynamics
(STAND), as proposed herein, has a three-level structure, as shown in Figure 3-1. The
base level contains the hydraulic component, which computes one-dimensional open-
channel hydraulics and provides the information to the higher levels of the model for
further computation. The second level is the sediment transport level. Sediment
transport potentials and actual sediment transport rates are computed and provided to the
top level. The water quality component is on the third level, the top level of the mode.
Here, the variations of ortho-phosphate, nitrate, ammonium, and dissolved oxygen
concentrations are computed.

In a mechanism (or physics) based framework of modeling, ariver is usually
represented by a set of discrete cross-sections in which different kinds of information
(geometric, hydraulic, sediment, and water quality) are included. Figure 3-2 showsthis
kind of representation. Figure 3-3 shows the definition of some of the hydraulic variables

that are essential and important in the computation.

3.2. Hydraulic Component

In the hydraulic component of the model, we seek the solution to a one-

dimensional open-channel flow with frequent flood waves passing through, a regime

19
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often considered as unsteady, non-uniform flow. The flow is governed by the St. Venant

equations, which are listed below.

JALIR 4 - !

e 470 (3-1)
2 (3-2

E+1%?—Q+QAE+9AS- qIUI =0

it XAy I

where

A = wetted cross-section area, (L?);

Q = cross-section averaged discharge, (L3T™);

q = rate of lateral inflow, (L°TY);

Z = surface elevation, (L);

g = gravitational acceleration (LT?);

U, = longitudinal component of lateral inflow velocity, (LTY);
s = friction slope, (-);

X = gpatial scale, longitudinal to the reach studied, (L);

t =time scale, (T).

The friction dlope in equation (3-2) is usually evaluated using Manning’s formula,

as presented below.

nZQZ
s=—~ (3-3)
AR/

where
n = Manning’s roughness coefficient, (L™/°T);

R = hydraulicsradius, (L), see Figure 3-3.
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Usually, the St. Venant equations do not have analytical solutions, unless the
studied river section has some significant simplifications. Instead, numerical solutions to
the equations are often sought. In our model, a Preissmann implicit scheme and an
iterative approach are used in solving the equations. Figure 3-4 shows the solution mesh
of the Preissmann scheme. Index i and j denote the discretized spatial and temporal
scale. Point M isthe location in a solution mesh, where partial derivatives are taken.
Initially, we know the values of all hydraulic variables aong the horizonta base line,
which are provided by the initial conditions. Aswe move fromtime=0totime® ¥, we
seek a solution at time step (j+1) on the basis of known quantities at time step (j), until
we reach the time for terminating the ssimulation.

First, the equations are rewritten and discretized into difference equations. The

partial derivative terms with respect to space and time are listed below.

F 1 o _—
L s —lF!*- Fl 1- F! -F! _
ﬂX » DX1 [q ( i+1 1 )+ ( q )( i+l i )] (3 4)
T 1 |
W»ZDtj(FiJﬂl"'Fijl'FiJ+1'FiJ) (3'5)
where

F = hydraulic variables of interest (Q, Z, A, R, P etc., as defined in equation (3-2)
and Figure 3-3);

Dx = distance between two consecutive cross-sections, (L);

Dt = time interval for computation, (L);

g =anumerical parameter with the value between 0.5 and 1, (-) asshownin

Figure 3-4.



The partial derivativesin equation (3-1) and (3-2) are substituted by the
difference expression in equation (3-4) and (3-5). Two difference equations are resulted
for each point M in the solution mesh at a certain time step (j). They have the form
F- (Q‘j+l, Z-j+l, Qj+1 Z j+1) - O

i i+1 ' =i+l

(3-6)

G (Qijﬂ’zijﬂ’ ij++11’zij++11) =0

(3-7)
where, F and G denote functions of Q and Z.

Equations (3-6) and (3-7) contain four variables and can not be solved
independently. If we denote the number of cross-sections along the studied reach with N,
we have (N-1) points M, and thus (2N-2) equations with 2N unknowns at a given time
step (j). The two boundary conditions provide the last two equations to complete the

system. The upper boundary condition is the discharge-time relationship, which reads

G, =Q!" - Qi +1)=0 (2.8)

where Qup(j+1) is the discharge at the upstream entrance of the studied reach at time step
(G+1).
At the downstream end, the stage-time relationship is provided by
FN = lelﬂ - Zdown (J +1) =0 (3_9)
where Zgown(j+1) is the stage at the downstream end of the studied reach at time step

(j+1). Or, if the rating curve at the downstream end is known, instead of the stage-time

relationship, the downstream boundary is given by
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Fy = Zrilﬂ B Zon( ljlﬂ) =0 (3-10)
where Zyiq is the rating curve function.

Equation (3-8) and (3-9) or (3-10), together with the (2N-2) equations, provide a

complete system that is solvable.

iezar)=0 (3-1)
'I.Fl(zlj+l’ lJ+l’ZZJ+1, 2]+1) 0
6,2 Q" 2/ Q")=0
T F (Zi]+11 QiJ +1’ ZiL;l’Qifll) 0

: Gi (Z|J +1!Qij+1! Ziji-zl!QitLl) = O

-.-
frzimQl)=o0

Equation system (3-11) is a nonlinear system with 2N unknowns. The numerical
solution can be obtained by applying a Newton- Raphson iteration algorithm for a
nonlinear system of equations. Thisis an algorithm based on atrial-and-correction
procedure. If we denote thetrue solutionas[Z,", Q1 ..., Z", Q, Zs1', Q1 ..., 2,
Qnv'T’, and the k™ trial values as[Z:%, Q% ..., Z* QF Zis1k, Qud® ..., 28 QU (the
superscripts were omitted, since al the variables here are for time step (j+ 1)) using

Taylor's Theorem, (3-11) can be expressed as
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(3-12)

(3-13)
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Generdly, the trial values do not make the right hand side of equation (3-11) to be

a zero vector. Instead, aresidue vector is generated.
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If we denote the (k+ 1)™ trial valuesby V1, the kK™ trial by VX, the difference
vector dZ = V€1 VK and the residue vector by U, the Newton- Raphson algorithm takes
the (k+1)" trial values to be such that

Jdz =-U
(3-16)

where

2= k+1 N >k ~ Z kN

eZ,"u eZ;u eR U (3-17)
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Equation system (3-16) is alinear system of equations. The coefficient matrix J
is apenta-diagonal matrix, thus, the system can be solved for dZ using Gaussian
elimination for systems with a banded coefficient matrix. Thus we can obtain the (k+1)th

trial values with
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VKt =V +dz (3-18)

This procedure can be repeated until satisfactory accuracy is achieved.

The solutions at time step (j) provide the status of the modeled reach at time step

(+1). We start from time step (0) and obtain solutions at each time step of interest.

3.3. Sediment Transport Component

3.3.1. Computation Of Sediment Transport Potential

Yang's approach (Yang 1973, Yang et al. 1984) is adopted because it provides a
straightforward answer to the questions, and thus convenience for incorporation into a
mathematical model which is implemented in a high level programming language (C++
in this case).

Yang's total sediment transport potential equation reads

wd (3-19)
& 799- 0409|ogﬂ- O314Iog—9>4098é/8 Ve SO
e W g ew w g

where
C: = total sediment transport potential, (ppm);
w = settling velocity for sediment particles, (LT), for smplicity, assumed to be
the value when the temperature is 20°C;
d = representative particle dimension, (L);
n = kinematic viscosity, (L?T™Y);
Us = (gRs)"?, shear velocity, (LT™Y);
Vs = unit stream power, (LT?);

VS = critical unit stream power, (LTH).
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The sediment transport potential can be computed using equation (3-19) at each

Cross-section at each time step.

3.3.2. Conventional Methods In Computing The Actual Sediment Transport Rate
Chang (1988) used a simplified solution to a two-dimensional convection-
diffusion equation to describe the variations of suspended sediment concentrationsin his

FLUVIAL-12 moddl.

Cit=Ci"+ exp%‘? %W oxdc! - c] (3-20)
(%]

where
Cs = actual suspended concentration, (ML3);
C- = suspended sediment transport potential (ML™):
a = acoefficient representing the rate at which suspended sediment concentration
approaches the potentia (-);
q = unit width discharge (L?T%);

i = gpatial location of cross-sections (-).
A similar equation isused in GSTARS 2.0 (Yang et al. 1998).

Cit=Ci + exp%e aWndei- ci]+ (3-21)
7]
e aw  d i+
9——e1 xpg - DX—U[C* c]
The suspended sediment settling and entrainment are considered spatially in

eguation (3-20) and (3-21). However, al terms for actual sediment concentration and

trangport potential are of the same time step. In other words, no quantity of the prior time
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step is considered, which implies that there is no effect of earlier behaviors on the current
sediment concentrations. This implication does not seem entirely satisfactory, given the
following analysis.

Consider Chezy’ s formula and a sediment transport potential formula widely used
in China, given by equation (3-22) and (3-23).

V= Cch A/ RJ (3_22)
Ve
C.=a— (3-23)
gRw
where

v = flow velocity, (LT™);

Cen = Chezy coefficient, (LY2TY);
J = longitudinal slope, (-);

H = depth, (L).

When the ratio of width to depth of the studied river is large, in other words, the
river is awide shallow one, which is often the case, Ris approximately the same as H.

We can substitute Rwith H and rewrite equation (3-22).

1= (3-24)

When thereis a prior entrainment, H increases so that then J must decrease. Asa
result, the sediment transport potentia given by equation (3-23) will decrease. The
fluvia processis adjusted toward the direction of preventing further entrainment. On the

other hand, when there is a prior deposition, H decreases and J increases consequently,



both of which will cause an increase in the transport potential. The fluvial processis
adjusted toward the direction of preventing further deposition.

It is reasonable to speculate that the quantities of prior time step(s) have some
significant effects on the actual suspended sediment transport rate at the current time step.
Solving the advection-dispersion equation for suspended sediment using an implicit

scheme provides such inclusion.

3.3.3 Computation Of Actual Sediment Transport Rate

An advection-dispersion equation is used to describe the behavior of suspended

sediments.

1(Ac,) N 1(Qc.,) - 189AES TG0, AP, (3-25)
qt qx xe X o

where

Es = dispersion coefficient for suspended sediments (L?T™);

Ps = source/sink term (ML 3T,

The source/sink term is determined by the rate of scouring, deposition, and

transport. We use a first-order mechanism to describe P, as shown in equation (3-26).

CsedLatq
V.

Sec

P :'ksed(Cs- C*)+

S

(3-26)

where
ks is acoefficient that describes the rate of the actual suspended sediment
concentration’ s approaching its potential, (T);
C+ = suspended sediment transport potential, the value of C; in equation (3-19) is
used here, (ML3);

CsedLat = Sediment concentration in lateral inflow, (ML™);



Q = bulk discharge of lateral inflow, (L°T™);

Ve = volume of studied section, (L3).

We hypothesize that ksq has different expressions for deposition and entrainment,

which are

K = @Depg—wg (3-27)
2

for deposition and

Ky = ksedEm?;el jN 0 (3-28)

for entrainment, where
ksedpep = Sediment deposition coefficient (T b
Keegent = Sediment entrainment coefficient (T4);

| = characteristic length, we use the distance between consecutive cross-sections

in our model (L).

The equation is solved numerically using a four-point implicit scheme. The finite

difference forms for the terms in equation (3-25) are

ﬂCs — Cij - Cij

3-29
e > (3-29)
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Substituting equation (3-29) into (3-25), we have

aicii1 + biCijJrl *+0 CiJ::Ll =d,

where
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for all cross-sections except the very first one. Equation (3-30) and two boundary

conditions form alinear system of equations that can be expressed in matrix form.
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The upper boundary condition is a given time series of suspended sediment

oocooooaoaoa ooy

(3-30)

(3-31)

(3-32)
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concentration. Thus, b1 =1, g =0, d1 = Cy(t), the suspended sediment concentration in

the incoming flow as a function of time. We assume alinear spatial change at the end of

the studied reach, which is

i+l — j+1 j+1
Clt=2ci"- cl"

n+l

(3-33)
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where C,,+1/"! is alinearly extrapolated concentration for the hypothetical cross-section
which isjust outside the downstream end of the studied reach. Thus we can derive the
expressonsfor ay’ and by’ as

ars =a, -0, brg = bn +2gn (3_34)

Equation system (3-32) has a tri-diagonal coefficient matrix, and can be solved
using a Gaussian elimination method for systems with a tri-diagonal coefficient matrix.
We start from t = 0, and compute concentration values of time step (j+1) using computed

values of time step (j), until the desired termination time.

3.3.4. Morphological Adjustment Of Bed
Morphological changes are made based on the magnitude of deposition and
entrainment. This process is governed by the sediment continuity equation (Chang

1988), which reads

(- 1)74 , TQ,
it ix

9, =0 (3-35)
where

| = porosity of bed sediments (-);

Ap = cross-sectional area within some arbitrary frame (L?);

Qs = volumetric discharge of bed material sediments (L3/T);

qs = rate of lateral sediment inflow (L/T).

The two partial derivative termsin equation (3-35) can be written into difference

form.



ﬂ :%’ (3_36)
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where
Dx;.1 = distance between cross-section (i) and (i-1), (L); and
the superscripts and subscripts are in accordance with the convention of the

computational mesh.

Equation (3-35) can be rewritten as

D - A J_ + ].“'1 _ J_ _ ]-+l _ = J_ + J_+1 J (3_37)
A) I _ 1e_62D>(I-1 ( Si Sl si-1 QSI-].) 2(qS| qs| )H

Equation (3-37) provides the means of computing the change of bed cross-
sectional area, which is the result of deposition or entrainment. The adjustments on river

bed elevation are computed by

ép Dz xDy = DA, (3-38)

where
Dz = vertical adjustment of bed elevation along the wetted perimeter, (L);
Dy = length of a section of the wetted perimeter, (L);
P = wetted perimeter, (L), as defined in Figure (3-3).



3.4. Water Quality Component

3.4.1. Phosphorus Dynamics
The transport and exchange of ortho-phosphate is governed by the following

advection-dispersion equation. The mechanism is also described conceptually in Figure

3.5,

1(AC, ) , 1(Qc,) _ T 100, ap (3-39)
Tt T  Xé © X o

where

Cp = phosphate concentration, (ML3);
Ep = phosphate dispersion coefficient, (LT ™);
Pp = sources/sink term for phosphate, (ML3T™1).

Considerations for the Pp term may include adsorption of ortho-phosphate onto
the surface of particles, vertical diffusion caused by concentration gradient, erosion-
induced release of intergtitial water, and possible biomass uptake. At the present time,
adsorption- desorption and erosion-induced interstitial water release are incorporated. A
first-order mechanism for the adsorption- desorption processes is described by equation
(3-40).

| S,
P =-kp (CP - CPeq)+ Chint -1V t (3-40)

sect

where
ke = ortho-phosphate adsorption coefficient, (T™});
Cpey = adynamic equilibrium ortho-phosphate concentration, which is considered
afunction of the amount of suspended sediments, (ML);

Cpint = ortho-phosphate concentration in the interstitial water, (ML™3);



| = porosity of bed sediments, (-);
St = the rate of sediment entrainment from the bed, (L3TY);

Vet = VOlume of water in considered section, (L3).

We hypothesize that the dynamic equilibrium ortho-phosphate concentration is
governed by the following equation.

Co-Cea_ (3-41)

Co =initial concentration of ortho-phosphate before adsorption/desorption
processes (replaced by Cp in the computation), (ML™);
ks and pr are constant coefficients in the Freundlich adsorption equation (Parfitt et

al. 1983).

Derivation of equation (3-41) is shown below. Assuming a container with
volume V holds a conservative solvent with initial concentration Cy and suspended solids
of concentration Cs, we have the total mass of solute as CpV.

Under an equilibrium condition, the Freundlich adsorption equation can be

written as

w=k,C." (3-42)
where

w = amount of adsorption, (MM™2);

Ce = equilibrium concentration of solvent, (ML3);

ks and pr are coefficients.
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The mass of solute that is adsorbed to the solids can be expressed as wCsV, and
the mass of solute that remains in the solvent is CoV-wCsV. The concentration of solvent

under equilibrium can be expressed as (CoV-WCV)/V = Cp-wCs. Thus we have

C.=C,- wC, (3-43)
Substituting w with equation (3-42), we have
C.=C,- k,C.,”C, (3-44)

Substitute Ce with Cpeq and rearrange the equation, we obtain equation (3-41).
The equation is in an implicit form for Cpeq, and can be solved numerically using a
Newton- Raphson method.

The above derivation was based on the Freundlich adsorption equation and the
principle of mass conservation. Here we attempted to establish a relationship between
nutrient concentrations and the amount of suspended sediments present in the water
column. Such arelationship alows the equilibrium nutrient concentration to be a
variable, a function of the suspended sediment concentration, rather than a constant, thus
allowing more nutrient to be adsorbed to solids when the concentration of suspended
solids increases, and vice versa

Numerical solution of equation (3-39) can be obtained using the same algorithm

for solving equation (3-25).

3.4.2. Nitrogen Dynamics

Nitrate Nitrogen

The transport and exchange of nitrate nitrogen is governed by the following

equation.
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ﬂ(ACnitr) + ﬂ(QCnitr) = l&Enitr &9+ AF%itr (3-45)
it fix xe X o
where

Chirr = Nitrate concentration, (ML™);
Eniv = dispersion coefficient for nitrate, (L>T2);

Pnitr = source/sink term for nitrate, (ML3T™Y).

The source/sink term is considered the sum of production by nitrification and the
consumption by denitrification. It isexpressed by the following equation (Ambrose et al.
19933, Brown and Barnwell 1987, van der Perk 1996).
©, i C (3-46)

nitr + O + M Nitr ~ammo
2 (e]

Pitr = = Ko ©

n

where
koeni = denitrification rate constant, (T);
Oy = dissolved oxygen concentration, (ML®);
Mo = Monod half saturation concentration for dissolved oxygen, (M |_-3);
knitr = nitrification rate constant, (T4);

Cammo = ammonium nitrogen concentration, (ML3).

The numerical solution to equation (3-45) is obtained using the same agorithm

for solving equation (3-25).

Ammonium Nitrogen

The transport and exchange of ammonium nitrogen is governed by the following

equation.
ﬂ(ACammO) + ﬂ(QC ammo) — 1 %Eammo ﬂCammO 9+ APammo (3_47)
i fix fixe x o



where
Eammo = dispersion coefficient for anmonium nitrogen (L%T™Y);

Pammo = source/sink term for ammonium nitrogen (ML™>T).

The source/sink term is considered the sum of afirst order equilibrium term and a
term for the consumption of ammonium due to nitrification. It is expressed by the

following equation (Ambrose et a. 1993a, Brown and Barnwell 1987, van der Perk

1996).

@)
I:)ammo =- 02+—2|V|O kaitrCammo - kAmAd (Cammo - Cameq) (3'48)
where

Kamad = ammonium adsorption rate constant, (T™1);
Cameq = dynamic equilibrium concentration for ammonium in the case of

adsorption to solid material, (ML™).

The dynamic equilibrium concentration for ammonium is expressed by equation
(3-49), which has aform similar to equation (3-41).
- G Cam g (3-49)
kamf >(Cameq) "

where

S

Camo = initial ammonium concentration before adsorption/desorption processes
(replaced by Cammo in computation), (ML™3);

Cameq = €quilibrium concentration of ammonium in case of solid’s adsorption,
ML),

Kamt and pams are coefficients in the Freundlich equation.



39
The numerical solution to equation (3-47) is obtained using the same agorithm

for solving equation (3-25).

3.4.3. Dissolved Oxygen Component

The dynamics of dissolved oxygen are governed by equation (3-50).

ﬂ(' ‘Oz) ﬂ(Qoz) — ﬂ %AE ﬂOZ 9 AP 3-50
Tt x XE g (50
where

Eo2 = dispersion coefficient for dissolved oxygen, (L°T2);

Po2 = source/sink term for dissolved oxygen, (ML3TY).

The source/sink term is determined by reaeration, photosynthesis and respiration,
sediment oxygen demand, and nitrogenous biochemical oxygen demand. The whole
process is presented in equation (3-51) (Ambrose et al. 1993a, Brown and Barnwell 1987,
van der Perk 1996).

Ps = Ko\ Oy - Oz)+ (a3m- a,r )>C Toa _ ab,C

- o ™ a0 (351)
where
Kreae = reaeration rate constant, (T);
Osat = OXygen saturation concentration, (ML3);
as = rate of oxygen production per unit of algal photosynthesis, (M/M);
m= algal growth rate, (T™);
a4 = rate of oxygen production per unit of algae respired, (M/M);
r = algal respiration rate, (T™);
Cagee = algal concentration, (ML3);

rsod = Sediment oxygen demand rate, (ML™2TY);



as = rate of oxygen uptake per unit of ammonia nitrogen oxidation, (M/M);

b1 = ammonia oxidation rate coefficient, (T™).

The oxygen saturation concentration is determined by an empirical equation
(USACE 1982, Bowie et a. 1985), which reads
O, =14.6exp|- (0.027767 - 0.00027T +0.000002T2)T| (3.52)
where

T = temperature, (°C).

The reaeration rate constant is determined by the following empirical equation
(Long 1984, Bowie et al. 1985).

0.273
\%

Koo =1923— (3-53)

RO. 894

wherev is stream flow velocity and Ris the hydraulic radius.
3.5. Summary

STAND is a comprehensive water quality model that incorporates
hydrodynamics, sediment transport, and water quality issues. It steps beyond the
traditional civil-engineering models by providing the ability to deal with water quality
issues. Furthermore, it provides the functionality of computing sediment behavior, using
afully dynamic approach (as opposed to many other models), and its impact on water
quality, which clearly distinguishes it from other contemporary water quality models.
The unique features STAND has enable us to apply the model in the study of stream

water quality problems associated with sediments.
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Sediment component
sediment transport potential, actual sediment transport rate,

possi ble morphological changes

Hydraulic component

discharge, flow velocity, depth, wetted area, elevation

Figure 3-1. Structure of model STAND




Figure 3-2. Discretized representation of ariver section
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Datum
Definitions:
A = cross-section wetted ares;
B = surface width;
D = A/B, hydraulic depth;
P = wetted perimeter;
R = A/P, hydraulic radius,

Z = surface elevation;

Figure 3-3. Hydraulic variablesin a cross-section
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Water column
with suspended
sediments

/d\forpti on

%

adsorption O

. Resuspension and
Seling  poease of PO, T‘
and-NHz"in-the | :
Interstitial water '
Bed sediments

Zoom in view:
exchange of
PO, and NH,*
between particle
surface and the
water column
(adsorption and
desorption)

Figure 3-5. Interactions between sediment particles and the water column



CHAPTER 4
FIELD METHOD AND AVAILABLE DATA SETS

In order for the model to be successfully calibrated and evaluated, quality data
sets are important. We obtained several data sets of various hydraulic and water quality
variables on two rivers. Data sets of hydrodynamics and sediment transport are provided
by the Chinese Hydrologic Y earbook (1973, and 1974) for the Weihe River, a major
tributary of the Yellow River in China. Data sets of hydrodynamics, suspended sediment
concentration, concentrations of ortho-phosphate, nitrate, and dissolved oxygen, among
others, are available through two lengthy periods of intensive water sampling and data

collection for the Oconee River, in 1998 and 1999.

4.1. TheWeihe River

The Weihe River is the largest tributary of the Yellow River, which is known for
its extremely high sediment concentrations, with atotal length of 818 km and a drainage
area of 134,767 knf. The origin and the upper reach of the river are in a mountainous
area. The lower part of the river sitsin avast plain area, which is called the “800 li Chin
Ared’ (ali isaChinese length unit which is equivalent to 0.5 km; Chin is the name of the
first emperor’s dynasty) and historically is famous for its abundance of resources and
prosperity. The Weihe valley remains an important area of wealth today. The Weihe
River played an important role in maintaining the area’s prosperity. On the other hand,

the potential problems caused by flooding pose serious threats to the people and property
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in this area. Because of the importance of the area, comprehensive hydrologic data have
been collected systematically, persistently, and intensively for the past several decades.
Starting from the mouth of the river, where it meets the Yellow River, until 140 km
upstream, more than 40 cross-sections were allocated for the purpose of measuring
channel morphological changes. Nine gauging stations are scattered along the reach,
covering alength of 120 km.

The studied reach is a 77.4 km aong section of the Weihe River (Figure 4-1). The
upper end of the reach isat Lintong Gauging Station. The lower end is at Huaxian
Gauging Station. The average annual amount of water passing Lintong is 7.075" 10° n?,
and the amount passing Huaxian is 7.362" 10° n. The average annual amount of
sediment passing Lintong is 3.49" 10° ton, and the amount passing Huaxian is 3.54" 10°
ton. Weinan Gauging Station is located in between the upper and lower end of the reach.
Hydrologic data were collected at all three stations on aregular basis.

Data sets of discharge, surface elevation, sediment concentration, and flow
velocity were measured every 4 or 5 days during regular flow conditions, and were
measured several times a day during high flow or high sediment content conditions.
Sediment particle size distributions were measured about 10 to 20 times a year. Channel
morphological measurements were conducted several times a year. At least two of those
measurements cover al the cross-sections in the studied reach.

Data of a 120-day period, taken from the 1973 Chinese Hydrologic Y earbook,
were chosen for the calibration of hydrodynamics and suspended sediment transport,
because of the extreme hydrologic conditions presented. A similar data set of 140-day
period were chosen for the purpose of evaluation. Selected sections of the data are shown
in Figures 4-3 through 4-8. Several significant hydrologic events can be seen in the
figures. It appears that the studied reach is upstream-driving. The importance of the

source/sink will be discussed in Chapter 5.



4.2. The Oconee River

The Oconee River isamajor tributary of the Altamaha River in the State of
Georgia. It drains an area of about 13,600 knf covering 20 central Georgia counties
(USACE 1974) including three magjor cities, Athens, Milledgeville, and Dublin. The main
headwater tributaries of the Oconee River are the Middle and North Oconee Rivers which
originate in the Piedmont Province about 35 miles (56 km) northwest of Athens. The
river flows generally south-southeast for about 209 km through the Piedmont
Physiographic Province before crossing the Fall Line at Milledgeville (USACE 1974).
The river then flows approximately 89 km through a transition zone know as the Fall
Line Hills District before entering the upper Coastal Plain for the remainder of its 129 km
passage to a juncture with the Ocmulgee to form the Altamaha River (Hodler and
Schretter 1986).

The basin is located in both the Piedmont and Coastal Plain physiographic
provinces. In the Piedmont province, the terrain is generally rolling to hilly and contains a
few small mountains. In the mountainous areas, the elevation reaches 1,000 feet (305 m)
above mean sea level. The province has deeply weathered igneous and metamorphic
bedrock, the metamorphic being composed largely of quartzites, schists, and slate with
granites and basic and ultra-basic igneous rock interspersed. Red soils predominate with
sandy clay and silty clay textures (GADNR 1972).

The streams are relatively narrow, shallow, and with steep gradients, and thus,
fast flows. The climate is generally characterized by long, rainy springs, long, warm
summers, and short mild winters. The mean annual precipitation is alittle more than
1,200 mm (USACE 1977).

Major development centers in the Oconee River Basin occur at Athens,
Milledgeville, and Dublin aswell asin Hall and Gwinnett counties in the northeastern

part of the greater Atlanta metropolitan area (Hodler and Schretter 1986). Smaller areas
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of development are found above the Fall Line at Eatonton and at Glenwood/Mt. Vernon
near the river terminus (GADNR 1976a). Total population of the Oconee River basin was
327,000 in 1980 and is expected to reach approximately 437,000 by the year 2000, with
most growth occurring in the principal urban areas (GADNR 1984).

Due to the absence of major population or industrial centers, nutrient loading and
other water quality problems are less pronounced than on the upper Ocmulgee or
Chattahoochee rivers (GADNR 1984, Evans 1991, Mauldin and McCollum 1992).
Periodic and localized deteriorations in water quality are produced by municipal
wastewater treatment facilities, urban non-point source discharges, kaolin processing
wastewaters, and by hypolimnetic (deepwater) discharges from Sinclair Dam near
Milledgeville (GADNR 1976a). Many of these problems have been reduced in magnitude
in recent years, and the entire Oconee River presently supports designated uses
established by the Georgia Environmental Protection Division (GADNR 1990).

The reach between Barnett Shoals dam and the United States Geological Survey
(USGS) gauging station (No. 02218300) near Penfield was selected as the case study
reach (Figure 4-2). Barnett Shoals dam is a hydropower facility operated by the Georgia
Power Co. It islocated approximately 15 miles (24 km) south of Athens, downstream of
the confluence of the North Oconee River and the Middle Oconee River. The USGS
station near Penfield is approximately 17 km downstream of Barnett Shoals dam. The
two sites were selected as sampling stations for the data collection. There are six small
tributaries in between the two sites, with the largest one having a drainage area of 153
knr?.

Two independent sampling campaigns were conducted in the periods from July
15 to August 4, 1998 and from March 14 to May 4, 1999. During the 1998 collection
period, electronic pressure sensing equipment was set up immediately above the Barnett
Shoals dam to measure the hydraulic head over the spillway. The hydraulic head was

converted to discharge using a standard method for a rectangular-crest weir. An attached



data logger recorded readings at 15-minute intervals during the whole data collection
period.

Gauge levels at Penfield were measured and posted on the Internet by USGS.
These gauge level data can aso be converted to discharge using arating curve for the
station given by USGS.

An Isco automatic sampler was set up to collect surface water samples for
laboratory analysis of suspended sediment and nutrient contents at each site. Water
samples were taken with varied time intervals, depending on the hydrological conditions.
The sampling intensity ranged between once a day during low flow conditions, to 12
samples a day during flood events. These samples were taken back from the siteson a
daily basis to the Warnell School of Forest Resources, University of Georgia for
laboratory analysis. The samples were divided into two groups. The first group was used
for suspended sediment analysis. The other group was used for the analysis of dissolved
contents.

Suspended sediment content was determined by a gravimetric method. The mass
of dry, clean beakers were measured first. Then the beakers were filled with sediment
bearing water, and the masses of the beakers were measured. These beakers were than put
into an oven with constant temperature of 110°C. The masses of the beakers were
measured again 24 hours later, when the moisture content was completely driven away
from the samples. Assuming a density of 2.65" 10° kg/nt for the sediments, and a density
of pure water for the water content of the samples, we can calcul ate the sediment
concentration of the original samples.

The other group of samples was then analyzed in the Environmental Process
Control Laboratory (EPCL) for water quality constituents (Beck and Liu 1998). In the
EPCL, concentrations of total organic carbon, ortho-phosphate, ammonium, nitrate, and
nitrite were measured. However, some of the water quality data were suspect, because of

the unstable performance of the EPCL during the 1998 data collection campaign.
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The measured quantities are presented in Figures 4-9 through 4-16. From Figure
4-9 and 4-10, we can see clearly that only a single significant and a couple of moderate
hydrologic events were captured in 1998's campaign. Thisis also reflected in the
sediment concentration time series (Figure 4-11), with peak concentrations corresponding
to the pesk flow. It seems that there were dilution effects with regard to ammonium-N
concentrations (Figure 4-12). The spikesin the figure are probably caused by the poor
performance of the instrument. Tota organic carbon data do show a peak corresponding
to the hydrologic event (Figure 4-13), unfortunately, the instrument did not work well for
along period during the first days and thus reliable data of the first 170 hours are not
available. Figure 4-14 does not show alot of variations of ortho-phosphate-P
concentration, other than an obvious spike at the downstream end and a sudden decrease
around time = 250 hours. Nitrite-N data seem quite good, with a peak corresponding to
the flow event (Figure 4-15). Nitrate-N concentration seem to be on a decreasing trend
and had a slight increase around the major hydrologic event (Figure 4-16).

Unfortunately, the Isco sampler did not work well at Penfield and some data during the
major event were not obtained.

In the 1999 sampling campaign, the same equipment was deployed for the
measurement of hydraulics and collection of water samples for determining
concentrations of suspended sediment and dissolved contents. The EPCL was mainly
used in the analysis of ortho-phosphate, because the phosphate sensor proved to be stable
and reliable. Two Hydrolab multi-purpose probes were deployed at Barnett Shoals dam
and Penfield station, respectively. These probes are capable of measuring nitrate,
dissolved oxygen, temperature, pH, specific conductivity, and oxidation reduction
potential. There was a period of about two weeks in which both probes took continuous
readings at the sites.

The data collected during the 1999 campaign are presented in Figures 4-17

through 4-26. Figure 4-17 shows the discharge time series at the upstream end of the
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studied reach. One maor and some moderate (all more significant than those presented
in the 1998 campaign) hydrologic events were captured in the rain season (spring) of
1999. The downstream elevation data are shown in Figure 4-18. Significant sediment
behavior can be seen corresponding to the hydrologic ones (Figure 4-19). It isinteresting
to see that the suspended sediment concentration at the downstream end during the major
event is higher than that of the upstream end, which indicates possible scour and
entrainment in between. This contrasts with what was observed in 1998, when the
suspended concentration at the upstream end was higher, indicating a possible deposition
during the hydrologic event with lower magnitude. Ortho-phosphate-P data are shown in
Figure 4-20. Apparent weekly patterns were observed during the first couple of weeks,
which was probably caused by the way the Athens Waste Water Treatment Plant was
operated. The pattern was somehow broken by the most significant rain event, probably
by the dilution effects. After the rain event which happened around time = 500 hours, the
pattern seemed to recur, but with much more significant difference between the ortho-
phosphate concentrations at the upper end and the lower end. A possible explanation is
that, after the rain event the average suspended sediment concentrations were higher than
before, and were sustained for the last half of the campaign period; the presence of more
suspended sediment provided higher potential for adsorption of ortho-phosphate onto the
particle surfaces, and thus reduced the dissolved phase more significantly. Figure 4-21
shows temprature measured in a two-week period (time = 587 ~ 914 hours, just after the
major event, but including a moderate event) in the campaign. Rain event caused cooling
can be seen. Specific conductivity is shown in Figure 4-22. Diurnal oscillations can be
seen clearly. Figure 4-23 shows the variations of pH values at both ends of the reach. It
is interesting to see an obvious upstream diurnal oscillation flattened out at the
downstream end, and that the oscillations upstream are themselves attenuated at arain
event. The fact that the Waste Water Treatment Plant is upstream of and close to the

upper end, and that the rain event had dilution effects may help explain the observations.



Figure 4-24 presents oxidation/reduction potential for the two-week period. Diurnal
oscillations can be seen. Figure 4-25 shows dissolved oxygen at both ends of the reach.
The obvious diurnal oscillations were probably caused by the temperature-dependent
dissolved oxygen saturation concentration, and thus reaeration, and photosynthesis and
respiration of algae. A decrease during the rain event (time » 800 hours) can be seen, and
this was probably caused by dilution. Nitrate-N concentrations are shown in Figure 4-26.
The reason that a peak event at the downstream end happened before it did at the upper
end is hard to explain. It might be that the pasture lands in between the two stations
discharged animal waste and caused the event at the lower end. The diurnal oscillations

are similar to those presented in the pH data.
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Figure 4-13. Total organic carbon concentration on the Oconee River, 1998
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CHAPTER 5
MODEL CALIBRATION AND EVALUATION

Calibration and evaluation of the model were conducted separately for hydraulics,
sediment transport, and each of the dissolved contents. In Section 5.1. of the chapter, the
results of calibration and evaluation of hydraulics based on the Weihe River datain 1973
and 1974 are discussed. In Section 5.2., calibration and evaluation of sediment transport
is discussed based on data of the Weihe River in 1973 and 1974, and the Oconee River in
1998 and 1999. Since STAND differs from previous models in respect of the means of
computing the non-equilibrium sediment transport, as discussed in Chapter 3, Section
5.3. will present a comparison of the sediment transport results for the present and
conventional models. Aspects of calibrating the water quality components of STAND
are then reported in Section 5.4. Evaluations were not conducted for some of the
dissolved contents, due to the absence of an independent second data set. The files
containing data sets used for input to the model, and those containing simulation results
are too large to be included in this dissertation. However, they will be included in the

archive of this research project.

5.1. Calibration and Evaluation of Hydraulics

In the calibration and evaluation of hydraulics, measured quantities and
simulation results at the Weinan Gauging Station (in the middle of the studied reach) are
compared. We change the parameter values in seeking the best possible match of

simulated and observed quantities.
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The hydraulic variables and model parameters are listed in table 5-1. The major
parameters to be calibrated are Manning’ s roughness coefficient, and the numerical
coefficient g, which represents the location of point M in the schematic representation of
the solution mesh.

Table 5-1 Variables and parameters in the hydraulic component

hydraulic variables
Q = discharge [L3TH
v = flow velocity [LTY
Z = surface elevation [L]
A = wetted cross-section area [L?]
B = surface width [L]
P = wetted cross-section perimeter [L]
R = hydraulic radius of a cross-section [L]
D = hydraulic depth [L]
parameters
n = Manning roughness coefficient [ILY3T]
g = numerical coefficient [-]

The value of g ranges from 0.5 to 1.0, and mainly affects the stability of the
numerical scheme. We took q to be 0.65 in our entire model evaluation process. The
value of Manning's coefficient ranges from 0.010 to 0.050 for most possible documented
materials as channel bed or bank. The Chinese Hydrologic Y earbook occasionally
provides the value of Manning's coefficient together with other data, which provides

guidance for calibrating the model.
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Calibration of Manning’s coefficient was a trial-and-error process, selecting from
the values of 0.040, 0.030, 0.025, 0.020, 0.015, and 0.010. Given the fact that theriver is
of large scale, with width ranging between about 100 m during low flow to hundreds of
meters, or even kilometersin events of floodplain overflow, the smaller values should be
given preference.

The simulated discharges and stages at the Weinan (middle) station with
Manning’s coefficient being 0.040 and 0.010 are shown in Figures 5-1 and 5-2, together
with the observed values. It is apparent that stages are very much overestimated when n
= 0.040 for all significant hydrologic events, and sometimes even for base flows. On the
other hand, stages are underestimated for both hydrologic events and base flows when n
= 0.010. Not much difference can be seen from the discharge plot, athough a lower
value of Manning’s coefficient does provide higher values of discharge at the several
extreme hydrologic events than the higher value does.

Figures 5-3 and 5-4 show the simulated discharges and stages at Weinan with
Manning’s coefficient being 0.020 and 0.015, together with the observed values. For
discharge simulations, the differences in the results given by the two values can hardly be
seen visually. For the simulated stages, the coefficient with a value of 0.020 gives better
simulation results for the several minor hydrologic events and for the period when time »
250 — 280 days, while the coefficient with a value of 0.015 gives better results for the
several extreme hydrologic events.

It is tempting to make Manning's coefficient a variable rather than a constant,
because the overestimates happen mainly during high flow. Setting a higher value of n
during base flow and a lower value for peak flow may make the simulation fit the data for
all periods. This approach is reasonable, since the Hydrologic Y earbook has recorded
extremely small values of n during extreme high flow events.

A variable Manning’ s coefficient was therefore used in the calibration. Figure 5-

5 shows the values of Manning's coefficient as a function of the hydraulic depth. The
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value was set to be 0.020 during base flow (depth less than 3.0 meters), 0.015 at extreme
high flow (depth greater than 4.5 meters), and changes linearly with depth during mid-
magnitude flows. The simulation results are shown in Figure 5-6 and Figure 5-7. Itis
obvious that a variable Manning' s coefficient provided more satisfactory simulation
results in both discharge and surface elevation during peak flows, base flows and in
between.

There is another problem to consider. If we set the value of n too low,
numerically supercritical flow during low flow may occur. Supercritical flow is very
unlikely for ariver in its lower reaches. The numerically supercritical flow will cause a
great amount of sediment transport numerically during low flow conditions. The high
sediment transport during low flow is also very unlikely under a natural condition.

Moving on to the subject of evaluation of hydraulics, a 1974 data set of the same
reach was used in the process. If afixed Manning's coefficient has to be used, however,
we would take n = 0.020 as the value of Manning's coefficient for the Weihe River and
Figures 5-8 and 5-9 show the discharge and surface elevation at Weinan Gauging Station
during a 140-day period. It is apparent that the simulation follows the observed values
reasonably well, except that the discharges at the flood peaks are underestimated dightly
and the surface elevations at base flows are overestimated a little. This further justifies
the notion of using a variable Manning' s coefficient, which can be set to a small value at
peak flows thus elevating the peak discharges.

When avariable Manning's coefficient is used therefore in the evaluation process,
results for discharges and elevations are as shown in Figures 5-10 and 5-11. The peak
discharges are simulated better than when using the fixed Manning’ s coefficient of 0.020,
while the surface elevations are similar to those using this fixed value. Making the
roughness coefficient a function of hydraulic depth introduces an additional degree of

freedom. Thus, more than a single formulation may provide similar simulation results.
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However, it is unlikely that a unique formulation would obtain, unless we have enough

field data to support it, which is also unlikely.

5.2. Calibration And Evaluation Of Sediment Transport

The variables and parameters in the sediment transport component are listed in
Table 5-2. The parameters to be calibrated are the suspended sediment dispersion
coefficient, sediment deposition rate constant, and sediment entrainment rate constant.
Two sets of parameters were to be obtained for the two case study reaches. A Controlled
Random Search (CRS) algorithm was used in finding an appropriate value for the
parameters. A complete description of the Controlled Random Search algorithm can be
found in Price (1979). Initia runs of the algorithm revealed that the value of the
suspended sediment dispersion coefficient merely influences the smoothness of the
simulation results with amost no impact on the average simulated suspended sediment
concentration. Thus, to expedite the search for the parameter values, several vaues for
the dispersion coefficient were chosen prior to the CRS runs. For each value of the
dispersion coefficient, a CRS run has been implemented and the value of the objective
function recorded. The parameters in the run with a minimum objective function value
are chosen to be the “best” parameter set.

The 1973 Weihe data and the 1998 Oconee data have been used in the calibration
process. Results for both the Yellow River and the Oconee River are listed in Table 5-3.
However, the values for the sediment entrainment rate constant for the Weihe River are
not listed here, because the suspended sediment concentrations were so high that there
could have been no process of entrainment during the simulated period, and the CRS
runs did not provide values of the entrainment rate constant that converge to a limited

range.



Table 5-2 Variables and parameters in the sediment transport component

sediment transport variables
Cs = suspended sediment concentration [ML3]
sediment transport parameters

key = rate of sediment concentration approaching transport T4
potential

Es = suspended sediment transport potential [L2TY
Ksedpep = Sediment deposition rate constant [TY
Ksedent = Sediment entrainment rate constant [TY

Table 5-3 Parameter values for the sediment transport component

Parameter Weihe’'73 Wehe’'74 | Oconee’98 | Oconee’99 unit
S

Es 50.0 50.0 50.0 50.0 nf/s

KsedDep 1.3 10° 1.3 10° 481 10° | 481 10° 1s

KsedEnt - - 2.8 10° 2.8 107 1/s

The simulation results using these parameter values are shown in Figure 5-12 and
5-13. It can be seen that the suspended sediment concentrations at Weinan Gauging
Station on the Yellow River are simulated fairly well, except two of the magjor peaks are
dightly underestimated. There appear to be some minor fluctuations during the period
when observed sediment concentrations were not available. Thiswas possibly caused by

the numerically supercritical flows. A simple way to eliminate the effect of numerically
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supercritical flowsisto deny any sediment transport under a certain low flow. However,
an appropriate threshold is not easy to determine.

The Oconee River simulation does not follow the trend of the observed data at the
beginning of the record, but improves thereafter. Thisis probably caused by the
laboratory personnel’s lack of experience at the beginning of the sediment concentration
analysis. It appears that the major peak of the event is underestimated, but this might be
caused by the fact that the sampling frequency during the rain event was not high enough
to catch the high concentration that lasted for only a short period (according to the
simulation).

The 1974 Weihe data and the 1999 Oconee data were used for the purposes of
model evaluation, with results shown in Figures 5-14 and 5-15. For the Weihe River, the
simulation followed the observed trend fairly well, except that the peak values were
dightly underestimated. Considering that the channel might experience significant
change after the previous year’s high volume of sediment transport and associated
characteristic changes of theriver, it is reasonable to say that the simulation did well.

For the Oconee River, the simulation followed the trend expressed by the data
reasonably well most of the time, although the major peak was underestimated. There
was a peak at the beginning of the simulation, arising from a couple of input (upstream
suspended sediment concentration) data points that are significantly higher than the other
points over this period. These data are believed to be suspect, athough we have no
reason to exclude them from this analysis. The simulated suspended sediment
concentration response slightly underestimated the major high-sediment-concentration
event. However, since the model succeeded in replicating observed behavior for the rest
of the time in the 1999 period, we have reasons to believe that the model structureis
correct and that the underestimation might come from the lack of calibration of

hydraulics for the Oconee River.
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The influence of strong upstream driving mechanisms on the computation results
isof concern, since the data presented in Chapter 4 clearly indicate the similarity between
upstream and downstream behaviors. To evaluate the effects of mechanisms other than
“pure transport”, computations of sediment behavior are conducted with the source/sink
mechanism eliminated. Comparisons between the computations with and without the
source/sink mechanisms are then made. The 1973 Weihe data and the 1999 Oconee data
are used in these computations. The simulations with and without the source/sink
mechanisms, along with the observed quantities, are shown in Figure 5-16. Figure 5-17
and Figure 5-18 show the absolute and rel ative differences between the computed
suspended sediment concentrations at Weinan with and without the source/sink
mechanism. For the Weihe River, the absolute magnitude of the maximum differenceis
quite significant (about 2 10* ppm), athough this is not so compared to the absolute
magnitude of the events (one degree of magnitude higher). For the Oconee River, the
comparison between the simulations with and without the source/sink mechanisms
together with the observations are shown in Figure 5-19. Figures 5-20 and 5-21 show
the absolute and relative difference between the computations with and without the
source/sink mechanisms. It can be clearly seen that the difference is driven by the
hydraulics. It is clear that the mechanism plays an important role in the computation and

that a smple “pure transport” mechanism is not enough in describing the model systems.

5.3. Comparison Of Present And Conventional Approach To Computing Non-

Equilibrium Sediment Transport

Simulations of suspended sediment transport were done using both the
conventional methods and the approach in our model. With the formulation given by
equations (3-20) and (3-21), in which the suspended sediment concentrations are

considered affected only by the relevant quantities (transport potential, transport rate of
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suspended sediment) of upstream locations, satisfactory simulation results could not be
obtained by using parameter values suggested by Zhang et al. (1983), Chang (1988), Han
et al. (1990), and Yang et al. (1998). Thisis not surprising, because the derivation to
obtain equations (3-20) and (3-21) starts with a convection-diffusion equation without a
time derivative term (Chang 1988), which suggests that there is an underlying assumption
of steady state suspended sediment behavior. Since the studied systemisnot in
equilibrium condition, this assumption may not be appropriate. By using parameter
values that are orders of magnitude away from the suggested values (at the magnitude of
10°%), the observations can be followed by the simulation, but with significant phase lags.
The extremely small parameter value almost makes the exponential function unity and
thus eliminates the term of suspended sediment transport potential. As aresult, the
downstream suspended sediment concentration is only a function of upstream suspended
sediment concentration and they are almost simultaneous to each other, which is
responsible for the apparent phase lags. The proposed approach is described in Section
3.3. Numerical solution of equation (3-25) (a complete equation with time derivative and
source/sink mechanisms) is sought. No steady state approximation is made. The
comparisons of the simulation results are shown in Figures 5-22 and 5-23. It can be seen
that the method our model adopted gave more convincing simulation results than the

conventiona methods do.

5.4. Calibration Of Water Quality Components

5.4.1. Ortho-Phosphate

The parameters to be calibrated are the ortho-phosphate dispersion coefficient Ep,
phosphate rate constant kp, phosphate concentration in the interstitial water Cpint, and two
parameters in the empirical Freundlich equation (3-42) ks and pr. The variables and

parameters in the phosphate component are listed in Table 5-4.



Table 5-4 Variables and parameters in the ortho-phosphate component

variables in the ortho-phosphate component

Cp = ortho-phosphate concentration ML
parameters in the ortho-phosphate component

Ep = ortho-phosphate dispersion coefficient [L2T]
kp = ortho-phosphate adsorption coefficient [T
Crint = phosphate concentration in the interstitial water ML
ki = empirical parameter in Freundlich equation [-]
pr = empirical parameter in Freundlich equation [-]

The 1999 data on the Oconee River were used in the calibration of the ortho-phosphate
component, using once again the CRS algorithm. We first choose severa values for the
dispersion coefficient, and for each value then carry out a CRS run in order to estimate
values of the other parameters. The value of the objective function was recorded for each
run. The parameter set with the smallest objective function value is considered the best.

The parameter values obtained are listed in Table 5-5.

Table 5-5 Parameter values of the ortho-phosphate component

parameter value unit
Ep 500.0 nf/s
kp 8.0°10° s
Chint 0.005 g/nt

ks 25 103 -

pr 0.05 -




The simulation results are shown in Figure 5-24. It can be seen that the
simulation dightly underestimated the most significant high-phosphate event and
overestimated for a short period around t = 1000 hours. Other than these discrepancies,
the observations were followed reasonably well.

In order to evaluate the influence of the adsorption mechanism and the whole
source/sink mechanism, computations without them have been conducted. The results
are shown in Figures 5-25 to 5-27. It isobvious, that athough the downstream behavior
is somewhat controlled by the input to the system at the upstream end of the reach, a
“pure transport” mechanism can not fully describe the system. The adsorption
mechanism (as well as the whole source/sink mechanism) plays an important role in the
system and can not be overlooked. It is apparent that the differences are getting larger as
the ssimulations go on; this clearly corresponds to the increasing level of suspended
sediment concentrations and clearly demonstrates the influence of sediments on ortho-
phosphate dynamics in the water column. The mechanism of interstitial water release has
some minor influences on the final results compared to that of the adsorption processes;
thisis probably caused by the small value of ortho-phosphate concentration in the

interstitial water.

5.4.2 Nitrate

The parameters to be calibrated in the nitrate component are nitrification rate
constant Knitr, which sets the rate for the first-order nitrification mechanism, and
denitrification rate constant kpeni, Which describes the rate for the first-order
denitrification process. The state variable is nitrate concentration Cpiy. The variable and
the parameters are listed in Table 5-6.

Besides the mechanism in the nitrate component, the mechanism in the
ammonium component also contributes to the changes of the nitrate concentration. The

ammonium component includes state variable Camme, @aMmmonium concentration,
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parameters Mo, Monod half saturation concentration for dissolved oxygen, Knitr,
nitrification rate constant, kamad, ammonium adsorption coefficient, and Kapr and pams, the
two parameters in the empirical Freundlich equation (3-42). The variables and

parameters in the ammonium component are listed in Table 5-7.

Table 5-6 State variable and parameters in the nitrate component

state variable in nitrate component

Critr = Nitrate concentration [ML9]

parameters in nitrate component

Enitr = nitrate dispersion coefficient [L2TY
knitr = nitrification rate constant [T
Kpeni = denitrification rate constant T4

Table 5-7 State variable and parameters in the ammonium component

state variablesin the ammonium component

Cammo = @mmonium concentration [ML™]

parameters in the ammonium component

Eammo = ammonium dispersion coefficient [L2TY
Kamad = ammonium adsorption coefficient [T
Mo = Monod half saturation rate for dissolve oxygen [ML3]
kamt = parameter in the Freundlich equation []

Pami = parameter in the Freundlich equation [-]
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The 1999 Oconee data on nitrate concentrations were used in the calibration. The
parameter values for both the nitrate and the ammonium components were obtained by
the CRS procedure. The values of the parameters are listed in Table 5-8, and simulation
results are shown in Figure 5-28. It is apparent that the simulation did not succeed in
replicating the observed behavior of nitrate. There was a high-nitrate-concentration event
occurring at Penfield at time » 750 — 800 hours (the downstream station) prior to the
occurrence of the corresponding event at the upstream station. This can probably be
explained by possible discharge of nitrate (carried by flows in the small tributaries) in
between the stations where pasture lands are along the reach. It is extremely hard for a
model to simulate such phenomenon without some inputs in between the stations. There
is also reasonable doubt on the performance of the nitrate probes, which made the data

suspect.

Table 5-8 Parameter values of the nitrate and ammonium components

parameter value unit
Enitr 500.0 nf/s
Knitr 1.6 10° 1/s
KDeni 2.0 10" 1/s
Eammo 1000.0 nf/s
Kamad 0.05 1/s
Mo 4.0 mg/L
Kamf 8.0°10° _
Pam 0.02 ]




5.4.3 Dissolved Oxygen

The parameters in the dissolved oxygen component are Eo, dissolved oxygen
concentration, Kyeqe, reaeration rate constant, a s, rate of oxygen production per unit of
algal photosynthesis, m algal growth rate, a4, rate of oxygen production per unit of algae
respired, r , algal respiration rate, Cagae, algal concentration, rsyq, Sediment oxygen
demand rate, as, rate of oxygen uptake per unit of ammonia nitrogen oxidization, and b1,
ammonia oxidization rate coefficient. The state variable and parameters are listed in
Table 5-9.

The reaeration rate is determined by flow velocity and hydraulic radius, according
to equation (3-53). The parameters in the equation were given by Long (1984). The
valuesof az maar aregiven by the QUAL-II model (Brown and Barnwell 1987). Algal
concentration was treated as a constant here and the value of it was obtained from
calibration. The other parameter values were obtained from atrial-and-error calibration

process. The parameter values were listed in Table 5-10.

Table 5-9 State variable and parameters in the dissolved oxygen component

state variable in the dissolved oxygen component

O, = dissolved oxygen concentration [ML3]

parameters in the dissolved oxygen component

Eo = dispersion coefficient for dissolved oxygen [L2TY
Krene = reagration rate constant T4
as = rate of oxygen production per unit of algal photosynthesis [-]
m= algal growth rate [T
a4 = rate of oxygen production per unit of algae respired [-]

r = agal respiration rate [T




Cagee = algal concentration ML)
I'sod = Sediment oxygen demand rate [ML2TY]
as = rate of oxygen uptake per unit of ammonia nitrogen []
oxidization

b, = ammonia oxidization rate coefficient [T'l]

Table 5-10 Parameter values in the dissolved oxygen component

parameter value unit
Eo 10.0 nf/s
as 1.8 -
m 2.31° 10° s
as 1.9 -
r 2.89 10°° 1/s
Calgae 0.005 mg/|
I'sod 3.0'10° g/nfs
as 3.5 -
by 6.94° 10° 1/s

The result of the smulation is shown in Figure 5-29. It is apparent that the

simulation followed the observed diurnal oscillation fairly well. Thereis dight

underestimation during the last one third of the simulation, but the simulated and

observed values approached each other at the end of the simulation. There seems to be

some dight phase lag in the simulation. This may come from the lack of calibration of

the hydraulics for the Oconee River. However, it seems that the original data (Figure 4-
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25) show some phase lag, and the phase lag of the simulation may very much be inherited
from the original data.
Again, the impact of source/sink mechanism is computed and shown in Figures 5-
30 through 5-32. The significance of the source/sink mechanism is obvious. The diurnal
oscillation is probably caused by the absence of algal photosynthesis/respiration, and the
reaeration process, which is controlled by the temperature dependent dissolved oxygen

saturation concentration.
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CHAPTER 6
UNCERTAINTY ANALYSIS

Having calibrated (and evaluated parts of) the mode, it is natura to question the
uncertainty involved in the model and its parameters. In this chapter, the issue of
uncertainty is analyzed using Monte Carlo Simulation. We try to obtain a clear view of
how much uncertainty there is in each component of the model and identify which
parameter affects the ssmulation results most significantly. The studied reach is the
Oconee River. A range of valuesis assigned to each parameter in the model. The ranges
are determined by adding and subtracting a certain value to and from the calibrated
parameter values. Five hundred values for each parameter are generated within the range
assuming that the probability of the parameter is of uniform distribution. The five
hundred combinations of randomly selected parameter values were drawn and fed to the
model. Boundary conditions of the model are the data obtained in the 1999 campaign.

The ranges of the parameters are presented in Table 6-1.

Table 6-1 Parameter values for the Monte Carlo Simulation

Parameter range of value units
n 0.030-0.035 -
Es 500.0 — 1000.0 nf/s
Ksedbep 1.0010°-1.0 10® 1/s
KsedEnt 1.0010*-1.0'10° 1/s
| 0.30-0.80 -
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Table 6-1 Parameter values for the Monte Carlo Simulation (continued)

Ep 300.0 — 700.0 nf/s
kp 4 10°-1.2 10° 1/s
Chrint 0-0.2 mg/I
ke 1.25" 10°%-3.75 10° -
pr 0.025-0.075 -
Enitr 300.0 — 700.0 nf/s
Kpeni 0-1.0 10* 1s
Knitr 0-1.0"10* 1/s
Eammo 1.0- 1100.0 nf/s
Kamad 0-05 1/s

Kamt 0-1.0" 10" )
Pamt 0-01 -
M 15-6.5 mg/I
Mam 0-0.1 mg/I
Eoxy 1.0-100.0 nf/s
as 14-18 -
a4 1.6-23 -
m 1.16" 10° -3.47 10° 1/s
r 5.79° 10 —5.79 10° 1s
r'sop 1.5 10°-45 10° g/nfs
as 3.0-4.0 -
b1 0.1-1.0 1/s
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The location of concern is the downstream end of the studied reach, Penfield. For
the entire simulation period, al state variables at this location have been recorded for the
500 parameter combinations. The results are shown in Figure 6-1 through 6-14.

The simulation results of discharge at Penfield are shown in Figure 6-1. The
maximum and minimum envelop values are so close to the mean values that they can
hardly be distinguished visually. Because the uncertainty in hydraulic computation
mainly comes from the determination of the Manning’s coefficient, the range of the
coefficient value is small, and the magnitude of the discharge is not too high to have
significant variations out of the small variations of the coefficient, so little uncertainty
associated with the hydraulics is reasonable and understandable. However, since no
detailed morphological data are available, and given that cross-section profiles were
determined arbitrarily, there can be significant uncertainty associated with river
morphology and thus hydraulics. This issue is interesting, but it falls out of the scope of
this dissertation and thus is not addressed here. The statistics for the discharges at time »
500 and 800 hours are shown in Table 6-2. It can be seen that the range and standard
deviation are fairly small.

Figure 6-2 shows the ssmulation results of suspended sediment concentration at
Penfield. The maximum and minimum envelop can be seen clearly. The uncertainties do
not seem to be too significant, seen from the range of variations in the simulation resullts,
partly because of the narrow range chosen for the parameters. The frequency distribution
at time = 420 hours and 1000 hours are shown in Figures 6-3 and 6-4. A Bell shaped
curve can be seen in both figures, which implies that the distribution of the results might
be normal. The statistics of the smulation results are shown in Table 6-3. The
uncertainty associated with the computation of suspended sediment concentration appears
to be more significant than with that of hydraulics. Thisis reasonable, because the

understanding of sediment transport is not as mature as that of hydraulics, and because
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the computation of sediment transport is based on the results of hydraulics. Nonetheless,

the standard deviations and the coefficient of variations are still relatively small.

Table 6-2 Statistics of ssimulated discharge at Penfield

Statistics Discharge (n?/sec)
time = 500 hours time = 800 hours

Mean 59.0228 18.2760
Minimum 59.0161 18.2717
Maximum 59.0289 18.2813
Range 0.0128 0.0096
Standard Deviation 0.0036 0.0027
Coef. Variation 0.006% 0.015%

Table 6-3 Statistics of smulated suspended sediment concentration at Penfield

Statistics Suspended sediment concentration (ppm)
time = 420 hours time = 1000 hours

Mean 30.0642 37.3150
Minimum 28.5891 35.9174
Maximum 31.5444 38.6011
Range 2.9553 2.6837
Standard Deviation 0.6786 0.5736
Coef. Variation 2.26% 1.54%
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Figure 6-5 shows the ssimulation results of ortho-phosphate concentrations. The
lower bound of the simulation iswell limited, but the concentrations can occasionally
reach very high levels compared to the average values. It was found that none of the
changes of asingle relevant parameter in the given ranges could generate results like that.
It was also found that the combination of high values of certain parameters might have
caused this phenomenon. Parameters that give simulation results with extreme behaviors
were identified from the original parameter seed group. Figure 6-6 reveals that the
combination of a high value of porosity and a high value of ortho-phosphate
concentration in the interstitial water clearly contributes to the generation of extreme
behaviors. Thisis reasonable and understandable, because once the bed sediment is
scoured (or resuspended), the vast amount (caused by the high porosity) of release of
(high ortho-phosphate containing) interstitial water does cause significant increase of
ortho-phosphate in the overlying water column. But given the nature of ariver, avery
loose bed sediment layer and interstitial water with high ortho-phosphate concentration
does not seem to last long. This conflicts with our assumption in the model of constant
porosity and constant intertitial ortho-phosphate concentration. Thus the results with
extreme behaviors were excluded for the following analysis. Figures 6-7 and 6-8 show
the frequency distribution of the smulated ortho-phosphate concentration at time = 420
hours and 1000 hours. Skewed bell shaped curves can be seen. The statistics of the
results are listed in Table 6-4. It can be seen that the distributions are skewed but the
standard deviations are fairly small, considering that the computation of ortho-phosphate
concentration is based on the hydraulics and sediment behavior computation and has
inherited uncertainty from them.

Figure 6-9 shows the simulation results of dissolved oxygen concentration at
Penfield. The average values are narrowly bounded by the maximum and minimum
envelops. The frequency distribution at time = 600 hours and 800 hours are shown in

Figure 6-10 and 6-11. The values seem to be fairly concentrated in narrow ranges and



uniformly distributed. The statistics are shown in Table 6-5. Again, given the fact that

the dissolved oxygen component is on top of the first two levels of the model, the

uncertainty represented by the statistics does seem to be very significant.

Table 6-4 Statistics of simulated ortho-phosphate concentration at Penfield
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Statistics Ortho-phosphate concentration (mg/l)

time = 420 hours time = 1000 hours
Mean 0.0750 0.0900
Minimum 0.0650 0.0796
Maximum 0.1065 0.1264
Range 0.0415 0.0467
Standard Deviation 0.0062 0.0060
Coef. Variation 8.27% 6.66%

Table 6-5 Simulation results of dissolved oxygen concentration at Penfield

Statistics Dissolved oxygen concentration (mg/l)
time = 600 hours time = 800 hours
Mean 8.0683 8.2825
Minimum 7.5381 7.7342
Maximum 8.7408 8.7805
Range 1.2027 1.0463
Standard Deviation 0.3453 0.2975
Coef. Variation 4.23% 3.59%
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There is possibilities of further exploring uncertainty issues using model STAND
in future studies in engineering and management practice. It would be interesting to see
how the issue of uncertainty affects decision making. But this will be left for future

studies.
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CHAPTER 7
APPLICATIONS OF STAND

In this chapter, having calibrated and evaluated STAND, it will be applied to a
hypothetical river (referred to as “the River” hereafter) for the study of sediment transport
and related water quality problems. The River resembles some characteristics of the
reach between Buford Dam and Lake West Point on the Chattahoochee River, a major
river in Georgia and the main source of water supply for metro Atlanta. The longitudinal
profile of the River is chosen as that of the Chattahoochee River, although cross-section
profiles were drawn arbitrarily. Input hydrological data were those posted by USGS for
the station Chattahoochee River at Buford Dam near Buford (02334430). Interests and
concerns include (1) sediment and associated nutrient transport under the influence of
different hydrological conditions, (2) the proportion of sediment transported by peak flow
and base flow at a certain station, (3) the differences in sediment transport and water
quality between uniform dam release and intermittent hydropower station release, which
is the current operational mode, and (4) the influence on downstream receiving water

bodies of lateral inflow of sediments and nutrients.

7.1. Thelnfluence Of Hydrological Conditions

The recorded dam releases over 11 years (1988 — 1998) were used as input to the

model and the amount of water and sediment passing a particular station (Atlanta,

02334400) were computed. The Buford dam release data are provided by the USGS in

the form of daily averaged values. The actual release does not follow this pattern.
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Rather, there is an intensive release period which lasts severa hours aday, and a
minimum discharge of 600 cfs (about 17 nt/s) is maintained for the rest of the day. All
upstream inflow data were reconstructed according to this release pattern. The
parameters obtained in the calibration and evaluation of the model using the Oconee
River data were used in the smulations.

Figure 7-1 shows the results. A clear correlation can be seen between the amount
of sediments and the amount of water passing the station. The relationship between the
two quantities can be expressed by a simple linear equation, S= a;W + by, where S is the
annua amount of sediments passing the station, W is the annual amount of water passing
the station, and a; and b; are the linear regression coefficients. For comparison, the linear
trend was also plotted in the figure. The slope coefficient, a; is 8.255 10, and the
intercept coefficient, by is-6.427" 10°.

Thereisaso aclear correlation between the amount of sediment and of phosphate
passing the station (Figure 7-2), and this too can be expressed by a ssimple linear
equation, P = axS + by, where P is the annual amount of phosphate passing the station, S
is the annual amount of sediments passing the station, a; and b, are the linear regression
coefficients. The slope coefficient a; is computed to be 0.0010 and the intercept by is-
154.24.

Comparisons of the annual amount of water, sediments, and phosphate among the
eleven years are shown in Figures 7-6 through 7-8, which also show the proportions of
these quantities transported by peak and base flows.

These relationships provide rough estimates of the amounts of sediments and
phosphate passing a given station aong the studied reach, given the upstream discharge,

a quantity that can usually be obtained from climatic conditions and the reservoir

operations.
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7.2. Peak Flow Vs. Base Flow

The proportion of water transported through the cross-section at Atlanta by peak
flow is plotted in Figure 7-3. It is obvious that there is a clear monotonic relationship
between the two quantities. Thisis understandable, because we assume that the Buford
dam releases base flow at the rate of 600 cfs for most of the time except a five-hour
period in which much more water isreleased. Thus, the more water released, the larger
the proportion the amount of water carried by peak flow. It seems that the relationship
can be quantified using an expression with exponential-terms (such asy = yp — p1exp(-
p2X), where x is the amount of water passing a station, y is the proportion of water carried
by the peak flow, and yp, p1, and p; are the parameters to be determined). But the
derivation is |eft for further studies.

Similarly, such relationships also exist in the case of sediments and phosphate.
The proportion of sediments transported by peak flow vs. the annual amount of water
passing Atlantais shown in Figure 7-4. Again, the monotonic relationship between the
two quantitiesis quite clear. Figure 7-5 shows a similar relationship between the
proportion of phosphate transported by peak flow vs. the annual amount of water passing
the station of Atlanta.

The author is confident that these relationships can be quantified using the
computational results presented here and those that would be obtained by computations
using data before the year 1988. Since the computations are very time consuming and
beyond the scope of this dissertation, the quantification of these relationships would have

to be left for further studies.
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7.3. Comparison Between Uniform Dam Release And | nter mittent Hydr opower

Station Release

It isinteresting to see the difference between the effects of different upstream
release patterns. The daily average discharge values at Buford dam of water year 1998
were used directly as input to the model. The results were compared with those of
intermittent upstream release.

Figure 7-9 shows that the amount of water passing the station of Atlanta remains
the same regardless of the upstream rel ease pattern, which indicates that there is no
retention effect caused by the change of release pattern. Figure 7-10 shows a significant
decrease of sediment transported by the same amount of water, which implies that the
pattern of release does affect the transport of sediment significantly. The water under the
uniform release pattern only transported 63% of the sediment transported under the
intermittent rel ease pattern passing the station of Atlanta. The transport of phosphate is
also affected by the release pattern of Buform dam. Figure 7-11 shows the difference
between the amount of phosphate passing Atlanta under the two patterns. Under the
uniform pattern, the amount of phosphate transported through the station of Atlantais

only 75% of the amount under the intermittent rel ease pattern.

7.4. Thelnfluences Of Lateral Inflow Of Sediments And Nutrients On Water
Quality Of The Receiving Water Bodies

To study the influences of lateral inflow of sediments and nutrient on receiving
water bodies, cases with different magnitudes of sediments and nutrient (ortho-
phosphate) inflows are considered. The information regarding lateral inflow of water,
sediments, and ortho-phosphate is listed in Table 7-1. Uniform lateral inflow of all the

material is used in the study here, for the cause of smplicity. However, the mode is
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capable of having lateral inflows of material with both temporal and spatial variations.
For the comparison of the effect of different magnitudes of ortho-phosphate in the lateral
inflow on downstream water quality, cases 1 through 3 have different ortho-phosphate
concentrations.  For the comparison of the effects of lateral inflow of sediments, cases 3
through 5 have different lateral inflow sediment concentrations. The upstream input data

of the water year 1998 (the first 1000 hours) are used in the simulations.

Table 7-1 Cases of lateral inflows of water, sediments, and ortho-phosphate

Cases of lateral Discharge of Sediment Ortho-phosphate
inflows lateral inflow concentration in concentration in
(nt/s/m) lateral inflow lateral inflow
(g/n?) (g/in?)
case 1 5 107 200.0 0.2
case 2 5 107 200.0 0.5
case 3 5 10° 200.0 1.0
case 4 5 10° 1000.0 1.0
case 5 5 10° 2000.0 1.0

The simulation results are shown in Figures 7-12 through 7-14. For cases 1
through 3, the ortho-phosphate budget for the reach between Buford dam and Atlantais
shown in Figure 7-12. Three different magnitudes of ortho-phosphate concentrations in
the lateral inflow are applied in the ssimulations. Two points can be seen from the
computations. First, in each case, there appears to be a positive retention (from the
dissolved phase) of ortho-phosphate in the reach. The ortho-phosphate that appears to be

retained is the part that is adsorbed to the surfaces of the sediment particles and
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transported with them towards downstream. Second, the outputs and net storage of
ortho-phosphate in the reach are almost proportional to the amount of inputsinto it. In
each case, the amount of ortho-phosphate passing Atlanta is around 80% of the total
inputs, while the amount retained (adsorbed to sediment particles) is about 20% of the
total inputs, which is the sum of Buford dam release and the lateral inflows.

In cases 3 through 5, the ortho-phosphate concentrations in the lateral inflows
remain the same, while the sediment concentrations in the lateral inflows range from 200
to 2000 mg/l. The sediment budgets of the simulations are shown in Figure 7-13. Itis
obvious that in each case, net entrainment happens in the studied reach. Thisis quite
reasonable, since the sediment concentration in the released water from the Buford dam is
only 20 mg/I, which is very much below the possible sediment transport potential, and as
aresult, entrainment happens. It can also be seen that the higher the amount of sediment
that is put into the reach (either from the upstream end of the reach, or from the sides of
the river as lateral inflow), the lower the amount of entrainment. Thisisaso
understandable, since the sediments getting into the reach help reduce the difference
between the actual sediment concentration and the sediment transport potential, and thus
reduce the amount of bed sediments that is needed in the process of entrainment. Figure
7-14 shows the ortho-phosphate budget in these cases. It appears that the differences of
sediment concentration in the lateral inflow only have dight influences on the ortho-
phosphate budget, and mainly when the sediment concentration in the lateral inflow is
low. An explanation for this can probably be better presented by the analysis of Figures
7-15 through 7-17.

Figure 7-15 shows the discharge time series of a certain period in the ssimulation.
The intermittent pattern of the discharge can be seen clearly. The corresponding
suspended sediment concentration time series is presented in Figure 7-16, and the
corresponding ortho-phosphate concentration in Figure 7-17. 1t can be seen that the

changes (with cases, where the suspended sediment concentration in the lateral inflow
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varies) of ortho-phosphate concentration only happens when the flow and the
corresponding sediment concentration are low, except case 5, which will be discussed
later. Thisis understandable, because what equation (3-41) says is that the more
suspended sediment present in the water column, the lower the equilibrium ortho-
phosphate concentration and vice versa. But when the suspended sediment concentration
is so high and as a result the equilibrium ortho-phosphate concentration is so low, further
increase of suspended sediment concentration can no longer have significant impact on
the equilibrium concentration. Thisiswhy the curve of ortho-phosphate concentration in
case 5 overlaps the curvein case 4. Since the change in ortho-phosphate concentration
corresponding to the cases only happens with low flow, it is easy to understand that the
impact on the final budget is not that significant.

Coming back to the exception mentioned above, the interesting shape of the curve
representing suspended sediment concentration in case 5 will be discussed. When the
sediment concentration in the lateral inflow is lower than a certain “threshold”, where the
addition of the lateral sediments does not cause the suspended sediment concentration in
the stream to exceed the transport potential, the actual suspended sediment concentration
corresponds well to the flow, in other words, it is flow-dominated. Thisiswhat occursin
cases 3 and 4. However, when the lateral inflow of sediments is high enough that the
addition causes the suspended sediment concentration in the stream to exceed the
transport potential, the increase of discharge no longer causes the increase of suspended
sediments and the only effect it hasis dilution. That is why we see a decrease of
suspended sediment concentration corresponding to the moderately high discharges.
Nevertheless, when the discharge is high enough to provide a higher sediment transport
potential, an increase of suspended sediment concentration can be seen corresponding to
the peak discharge (the peaks shown around time = 310, 340, and 360 hours, Figure 7-
16).
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CHAPTER 8
CONCLUSIONS

The previous chapters show why and how STAND is developed, how data were
collected to test the model, how it is calibrated, and how it can be used in the study of
sediment-related water quality problems. The resultsin Chapter 5 clearly indicate
successful calibrations and evaluations with regard to components of hydraulics,
sediment transport, and most of the water quality constituents. STAND steps beyond
traditional civil-engineering models by providing the ability to deal with water quality
issues. It also provides a unique capacity that most existing water quality models do not
have by taking into consideration the effects of sediment behavior on water quality
congtituents. Such a comprehensive tool has not been reported in the literature and is
certainly useful in the study of water quality issues associated with sediment behaviors.
However, there is still room for further improvement.

Currently, STAND has difficulties simulating the channel morphological changes
on the Yellow River of China. Thisis probably caused by the high sediment
concentration and resulting high rate of scouring and deposition. It could aso be the
result of numerical supercritical flow — a situation caused by an improper vaue of the
Manning coefficient under shallow water conditions. When the model is applied to the
Oconee River and the Chattahoochee River, the morphology component works well.
Arbitrarily shutting down the morphology component during shallow water periods can
possibly solve the problem, but the definition of a shallow water condition is somewhat

subjective and hard to make.

170



171

In computing the suspended sediment concentration, Yang's total load equation is
used in the model. This is because the equation provides straightforwardness and is easy
to code. Other suspended sediment transport functions (Lane and Kalinske 1941,

Einstein 1950, Brooks 1963, Chang et a. 1965) can also be added into the model. Itis
strongly suggested that simple equations be used, because some equations with
complexity require many iterations and a significant amount of time for computation.

Bed load equations (Chang et a. 1965, Einstein 1942, Einstein 1950, Kalinske 1947,
Meyer-Peter, and Muller 1948, Parker 1990) can also be added to the model, although the
computation will not affect the subsequent computation of water quality constituents.

Currently, the model takes dsg as the representative dimension for the entire
sediment. The settling velocity is computed using this representative dimension. In
many other civil-engineering-models, sediment behavior can be computed by size
fractions. This feature could be added to the model, but since there were no available
data to calibrate this particular feature, it was not incorporated in STAND.

The sediment-related water quality model can aso be used to address water
quality problems caused by heavy metal or other pollutants, if components are added.
Adding other components is not much more difficult than electronically copying a block
of file and pasting it somewhere else, for someone who knows the mechanism of the
codes. The already made codes can mostly be reused to describe other water quality
congtituents. The only thing that needs to be changed is the source/sink term, because
different water quality constituents have different generation/consumption mechanisms.

An ideal description of the water quality mechanisms of ariver section would
include the exchanges of water quality constituents between surface water and suspended
sediment, the exchange of sediments between the bed and the overlying water column,
the exchange of water quality constituents between bed sediments and the interstitial
water, and the effects of possible seepage. In STAND, the interstitial water component is

considered external to the closed system composed of open flow, suspended sediments,
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and bed sediments. Asaresult, the concentrations of ammonia and phosphate in the
interstitial water are considered constant, and should be given by the user as a parameter.
This smplification was made because of the fact that we lack the information of the
quality constituents of the interstitial water and bed sediments. To incorporate the
dynamic interstitial water into the model, we need to have data regarding subsurface flow
and water constituents of the subsurface flow, along the whole studied reach.

Finally, the adsorption- desorption process was based on the Freundlich equation,
which is an empirical equation. Anideal approach to improve and strengthen this part of
the model is to conduct laboratory experiments regarding the adsorption isotherm of
phosphate (and possibly ammonium) on sediments. Special attentions should be paid to
the relationship between suspended sediment concentrations and the amount of dissolved
matters adsorbed to the particles. The relationship used in the model was based on mass
balance of the dissolved matters and has sound theoretical basis. But it would be further

strengthened if it can be backed by the suggested experiments.
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APPENDI X
C++ SOURCE CODE OF MODEL STAND

A.1l. Header File

/1 header file hyd.h
/1 Abstract
/1 Declaration of class x_section

i ncl ude <i ostream h>
i ncl ude <fstream h>
i ncl ude <string. h>

i ncl ude <mat h. h>

i nclude <stdlib. h>

HHHHHF

const int maxNumSect=80; // maxi mum numnber of Xx-sections

const int maxNumObservati ons=1500; // maxi mum nunmber of observations
/'l served as up- or down-stream conditions

const doubl e nu=1.003e-6; // kinematic viscocity

const double g=9.81; // gravitational acceleration

cl ass x_section
{
private:
double width; // surface width
doubl e depth; // depth
doubl e wetArea; // wetted area of x-section
doubl e wetPeri; // wetted perineter
doubl e hydR;, // hydraulic radius
doubl e level; // surface |eve
int numStn; // nunber of stations along a x-section
doubl e prf[150][2]; // cross-section profile
public:
x_section(void);
voi d set Gauge(doubl e gauge);
void setProfile(int n, double profile[150][2]);
voi d setfeature(void);
doubl e get Wdth(void);
doubl e get Dept h(voi d);
doubl e get Area(void);
doubl e get P(voi d);
doubl e getR(voi d);
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/I Decl aration of class river
class river: public x_section
L
private:
[ro----- > input info
i nt nunmSections; // nunmber of x-sections in the studied reach
i nt nunBt nsl nEachSecti on[ maxNunSect]; // nunmber of stations in
each sect.
i nt nunmPrevStations[ maxNunSect]; // nunber of stations above cur
sect.
int sunsStns; // nunber of all the stations
doubl e csprofil e0[4000][2]; // cross-section profiles origina
doubl e csprofil el[4000][2]; // cross-section profiles to be
updat ed
doubl e sectionLocati ons[ maxNunSect]; // |ocation of each x-
section
doubl e secti onDi stance[ maxNunSect]; // distance in between

/lint nunili meSteps; // nunber of computational tinme steps

double tinme; // time in prototype

doubl e maxTi nmelnterval; // maximum | ength of tine step (sec)

double tinmelnterval; // length of each tinme step (sec)

doubl e total TimeSi nul ated; // total length of tinme sinulated
(hour)

i nt numObsFl ow; // nunber of upstream flow rate observations
doubl e upstreantl ow 10000][2]; // upstream flow conditions
int indicatorl; // index showing tinme's correspondi ng position in
/1 upstreanFl ow i ndi cator1][0]
int ratingCurve; // indicator of whether the follow ng array

/1 is a rating curve or observed down' stage
i nt numbbsStage; // nunber of downstream stage observations

/1 or nunber of points in the rating curve

doubl e downstreantst age[ 5000][2]; // downstream stage
/1 if ratingCurve == true

/1 1st colum is discharge in cns

/1 2nd colum is stage corresponding to di scharge
/1 if ratingCurve == fal se

/1 1st columm is time of observation

/1 2nd colum is observation of downstream stage

int indicator2; // simlar to indicatorl, but with regard to
/1 downstreanSt age[i ndi cat or 2] [ 0]

i nt numObsSusp; // nunber of upstream TSS observations
doubl e upSuspCon[ maxNuntbser vations][2];

/1 incom ng suspended sedi nent concentration

int indicator3; // simlar to indicatorl and indicator2

// doubl e upStrCdn[ maxTi meSteps][3]; // upstream conditions

/1 This is a 3-colum matrix, with the 1st one being upstream
/'l discharge tine series, 2nd one downstream stage tinme series,
/1 and 3rd one upstream suspended sedi nent concentrations

/1 doubl e initial Fl o maxNunect] ;

/1 double initial Stage[ maxNunSect];

/I doubl e initial Susp[ maxNunSect]; // initial suspended sedi nent
concentration

doubl e initCdn[ maxNunSect][7]; // initial conditions
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/1 This is a 7-colum matrix, with the 1st one being initia

/1 discharge condition, 2nd one initial stage condition

/1 3rd one initial suspended sedi ment concentrations, and

/1 4th one initial phosphate concentrations

/1 5th one initial nitrate concentrations

/1l 6th one initial amoni um concentrations

/1 7th one initial oxygen concentrations

/I doubl e nuntal i bPoi nts; // nunber of observed points

/I doubl e cal i bDat a[ maxNumObservations][2]; // observed val ues for
calibration

/1l first colum time vector, second col um suspended sedi nent
concentration

i nt numObsPhos; // nunmber of upstream phosphate observations
doubl e upPhos[ maxNunObser vati ons][2];

/1 incom ng PO4 concentration

int indicator4; // simular to indicatorl and 2 and 3

int numObsNitr; // nunber of upstreamnitrate observations
doubl e upNi tr[ maxNumObservations][2];

/1 incom ng NO3 concentration

int indicator6; // simlar to indicator4

i nt numobsOxy;

/1 nunmber of upstream and downstream oxygen conc'ns
doubl e upOxy[ maxNuntbservations] [ 3];

/1 upstream and downstream oxygen concentrations
int indicator7; // simlar to indicator6

i nt numObsTenp; // nunmber of tenperature points
doubl e Tenp[ maxNunObservati ons] [ 2];
i nt indicator8;

i nt numObsQ at er al

/'l nunmber of observations for lateral discharge
double Q ateral [50] [ maxNuntect]; // later inflowrate
i nt indicator9;

i nt nunmObsCsl at eral ;

/'l number of observations for lateral sed inflow
doubl e Csl ateral [ 50] [ maxNunSect]; //

i nt indicatorl0;

i nt numObsPAI ateral;

/1 number of observations for |ateral po4 inflow
doubl e PO4l at eral [ 50] [ maxNunect] ;

/'l phosphate concentration in lateral inflow

int indicatorli;

int numOfQutput; // total nunbers of outputs

doubl e ti meOf Qut put[10000];

/1l time in prototype when output is processed

doubl e po4Cal i b[1000]; // downstream po4 data

doubl e Jpo4;

int indicator5; // position of time in tinmeCOf Qutput[indicator5]
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[ <----- end input info

[o----- > variables to be conputed

doubl e di schar ge[ maxNunSect] [ 2] ;

/1 discharge at each section at each tine step
doubl e stage[ maxNunSect] [ 2] ;

/1l stage at each section at each tinme step
doubl e B[ maxNunmtect][2]; // width

doubl e P[ maxNuntSect][2]; // wetted perineter
doubl e Al maxNuntSect][2]; // wetted area

doubl e Rl maxNuntSect][2]; // hydraulic radius
doubl e D maxNunSect][2]; // hydraulic depth

/1 doubl e vel ocity[ maxNunSect][2]; // average velocity

// doubl e bedLoad[ maxNuntSect][2]; // bedl oad transport rate
doubl e suspLoadPot [ maxNunSect] [ 2];

/'l suspended | oad transport potentia

doubl e suspLoadAct[ maxNunSect][2]; // suspended |oad actual rate
doubl e suspLoadAct Conl[ mexNunSect]; // conventional method 1
doubl e suspLoadAct Con2[ mexNunSect]; // conventional method 2
doubl e phos[ maxNunSect][2]; // phosphate concentration

double nitr[maxNunmSect][2]; // nitrate concentration

doubl e ammo[ maxNunSect][2]; // anmmoni um concentration

doubl e oxygen[ maxNunBSect][2]; // oxygen concentration

// doubl e al gae[ maxNuntSect][2]; // al gae concentration

/I doubl e phosPart[ maxNunSect]; // phosphorus in particulate form

//solution of tridiagonal system of |inear equations
doubl e sol uti on[ maxNunSect];

[ o----- > end vari ables to be conputed

doubl e get UpFl ow( voi d) ;

doubl e get DownSt age(voi d);

doubl e get UpSusp(void);

doubl e get UpPhos(voi d);

doubl e get UpNitr(void);

doubl e get UpAnmo(voi d) ;

doubl e get UpOxygen(void);

doubl e get Tenp(void);

doubl e get Cpeq(doubl e Css, double CO, double kf, double pf);
doubl e get Caneq(doubl e Css, double CO, double kf, double pf);
doubl e getQ ateral (int i Of Section);

doubl e get Csl ateral (int iCf Section);

doubl e get P4l ateral (i nt i Of Section);

publi c:

[lriver(void);

voi d setInfo(char datafile[20]);

doubl e conput eMbdul e(// paraneters for hydraulics
doubl e roughmax, doubl e roughm n, doubl e Hrax, double Hm n,
doubl e theta,
/1 parameters for sedinment transport
doubl e Es, doubl e d50, double kSedDep,
doubl e kSedEnt, doubl e | anda,
/1l paranmeters for PO4
doubl e Ep, doubl e kPhos, double Cpint,



doubl e kf, double pf,
/1l parameters for NO3
doubl e En, double kDeNi, double kNitr,
doubl e Mn,
/1 parameters for NH4
doubl e Eammmo, doubl e kAmAd, doubl e kanf
doubl e panf, double Mam
/1l parameters for Q2
doubl e Eoxy, doubl e rPhoto, double rResp
doubl e r Al gal Gcowt h, doubl e rAl gal Resp, doubl e rSOD,
doubl e al fa5, double betal);
i nt comput eHydraul i cs(doubl e roughmax, doubl e roughm n,
doubl e Hrax, double Hmin, double theta);
voi d comput eSedPot (doubl e d50, doubl e roughmax,
doubl e roughm n, doubl e Hmax, double Hm n);
voi d conmput eSedAct (doubl e roughmax, doubl e roughm n,
doubl e Hmax, double Hmin, double d50, double Es,
doubl e kSedDep, doubl e kSedEnt);
voi d sol ve(doubl e al fa[ maxNunSect], doubl e bet a[ mnaxNunSect],
doubl e gama[ maxNunSect], doubl e delta] maxNunSect]);
i nt computeProfile(double |anda);
voi d comput ePhos(doubl e Ep, doubl e kPhos, double | anda,
doubl e Cpint, double kf, double pf);
voi d conmputeNitr(doubl e En, double kDeN, double kNitr,
doubl e Wn, double Mam ;
voi d comput eAmmo(doubl e Eamo, doubl e kNitr, double kAMAd,
doubl e kanf, doubl e panf, double M, double Mam
voi d comput eOxy(doubl e Eoxy, doubl e rPhoto,
doubl e rResp, double rAlgal Gowth, double rAl gal Resp,
doubl e rSOD, double alfa5, double betal);

}s

A.2. Inputting Data

/1 file riverl.cpp
/1 inplenmentation of class river

# include "hyd. h"

[lriver::river(void)
114
11}

void river::setlnfo(char datafile[20])

{

/1 input information needed
int i, j, stns=0;

/1 open file "Info.txt"™ for information input
ifstreaminfile;
infile.open(datafile);



[o----- > input total nunber of cross-sections along the river
infile >> nunBecti ons;

[ <----- end input total num..

I o----- > input nunber of stations along each cross-section
for (i=0; i<=nunBections-1; i++)

{

infile >> nunttnsl nEachSection[i];
stns += nunttnsl nEachSection[i];
nunPrevSt ati ons[i]=stns-nunttnsl nEachSection[i];

sunStns = stns; // total nunber of stations in all x-sections
/] <----- end i nput number of..

I o----- > input cross-section profiles
for (i=0; i<=suntStns-1; i++)
{

infile >> csprofileO[i][O];
csprofilel[i][0O]=csprofileO[i][O0];
infile >> csprofileO[i][1];
csprofilel[i][1]=csprofileO[i][1];

[l <----- end i nput cross..

infile >> total Ti meSi nul at ed;

infile >> maxTi nel nterval ;

timelnterval = maxTi mel nterval;

[o----- > input cross-section |locations along the reach

for (i=0; i<=nunBections-1; i++)
infile >> sectionLocations[i];

[ <----- end i nput cross-...

[ o----- > conput e di stances between cross-sections

for (i=1; i<=nunSections-1; i++)
sectionDi stance[i-1] = 1000.0 * (sectionLocations[i-1]
- sectionLocations[i]);

[ <----- end conpute...

infile >> nunObsFl ow;

Io----- > input upstreamflow rate tinme series
for (i=0; i<=numCbsFlow1; i++)
{

infile >> upstreanFlowi][0];
infile >> upstreanFlowi][1];

[ <----- end i nput upstream..

infile >> ratingCurve
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infile >> numbbsSt age;

Io----- > i nput downstream stage tinme series
for (i=0; i<=numObsStage-1; i++)
{

infile >> downstreantStage[i][0];
infile >> downstreanttage[i][1];

[ <----- end i nput downstream ..

infile >> numObsSusp;

[o----- > i nput upstream suspended sedi ment concentration
for (i=0; i<=numObsSusp-1; i++)
{

infile >> upSuspCon[i][0];
infile >> upSuspCon[i][1];

[ <----- end i nput upstream sus..

infile >> nunObsPhos;

[o----- > i nput upstream phosphate concentration
for (i=0; i<=numCbsPhos-1; i++)
{

infile >> upPhos[i][O0];
infile >> upPhos[i][1];

}
infile >> numObsNitr;
Io----- >i nput upstreamnitrate concentration
for (i=0; i<=numObsNitr-1; i++)
{
infile > upNitr[i][O0];
infile > upNitr[i][1];
}
infile >> numbbsOxy;
/[l ---->input upstream oxygen conditions
for (i=0; i<=numCbsOxy-1; i++)
{
infile >> upOxy[i][0] >> upOxy[i][1];
}
/'l <---- end input up..

infile >> numObsTenp;

/1l ---->input upstream oxygen conditions
for (i=0; i<=numbbsTenp-1; i++)
{

infile >> Tenp[i][0] >> Tenp[i][1];
}
/'l <---- end input up..

infile >> nunbbsQ at er al

/[l ---->1input lateral Q
for (i=0; i<=numbbsQ ateral-1; i++)
{

for (j=0; j<=numBections-1; j++)

{
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infile > Qateral[i][j];

}
}

/[l <---- end input later...

infile >> nunObsCsl ateral ;

/[l ---->1input lateral Cs
for (i=0; i<=numObsCslateral-1; i++)
{
for (j=0; j<=nunmBections-1; j++)
{
infile >> Cslateral[i][]];
}
}
/l <---- end input lateral Cs

infile >> nunObsPM4I| at er al ;

/[l ---->input |ateral po4

for (i=0; i<=numbbsPOMl ateral-1; i++)

{
for (j=0; j<=nunBSections-1; j++)
{

infile >> PO4lateral[i][j];

}

}

/l <---- end input |ateral po4

[ro----- > jinput initial flow rate along the reach

for (i=0; i<=nunmBections-1; i++)

{
infile >> initCdn[i][0];
di scharge[i][0]=initCdn[i][0];
infile >> initCdn[i][1];
stage[i][O]=initCdn[i][1];
infile >> initCdn[i][2];
suspLoadAct[i][O]=initCdn[i][2];
infile >> initCdn[i][3];
phos[i][O]=initCdn[i]][3];
infile >> initCdn[i][4];
nitr[i][O0]=initCdn[i][4];
infile >> initCdn[i][5];
anmmo[i][0]=initCdn[i][5];
infile >> initCdn[i][6];
oxygen[i][O]=initCdn[i][6];

}

[ <----- end input initial flow...

I o----- > jinput time to output results

infile >> nunOf Qut put;
for (i=0; i<=numOfQutput-1; i++)

{
infile >> timeOfQutput[i];

[ <----- end input tine...



infile.close();

A.3. Computation And Output Control

/'l file river2.cpp

/1 inplenentation of class river

# include "hyd. h"

doubl e river:: conput eModul e(doubl e roughmax,

doubl e
doubl e

(conti nued)

doubl e roughm n,
Hhmax, doubl e Hm n,
t heta, doubl e Es,

doubl e
doubl e
doubl e
doubl e
doubl e
doubl e
doubl e
doubl e
doubl e

d50, doubl e kSedDep, double kSedEnt,
| anda, doubl e Ep, doubl e kPhos,

Cpi nt, doubl e kf, double pf,

En, double kDeN, double kNitr,

Mn, doubl e Eanmp, doubl e kAmAd,
kanf, doubl e panf, double Mam

Eoxy, doubl e rPhoto, double rResp,

r Al gal Growt h, doubl e rAl gal Resp,

r SOD, doubl e alfa5, double betal)

/1 river::conputehMdul e

/1 calls different nodul es that conmpute hydraulics, sedinent
/1 transport potential, actual sedinment transport rate,

/1 deposition and entrai nnent, nutrient transport

int i, n, stdl, std2;
int nilnCsprofile = 0;
int csiStart, cslEnd, pointslinCsl;

//cs2Start, cs2End, pointslnCs2;
/1 two consecutive cross-section profiles

doubl e ¢cs1[150][2];

of stream outfil eQ

of streamoutfil ez
/[lofstream////outfil esP;
of stream outfil eBA,

/1 ofstream outfil e@AConi,;
//of streamoutfil e@ACon2;
of stream outfil eP

of stream outfil eN

of stream out fi | eAmmo;

of stream outfil eQ2;

//of stream outfil ePP

/111 ofstream outfil eA
////ofstreamoutfil eB
outfileQopen("Qtxt");
outfileZ open("Z. txt");

201

used in the conputation
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[1/1loutfileQP.open("Q@P.txt");
outfil e@A. open("SA. txt");
[loutfile@AConl. open(" QsAL. txt");
[loutfile@ACon2. open(" QA2.txt");
outfil eP. open("phos.txt");
outfileN open("nitr.txt");

outfil eAmmo. open("ammo. txt");
outfil e®. open("o02.txt");

/loutfil ePP.open("phosPart.txt");
/[loutfileA open("A txt");
/[loutfileB.open("B.txt");

/1 wite the initial values of discharge and stage into file
/Il Qtxt and file Z. txt; at the sanme tine, set the val ues of
/'l discharge and stage at tinme step 1 equal to those at tinme step
/1 0; Conpute the sedinent transport potential at tine step O,
// wite the results into file QP.txt
for (i=0; i<=nunBections-1; i++)
{
di scharge[i][1] = discharge[i][0];

stage[i][1] = stage [i][O];

poi nt sl nCsl = nuntt nsl nEachSection[i];
cslStart = nlnCsprofile + O;
cslEnd = nlnCsprofile + pointslinCsl - 1;
for (n=0; n<=pointslnCsl-1; n++)
{
cs1[n][ 0]
csi[n][1]

csprofil e0[n+cslStart][0];
csprofile0[n+cslStart][1];

}

set Gauge(stage[i][0]);

set Profil e(pointsinCsl, csl);
setfeature();

B[i][O] get Wdth();

PLi][0] = getP();

A[i][0] get Area();

RIi][0] = getR();

Dli][0] = Ali][O]/B[i][0];

/1 nove the pointer to the beginning of next x-section
// in the matrix csprofile

nlnCsprofile = nlnCsprofile + pointslnCsli;

suspLoadAct[i][ 1] =suspLoadAct[i][O0];

}
/'l end for

conput eSedPot (d50, roughmax, roughm n, Hmax, Hnmin);
for (i=0; i<nunBSections; i++)
{
suspLoadPot[i][0]=solution[i];
suspLoadPot[i][ 1] =suspLoadPot[i][0];
}

/1l put a new line at the end of each row of discharg and stage



203

/1l values of the sane tinme step
outfileQ << endl

outfileZ << endl

I111outfile@P << endl
/[loutfileQ@A << endl

//outfileA << endl

//loutfileB << endl

ti me=0. 0;
i ndi cat or 1=0;
i ndi cat or 2=0;
i ndi cat or 3=0;
i ndi cat or 4=0
i ndi cat or 5=0;
i ndi cat or 6=0;
i ndi cat or 7=0;
i ndi cat or 8=0;
i ndi cat or 9=0;
i ndi cat or 10=0;
i ndi cat or 11=0;

I o----- > start conmputation fromtime = 0.0
while (tinme<total TimeSinmulated) // tinme
{

for (timelnterval =maxTi melnterval, stdl=std2=-1
(stdl==-1 || std2==-1) && (tinmelnterval >=120.0);
ti melnterval /=2.0)

{

I o----- > conpute hydraulics

st dl=conmput eHydr aul i cs(roughmax, roughm n, Hmax,
Hm n, theta);

[ <----- end conpute hydraulics

[o----- > conpute total |oad sedinment transport

/1l potential by Yang's

comput eSedPot (d50, roughmax, roughm n, Hmax, Hmn);
for (i=0; i<nunBSections; i++)

{
suspLoadPot[i][1]=solution[i];
}
[ <----- end conpute total |oad..
[o----- > conput e actual sediment transport rate

comput eSedAct (roughmex, roughm n, Hmax, Hm n,
d50, Es, kSedDep, kSedEnt);

[ <----- end conpute actual ..

[l o----- > conput e changes of x-section profiles
st d2=conmput eProfil e(l anda) ;

[ <----- end comput e changes of x-section..
[o----- > conput e phosphate concentrations

conput ePhos( Ep, kPhos, [anda, Cpint, kf, pf);
[ <----- end conput e phosphate..
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i f

Io----- > conpute nitrate concentrations

computeNitr(En, kDeNi, kNitr, M, Man;

[ <----- end conmpute nitrate. ..

I o----- > conput e ammoni um concentrations

comput eAmo( Eammo, kNitr, kAmAd, kanf, panf, WMn,
Mvam) ;

conmput eOxy( Eoxy, rPhoto, rResp, rAl gal Gow h,
r Al gal Resp, rSOD, alfab, betal);

end for
(stdl==-1)
cout << "hydraulics conputation nmay not converge"
endl ;
(std2==-1)
cout << "sediment conputation may not converge" <<
endl ;

output at preset tinme
(time<=tinmeOQutput[indicatorb5] &&
time+timel nterval /3600>=ti meOf Qut put[indicator5])

outfileQ << time << :

for (i=0; i<= numBections-1; i++)

{
outfileQ << discharge[i][1] << " ";
outfilezZ << stage[i][1] << " ";
[11/outfileQP << suspLoadPot[i][1] << " ";
outfileQA << suspLoadAct[i][1] << " *;
/1outfileQAConl << suspLoadAct Conl[i] << "
/1outfileQACon2 << suspLoadAct Con2[i] << "
outfileP << phos[i][1l] << " ";
outfileN << nitr[i][1] << " ";
outfileAmp << ammo[i][1] << " ";
outfiled << oxygen[i][1l] << " ";
/loutfilePP << phosPart[i] << " ";:

}

outfileQ << endl;
outfileZ << endl;
/111loutfileQ@P << endl;
outfil e@®A << endl;
//outfile@AConl << endl;
//outfile@ACon2 << endl;
outfileP << endl;
outfileN << endl;

outfil eAmmp << endl;
outfile® << endl;
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<<



//outfil ePP << endl
/loutfil eA << endl
//outfileB << endl

i ndi cat or 5++
}
/Il end if

if ((tinme/100.0-floor(tinme/100.0)) <=0.0025)
cout << "Tinme = " << time << endl

ti me+=ti nel nterval /3600;

I o----- > update the upper condition and output results
for (i=0; i<= numBections-1; i++)
{

di scharge[i][ 0] =di scharge[i][1];

/1l set discharge[l][0] to the newWy conputed

/1 discharge[l][1] and use the first one as the
/1 upper condition to conmpute a newer |atter one

stage[i][0] =stage[i][1];

/'l set stage[l][0] to the newly conputed stage[l][1]

/'l and use the first one as the upper condition to
/! conmpute a newer |atter one

suspLoadPot [ i ][ 0] =suspLoadPot [i][1];
suspLoadAct [ i ][ 0] =suspLoadAct [i][1];
phos[i][0] =phos[i][1];
nitr{i][O]=nitr[i][1];

amo[i][0] =ammo[i][1];

oxygen[i][0] =oxygen[i][1];

}
/'l end for

} /1 end while

outfileQ close();
outfileZ close();
[111loutfileQP.close();
outfil e@A. close();
/loutfileQ@AConl. close();
//outfil e@ACon2. cl ose();
outfileP.close();
outfileN. close();

outfil eAmmo. cl ose();
outfile®.close();
/loutfilePP.close();
[1/1outfileA. close();
[1/loutfileB.close();



206

return Jpo4,

}
/'l end of conput eModul e

A.4. Computation Of Open-Channel Hydraulics

/1 file river3.cpp
/1 inplenmentation of class river

# include "hyd. h"

int river::conputeHydraulics(double roughmax, double roughm n,
doubl e Hmax, double Hm n, double theta)
{

R e i
/1 river::conmputeHydraulics

/1 used to conmpute one-di mensi onal open-channel hydraulics using

/1 Prei ssmann inplicit method

/1 conmput e bedl oad sedi nent transport rate

/1 conmput e suspended sedi nent transport potentia

/1 conmput e suspended sedi nent concentrati on based on advection-

/1 di ffusi on equation

/1

e
int i, k, n, kmax;

double AM // value of A at point Min the conputational grid
BM RM QM ZM // see explanation of AM
pZpt, // value of partial derivative Z over partia
pApx, // value of partial derivative A over partia
pQopt, // value of partial derivative Q over partia
pQx, // value of partial derivative Q over partia
pZpx, // value of partial derivative Z over partia
sf, /1 energy slope
dRdz1, dRdz2, // internediate variables in determning
/1 partial derivative R over partial Z
&0, // upper boundary condition determ ned | eft-hand-side
/1 value of the nmass conservation equation
FN, // |ower boundary condition determn ned |eft-hand-side
/1 value of the nomentum conservation equation
normdZ, norndQ // judging standard for convergence
dzdQ 2 * maxNuntect],
/1l correction terns for the linearized eq. system
dq maxNuntect], dZ[ maxNunSect],
/1l correction terns for Q and Z respectively
/1 x termin the eq. Ax=b
F,
G
roughness, ql
Residue [2 * maxNunBSect], // b termin the eq. Ax=b

X X ~+ X

/] elenents in the banded coefficient matrix, Atermin the



/'l eq. Ax=b

/] the matrix has the structure
/1

// dO cO fO

// a0 di1 c1 f1

/!l e0 al d2 c2 f2

/1 el a2 d3 c3 f3

I e2 a3 d4 c4 4
/1

/1 .
/1 e
!/

/1

/1

® Qo -
® 9 Q-
D OO -
o0 —

/'l This is a pentadi agonal system and can be sol ved using

/1 Gaussian elimnation
e[2 * maxNunBect],
a[2 * maxNunBect],

d[2 * maxNunSect],
c[2 * maxNunBect],
f[2 * maxNumSect],

xmult, // Gaussian elimnatin correction factor

/1 two consecutive cross-section profiles used in the
/1 conputation
cs1[150][2], cs2[150][2];

/1 variables used in determ ning cross-section profiles
int nlnCsprofile = 0;
int cslStart, cslEnd, pointslnCsl,

cs2Start, cs2End, pointslnCs2;

for (i=0; i<= 2*maxNunBect-1; i++)

{
}

// set the initial value in the banded matri x

e[i]=a[i]=d[i]=c[i]=f[i]=dzdQi]=Residue[i]=0.0;

/1l prediction-correction iteration index k
k = 0;
kmax = 30;

/1 initialization of judging factor
normdZ = 1.0;
norndQ = 10.0;

Io----- > conpute hydraulics along the reach, reconmpute
/1 hydraulics if convergence standard is not mnet
while ((k < kmax) & ((nornmdZ > 0.02) | (normdQ > 2.0)))

{
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k++;

nlnCsprofile = 0;

/1
for

(i
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--> conmpute hydraulic info fromthe 1st cross-section

= 0; i <= nunBections-2; i++)

/1 sptial scale

{

/1 individual x-section profile

/1 number of data points in the profile of x-section

/1 (i) and (i+1)
poi nt sl nCsl = nunttnsl nEachSection[i];
poi nt sl nCs2 = nuntt nsl nEachSection[i +1];

/1 starting and ending i ndex of the data points of
/1l x-section (i) and (i+1) in the matrix csprofile
cslStart = nlnCsprofile + O;

cslEnd = nInCsprofile + pointslinCsl - 1;

cs2Start = cslEnd + 1;

cs2End = cslEnd + pointsinCs2 - 1

/'l profile of x-section (i)
for (n=0; n<=pointslnCsl-1; n++)

{
cs1[n][0] = csprofileO[n+csiStart][O0];
cs1[n][1l] = csprofileO[n+tcsiStart][1];
}
for (n=0; n<=pointsinCs2-1; n++)
{
cs2[n][0] = csprofile0[n+cs2Start][0];
cs2[n][1] = csprofileO[n+cs2Start][1];
}

/1 nmove the pointer to the beginning of next x-
/1 section in the matrix csprofile
nl nCsprofile = nlnCsprofile + pointslnCsl;

/1l computation of the down-Ileft corner of the square

/1l surrounding point M

set Gauge(stage[i][0]);

set Profil e(pointslnCsl, csl);
setfeature();

B[i][0] get Wdth();

PLi][0] = getP();

Ali]l[0] get Area();

RIiT[0] = getR();

/1l computation of the down-right corner of the square

/1 surrounding point M

set Gauge(stage[i +1][0]);

set Profil e(pointslnCs2, cs2);
setfeature();
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B[i+1][0] = getWdth();
PLi+1][0] = getP();
Ali+1][0] = getArea();
Ri+1]1[0] = getR();

/'l computation of the up-left corner of the square
/1l surrounding point M

set Gauge(stage[i][1]);

set Profil e(pointslnCsl, csl);

setfeature();

Bli][1] get Wdth();

PLI][1] = getP();

Ali][1] get Area();

RIiT[1] = getR();

/1 determ nation of roughness

DliJ[1] = Ali][1]/B[i][1];

if (D[i][1] > Hmn)
roughness = roughm n;

else if (D[i][1] < Hmax)
roughness = roughmax;

el se
{
doubl e a, b;
a = (roughmax-roughm n)/ ( HMmax- Hm n) ;
b = roughmax - a*Hmax;
roughness = a*D[i ][ 1] +b;
}

/1 conputation of the up-right corner of the square
/'l surrounding point M

set Gauge(stage[i+1][1]);

set Profil e(pointsinCs2, cs2);

setfeature();

B[i+1][1] = getWdth();
PLi+1][1] = getP();
Ali +1][1] = getArea();
Ri+1][1] = getR();

/'l the determ nation of dR/dZ at (i, j+1)
set Gauge(stage[i][1] +0.02);

set Profil e(pointsinCsl, csl);
setfeature();

dRdZ1 = (getR() - Ri][1])/0.02;

/1l the determination of dR/dZ at (i+1, j+1)
set Gauge(stage[i +1] [ 1] +0. 02);

setProfil e(pointslinCs2, cs2);

setfeature();

dRdZ2 = (getR() - R[i+1][1])/0.02;

/1l hydraulic conditions for point M

/1 wetter area at point M

AM = theta * (A[i+1][1] + Ali][1])/2 +
(1-theta) * (A[i+1][0] + A[i][0])/2;
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/1 surface witinmelntervalh at point M
BM = theta * (B[i+1][1] + B[i][1])/2 +
(1-theta) * (B[i+1][0] + B[i][O0])/2;

/'l hydraulic radius at point M
RM = theta * (R[i+1][1] + Ri][1])/2 +
(1-theta) * (Ri+1][0] + R[i][0])/2;

/1 discharge at point M

M = theta * (discharge[i+1][1] + discharge[i][1])/2
+ (1-theta) * (dischargel[i+1][0] +
di scharge[i][0])/2;

/'l stage at point M
ZM = theta * (stage[i+1][1] + stage[i][1l])/2 +
(1-theta) * (stage[i+1][0] + stage[i][O0])/2;

/'l Expression of partial Z over partial t at point M
pZpt = (stage[i+1][1l] + stage[i][1l] -
stage[i +1][0] - stage[i][O0]) /
(2*tinelnterval);

/'l Expression of partial A over partial x at point M
pApx = (theta * (A[i+1][1] - Ali][1]) +

(1-theta) * (A[i+1][0] - Ali][0])) [/

sectionDi stance[i];

/'l Expression of partial Q over partial t at point M
pQot = (discharge[i+1][1] + discharge[i][1] -

di scharge[i+1][0] - discharge[i][0]) /

(2*timel nterval);

/1 Expression of partial Q over partial x at point M
pQpx = (theta * (discharge[i+1][1] - discharge[i][1])
+ (1-theta) * (discharge[i+1][0] -
di scharge[i][0])) / sectionDistance[i];

/'l Expression of partial Z over partial x at point M

pZpx = (theta * (stage[i+1][1] - stage[i][1]) +
(1-theta) * (stage[i+1][0] - stage[i][0])) /
sectionDi stance[i];

/1 Expression of energy sl ope
sf = roughness * roughness * QM * QM *
pow(RM -4/3)/ (AM * AM;

/1 left hand side of eq. of mass conservation and
/1 left hand side of eq. of nmomentum conservation
gl = getQ ateral (i +1);
F BM* pzZpt + pQox - ql; // ql is lateral inflow
G=pQt +2* M/ AM* pQx -

M* M/ (AM* AM * pApx +

g* AM* pZpx + g * AM* sf;

/1 right hand side of the two equations should be O,
/1 but there m ght be some residuas
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Resi due[ 2*i +1] F;
- G

Resi due[ 2*i +2]

/] Coefficients in the correction matri x

/1l partial F(i) over partial Qi)
a[2*i] = - theta / sectionDi stance[i];

/1l partial F(i) over partial Z(i)
d[2*i+1] = BM/ (2*timelnterval);

/1 partial F(i) over partial Qi+1)
c[2*i+1] = theta / sectionDi stance[i];

/1 partial F(i) over partial Z(i+1)
f[2*i+1] = BM/ (2*tinmelnterval);

/1l partial Qi) over partial Qi)
e[2*i] = 1/ (2*tinmelnterval) +
t het a/ AMF (pQpx-2*QV secti onDi stance[i]) +
(- pApx*QWFt het a/ pow( AM  2)) +
(g * roughness * roughness *
Qwrt het a/l AM pow( RM 4/ 3));

/1l partial Qi) over partial Z(i)

a[2*i+1] = (- QM * theta * pQx * B[i][1l] /(AM* AM)
+ QM* QM * theta * B[i][1] / (AM* AM *
(1/ sectionDi stance[i] +pApx/ AM +
g * theta * (pZpx * B[i][1] / 2 -
AM secti onbDi stance[i]) +
- g * roughness * roughness * QM * QM *
theta / AM/ (pow(RM 4/3)) * (2/3/RwdRdzZ1 +
Bl[i][1]/2/ AM;

/1l partial Qi) over partial Qi +1)

d[ 2*i+2] = 1/(2*tinelnterval )+
t het a/ AMF ( pQpx+2*QV secti onDi stance[i]) +
(- pApx*QWFt het a/ pow( AM  2)) +
(g*roughness * roughness*QWt het a/l AM
pow(RM 4/3));

/1l partial Qi) over partial Z(i+1)

c[2*i+2] = (-QWtheta*pQox*B[i+1][1]/pow(AM 2)) +
QW QWwtheta*B[i +1][ 1]/ pow( AM 2) *( -
1/ sectionDi stance[i] +pApx/ AM +
g*t het a* (pZpx*B[i +1] [ 1]/ 2+AM secti onDi st ance[i]
) + -g*roughness *
roughness* QW Qwt het a/ AM powm( RM 4/ 3) *
(2/ 3/ RMvdRdZ2+B[ i +1] [ 1]/ 2/ AM ;

}
/1 end for (i = 0; i <= nunBections-2; i++) |oop,
/1 spatial scale

/1 indicate if convergence standard is not met
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[o----- > set boundary conditions

/1 the upper boundary condition which specifies the

/1 inflowto the reach ( or the corresponding stages ), &0
&0 = discharge[0][1] - get UpFl ow);

Resi due[ 0] = - @0;

d[0] = 1; // partial G over partial Q1) is 1

c[0] = 0; // partial & over partial Z(1) is 1

/1 the |l ower boundary condition which is the rating

/1l curve at the | ower boundary or the stage tine series at
/1 the | ower boundary

FN = stage[ nunSections-1][1] - get DownStage();

/1 downstream st age

Resi due[ 2 * nunBSections-1] = - FN;

a[ 2*nuntections-2] = 0; // partial FN partial QN

d[ 2*nunBections-1] = 1; // partial FNpartial Z(N)

[ <----- end set boundary. ..

[o----- > solve the linear system of equations

/1 solution of the correction terns

/1 using nunerical solution for a banded |inear system
for (i=1; i<=2*nunBections-2; i++)

xmult = a[i-1]/d[i-1];

dli] =d[i] - xmult * c[i-1];
cli]=c[i]-xmult*f[i-1];

Resi due[ i ] =Resi due[i]-xmul t *Resi due[i-1];

xmul t=e[i-21]/d[i-1];

ali]=ali]-xmult*c[i-1];

dli+1]=d[i +1] -xmul t*f[i-1];

Resi due[ i +1] =Resi due[i +1] - xmul t *Resi due[i - 1] ;
} /1 end for

xmul t =a[ 2* nunBSect i ons- 2]/ d[ 2* nunSect i ons- 2] ;
d[ 2* nunBect i ons- 1] =d[ 2* nunSecti ons-1] -
xmul t *c[ 2* nunSect i ons- 2] ;
dzd{ 2* nunSecti ons- 1] =( Resi due[ 2* nunSect i ons- 1]
-xmul t *Resi due[ 2* nunmSect i ons-2])/d[ 2* nunSect i ons- 1] ;
dZd{ 2* nunSect i ons- 2] =( Resi due[ 2* nunfSect i ons- 2] -
c[ 2*nunect i ons- 2]
*dzZdQ 2* nunSecti ons- 1] )/ d[ 2*nunSecti ons- 2] ;

for (i=2*nunSections-3; i>=0; i--)
dZdQi]=(Residue[i]-f[i]*dzdQ i +2] -
c[i]l*dzdQi+1])/d[i];
/1 see pp.253 "Nunerical Mathematics and Conputing”
/1 by Cheney & Kincaid
[ <----- end sol ve. ..

I o----- > correction procedure
nor ndZ=0. 0;
nor ndQ=0. 0;

for (i = 0; i <= nunBections-1; i++)

{
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dqii] = dzdd 2*i];
di scharge[i][1] += dqQi];
normdQ += dQi] * dQi];

dZ[i] = dzdq 2*i +1];
stage[i][1] += dZ[i];
nornmdzZ += dZ[i] * dZ[i];

} /1 for loop

[ <----- end correction procedure

/'l set convergence index
normdZ = sqrt(norndz);
normdQ = sqrt (nornmdQ) ;

}
[l <----- end of while | oop, the conputation of hydraulics for
/1l one time step is finished

if (k >= kmax)

return -1;
el se
return O,
}
/] <----- end of function conputeHydraulics

A.5. Computation Of Sediment Transport Potential

/1 file riverd.cpp
/1 inplenmentation of class river

# include "hyd. h"

void river::conputeSedPot (doubl e d50, doubl e roughmax, doubl e roughm n,
doubl e Hmax, doubl e Hm n)
{

/1l conmpute the total sedinent transport potential, given the hydraulic
/1l conditions: velocity, energy slope, particle size, and sheer
/'l velocity

int i;
doubl e ws, VcrOverWs, subtraction, Clog, v, sf, ustar, roughness;

i f (d50<0. le-3)

{
ws=(2.65-1.0)*g*d50*d50/ (18*nu) ;

}
if (d50>=1e-3)
{

}

el se

{

ws=1. 1*sqrt ((2. 65- 1. 0) *g*d50);

ws=10*nu/ d50* (sqrt (1. 0+0. 01*( 2. 65-
1.0)*g*d50*d50*d50/ (nu*nu))-1.0);
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}
/1 fall velocity according to Van Rijn's Sediment Transport,
/1 Part 11: Suspended Load Transport, Journal of Hydraulic

/1 Engi neering, Vol.110, No. 11, pp.1613-1641

for (i=0; i<=nunBections-1; i++)

{

v=fabs(di scharge[i][1]/A[i][1]);

/1 to make sure no supercritical flow occurs

if (v/(sqgrt(g*Ali][1]/B[i][1]))>=1.0 &&

di scharge[i][ 1] <100. 0)

{
v=1.0;

}

if (D[i][0] > Hmn)
roughness = roughm n;

else if (D[i][0] < Hmax)
roughness = roughnax;

el se

{
doubl e a, b, roughness;

a = (roughmax-roughm n)/ ( HMmax- Hm n) ;
b = roughmax - a*Hmax;
roughness = a*D[i ][ 0] +b;

}

sf = roughness * roughness * v * v * pow(Ri][1], -4/3);

ustar=sqrt (g*R[i][1] *sf);

i f (ustar*d50/ nu>=70)

Vcr Over W=2. 05;

el se
Ver Over W=2. 5/ (1 og1l0(ust ar *d50/ nu) - 0. 06) +0. 66;

if ((v*sf/ws-VcrOverW*sf)>0.0)
subtracti on=v*sf/ws-Vcr Over W* st ;

el se
subtraction=v*sf/ws;

Cl 0g=5. 435-0. 286*1 0g10(ws*d50/ nu) - 0. 457*| oglO(ustar/ ws) +
(1.799-0.409*1 0g10(ws*d50/ nu) - 0. 314*| oglO(ustar/ ws))*
| 0g10(subtraction);

sol ution[i]=pow 10, C og);

/'l equilibriumsuspended sedi nent concentration in ppm

solution[i]=1/(1/2650+(1e6/solution[i]-1)*1e-3);

/'l convert back to international unit kg/ m3

}

/1 end for
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A.6. Computation Of Actual Sediment Transport

/1 file river5.cpp
/1 inplementation of class river

# include "hyd. h"

void river::conputeSedAct (doubl e roughmax, doubl e roughm n,
doubl e Hmax, double Hmi n, doubl e d50,
doubl e Es, doubl e kSedDep, doubl e kSedEnt)

[o----- > assign values for the coef matrix el enents

/1 in the expression Ax=b, Ais the coef matrix (tridiagonal),
/1l X is the concentration vector to be solved, and b is the
/1 RHS of the eq.

/1l Description of the tridiagonal matrix A
/1 beta0 gama0
/1 alfa0 betal ganal
/1 alfal beta2 gam2
/1 alfa2 beta3 gam3
/1 .. ..
/1 .. .. ..
/1 alfa beta gam
/1 alfa beta
int i;
doubl e // shear velocity, kinematic viscosity,
/1l velocity(Q A), dispersion coef, particle size,
/1 sedi ment deposition/entrai nment constant
ksed, ws, gl, sl,

/1 tridiagonal elenments in solving the advection-diffusion
/1 eq
al fa[ maxNunSect], beta[ maxNunSect], gama[ maxNunSect],

/1 RHS of the ad-df difference eq, source/sink term
/1 delta x,

del t a[ maxNunSect], product, dx, q, K1, ustar, sf, al, a2,
roughness;
doubl e const pi =3.14159265;

beta[ 0] =1. 0; gama[ 0] =0. 0; del ta[ 0] =get UpSusp();

i f (d50<0. 1e-3)

{
ws=( 2. 65- 1. 0) *g*d50* d50/ ( 18*nu) ;

}
if (d50>=le-3)
{

}

el se

{

ws=1.1*sqrt((2.65-1.0)*g*d50);
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ws=10*nu/ d50* (sqrt (1. 0+0. 01*( 2. 65-
1. 0) *g*d50*d50*d50/ (nu*nu))-1.0);

for (i=1; i<=nunBections-2; i++)

dx=(sectionDi stance[i-1] +sectionDi stance[i])/?2;
alfa[i-1]=-discharge[i][1]/(2*dx)-Ali][1]*Es/ (dx*dx);
beta[i]=Ali][1]/tinmelnterval +2*Ali][ 1] *Es/ (dx*dx);
gama[i]=di scharge[i][1]/(2*dx)-A[i][1]*Es/ (dx*dx);
/1 kSed=kSedDep* (ws*dx/q) and kSed=kSedEnt *(qg/ (dx*ws))
i f (suspLoadAct[i][ 1] >suspLoadPot[i][1])
ksed=kSedDep*(B[i][1] *dx*ws)/di scharge[i][1];
el se
ksed=kSedEnt *di scharge[i][1]/(B[i][ 1] *dx*ws);

gl =get Q ateral (i);

sl =get Csl ateral (i);

product =- ksed* (suspLoadAct[i][0] -suspLoadPot[i][1])+
2*ql *sl/ (A[T-1][2]1+A[i]1[1]);

/I product=0.0; // in case of no source/sink effects

delta[i]=A[i][1] *suspLoadAct[i][O]/tinelnterval +
Ali][1]*product;

al fa[ nunSecti ons- 2] =-di scharge[ nunSecti ons-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSecti ons- 1] [ 1] *Es/
(sectionDi st ance[ nunSecti ons- 2] *
sectionDi st ance[ nunSecti ons-2]) -
(di scharge[ nunSections-1][1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSections-1][ 1] *Es/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]));
bet a[ nunSect i ons- 1] =A[ nunSecti ons-1][1]/ti mel nterval +
2* Al nunSecti ons-1] [ 1] *Es/
(sectionDi st ance[ nunSecti ons-2] *
sectionDi st ance[ nunSecti ons-2]) +
2*(di scharge[ nunSections-1][1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSections-1][ 1] *Es/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]));
/1 kSed=kSedDep* (ws*dx/q) and kSed=kSedEnt*(q/ (dx*ws))
i f (suspLoadAct[ nunSecti ons-1][ 0] >suspLoadPot [ nunSecti ons-1][1])
ksed=kSedDep* ( B[ nunSecti ons- 1] [ 1] *dx*ws)/
di scharge[ nunSections-1][1];
el se
ksed=kSedEnt *di schar ge[ nunSecti ons-1][1]/
(B[ nunBections-1][ 1] *dx*ws) ;

gl =get Q at er al (nunSecti ons-1);
sl =get Csl at eral (nunSecti ons-1);
product =- ksed*
(suspLoadAct [ nunSecti ons- 1] [ 0] - suspLoadPot [ hunSect i ons-



11[1]) +2*ql *sl / (Al nunBecti ons- 2] [ 1] +A[ nunSecti ons-1][1]);

/I product=0.0; // in case of no source/sink effects

del t a[ nunSect i ons- 1] =A[ nunfSecti ons-1][ 1] *
suspLoadAct [ nunSecti ons-1][0]/tinmelnterval +
Al nunSecti ons- 1] [ 1] *pr oduct ;

[l <----- end assign..
solve(al fa, beta, gama, delta);

suspLoadAct Conl[ 0] =get UpSusp() ;
suspLoadAct Con2[ 0] =get UpSusp() ;

for (i=0; i<nunBSections; i++)

{
if (i>0)

if (D[i][0] > Hmn)
roughness = roughm n;

else if (D[i][0] < Hmax)
roughness = roughmax;

el se
{
doubl e a, b, roughness;
a = (roughmax-roughm n)/ ( HMmax- Hm n) ;
b = roughmax - a*Hmax;
roughness = a*D[i][ 0] +b;
}

dx=secti onbDi stance[i-1];
g=di scharge[i][1]/B[i][1];
ustar=sqrt (g*R[i][ 1] *sf);

sf = roughness * roughness * discharge[i][1]

discharge[i][1] * pow(R[i][1], -4/3)/

(ALTTTII*ALT][1]);
K1=6*ws/ (0. 4*ust ar) ;

i f (suspLoadPot[i][ 1] <suspLoadAct[i][1])

{
al=le-9; //1+K1l/2.0;
a2=1e-9; //0.25;

}

el se

{
al=le-9; //pi*pi/KL+K1/ 4. 0;
a2=le-9; //1.0;

}

suspLoadAct Conl[i] =suspLoadPot[i][ 1]+
exp(-al*ws*dx/q)*

(suspLoadAct Conl[i - 1] - suspLoadPot[i][1]);

suspLoadAct Con2[i ] =suspLoadPot [i][ 1]+
exp(-a2*ws*dx/ q) *

(suspLoadAct Con2[i - 1] - suspLoadPot [i-1][1]) +

g/ (a2*ws*dx) *(1- exp(-a2*ws*dx/q))*

(suspLoadPot [i-1][1]-suspLoadPot[i][1]);
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Yoif

suspLoadAct[i][1] =(solution[i]>0? solution[i]:0);
}
/1 for |loop

A.7. Solution To Linear System Of Equations With Tri-diagonal Coefficient Matrix

/1 file river6.cpp
/1 inplenmentation of class river

# include "hyd. h"

void river::solve(doubl e al fa[ maxNunSect], double beta[ maxNunSect],
doubl e gama[ maxNunSect], doubl e delta][ maxNunSect])

{
int i;
doubl e xmul t;
[ o----- > solve the tridiagonal eq. system
for (i=1; i<=nunBections-1; i++)
{
xmul t=al fa[i-1]/beta[i-1];
beta[i]=betai]-xnult*gama[i-1];
delta[i]=delta[i]-xmult*deltali-1];
}
sol uti on[ nunSecti ons- 1] =del t a[ nunSecti ons- 1]/
bet a[ nunSect i ons- 1] ;
for (i=numSections-2; i>=0; i--)
{
solution[i]=(delta[i]-
gama[i]*solution[i+1])/betali];
}
[ <----- end sol ve. .
}

/1 end function solve

A.8. Computation Of Morphological Changes

/'l file river7.cpp

/1 inplenentation of class river (continued)

# include "hyd. h"

int river::conputeProfil e(doubl e |anda)

{
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int i, j, n, nunOf Forks, head[40], tail[40];
int cslStart, cslEnd;

doubl e dAb, widthBed, dh, Qs11, Qs12, @21, 22, std=0.0;

/'l two consecutive cross-section profiles used in the computation
double left[40], right[40], left0[40], right0O[40]; //, sigmaH,
/1h[150], dh[150], dy[150];

for (i=1; i<nunBSections; i++)

{

/'l get stations and el evati ons of each x-section

/'l pointslnCsl = nunttnsl nEachSection[i];

cslStart = nunPrevStations[i];

cs1End = nunPrevStations[i]+nunStnslnEachSection[i]-1;

/1 for (n=0; n<=nunttnslnEachSection[i]-1; n++)
114
/1 cs1[n][0]
/1 csi[n][1]
11}

csprofil e0[n+cslStart][0];
csprofileO[n+cslStart][1];

// initialize the water surface indicators
for (j=0; j<40; j++)

{
left[j]=0.0;
right[j]=0.0;
leftO[j]=0.0;
rightO[j]=0.0;
head[j]=-1;
tail[j]=-1;

}
nuntf For ks=0;

/'l compute area of deposition or entrainnent
s1l=suspLoadAct[i][0] *discharge[i][0]/2650;
s12=suspLoadAct[i][1] *di scharge[i][1]/2650;
s21=suspLoadAct[i-1][0] *di scharge[i-1][0]/2650;
Qs22=suspLoadAct[i-1][1] *di scharge[i-1][1]/2650;

dAb=tinmelnterval *(®1l1+x12- B21- x22)/
(sectionDi stance[i-1] +secti onDi stance[i])/
(lamda-1.0);

/1 adjustment of x-section profile
/1 find the | ocations of water surfaces given stage
for (n=cslStart+1; n<=cslEnd-1; n++)

/1h[n-cslStart-1]=stage[i][1l]-csprofileO[n][1];

if (csprofileO[n][1] >=stage[i][1l] &&
csprofileO[n+1][1] <stage[i][1])

{

nunOf For ks+=1;
| ef t [ numOf For ks- 1] =csprofil eO[ n+2] [ 0] ;
| ef t O[ numOf For ks- 1] =csprofil eO[ n+1][ 0] ;
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head[ nunf For ks- 1] =n+1;

}
if (csprofileO[n][1]<stage[i][1l] &&
csprofileO[n+1l][1] >=stage[i][1])

{
ri ght [ numof For ks- 1] =csprofil eO[n-1][0];
ri ght O[ nunf For ks-1] =csprofil e0O[n][0];
tail [ nunmOf For ks- 1] =n;
}
}
/1 determ ne width on which deposition or entrainment is
/1 applied
wi dt hBed=0. 0;
j =0;
whi l e (j <nun®X For ks)
{
if (right[j]>left[j])
wi dt hBed+=(right[j]-left[j])+
(left[j]-1leftO[j])/2.0+
(rightO[j]-right[j])/2.0;
j
}

/1 determ ne height of deposition or entrainnent
i f (fabs(w dt hBed) <=le-4)

dh=0. 0;
el se

dh=dAb/ wi dt hBed,;

/1 adjustment of elevation of points under water
for (j=0; j<nunOfForks; j++)

{
for (n=cslStart; n<=cslEnd; n++)
{
if (csprofileO[n][0]>=left[]] &&
csprofileO[n][O]l<=right[j] )
csprofilel[n][1] =csprofileO[n][1]+dh;
}
}
if (fabs(std)<fabs(dh))
st d=dh;
}
/1 end for

i f (fabs(std)>0.20)
return -1;

el se
return O;
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/1 end of function

A.9. Functions That Provide | nter mediate Results

/1 file river8.cpp

11

i mpl ementation of class river (continued)

#i ncl ude "hyd. h"

doubl e river:: get UpFl ow( voi d)

{

doubl e upFl ow,

whil e (upstreanfFl owf i ndicatorl1][0] <time)
i ndi cat or 1++;

upFl ow=(ti me- upstreantl owindi cator1-1][0])/
(upstreanfFl ow i ndi cator1][ 0] -
upstreantl owindicator1-1][0])*
(upstreanfFl ow i ndicator1][1]-
upstreantl owindicator1-1][1])+
upstreantl ow i ndi cator1-1][1];

return upFl ow,

doubl e river:: get DownSt age(voi d)

{

doubl e downSt age;
int i;

if (ratingCurve==1)
{
for (i=0; downstreanttage[i][0]<discharge[nunSections-1][0]
&& i <= nuntbsSt age-1;i ++);

downSt age=downstreantt age[i-1][1] +
(di scharge[ nunSections-1][1] -
downst reantSt age[i-1][0])*
(downstreantt age[i][1] -downstreantStage[i-1][1])/
(downstreantSt age[i ][ 0] -downstreantStage[i-1][0]);

el se

whi | e (downstreanttage[i ndi cator2][0]<tine)
i ndi cat or 2++

downSt age=(ti me- downstreantSt age[i ndi cator2-1][0])/
(downst r eantSt age[ i ndi cat or 2] [ 0] -
downst reantst age[i ndi cator2-1][0]) *
(downstreanttage[i ndicator2][1]-
downst reansSt age[i ndi cator2-1][1]) +
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downst reantSt age[ i ndi cator2-1][1];

}
return downSt age;
}
doubl e river::getUpSusp(voi d)
{
doubl e upSusp;
whil e (upSuspCon[indicator3][0]<tine)
i ndi cat or 3++
upSusp=(ti me-upSuspCon[indicator3-1][0])/
(upSuspCon[i ndi cator 3] [ 0] -upSuspCon[i ndicator3-1][0])*
(upSuspConl[i ndi cator 3] [ 1] -upSuspCon[i ndi cator3-1][1]) +
upSuspCon[i ndi cator3-1][1];
return upSusp
}
doubl e river: : get UpPhos(voi d)
{
doubl e upPhosCon;
whi | e (upPhos[i ndicator4][0] <tine)
i ndi cat or 4++
upPhosCon=(ti me-upPhos[i ndicator4-1][0])/
(upPhos[indi cator4][ 0] -upPhos[indicator4-1][0])*
(upPhos[ i ndicator4][1] -upPhos[indicator4-1][1])+
upPhos[indi cator4-1][1];
return upPhosCon;
}
doubl e river::getUpNitr(void)
{
doubl e upNitrCon;
while (upNitr[indicator6][0]<tine)
i ndi cat or 6++
upNi trCon=(tinme-upNitr[indicator6-1][0])/
(upNitr[indicator6][O]-upNitr[indicator6-1][0])*
(upNitr[indicator6][1]-upNitr[indicator6-1][1])+
upNi tr[indicator6-1][1];
return upNitrCon;
}

doubl e river:: get Ub)Ammo(voi d)

{
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return 0. 3;

}
doubl e river::get UpoOxygen(voi d)
{
doubl e upOxygen;
while (upOxy[indicator7][0]<tinme)
i ndi cator 7++
upOxygen=(ti me-upOxy[indicator7-1][0])/
(upOxy[indicator7][0] -upOxy[indicator7-1][0])*
(upOxy[indicator7][1] -upOxy[indicator7-1][1])+
upOxy[indicator7-1][1];
return upOxygen;
}
doubl e river::getTenmp(void)
{
doubl e Tenperat ure;
while (Tenp[indicator8][0]<tine)
i ndi cat or 8++
Tenperature=(time-Tenp[indi cator8-1][0])/
(Tenp[indicator8][0]-Tenp[indicator8-1][0])*
(Tenp[indicator8][1]-Tenp[indicator8-1][1])+
Tenp[i ndi cator8-1][1];
return Tenperat ure;
}

doubl e river::getCpeq(double Css, double CO, double kf, double pf)
{

doubl e x0=1e-30, x1=10.0, fO, f1, x, f=1.0;

f 0=Css*kf *pow( x0, pf)-(CO-x0);

f 1=Css*kf *pow( x1, pf)-(CO-x1);

i nt n=0;

while ((fabs(f)>=le-5) && (n<100))

x=(x0+x1)/ 2;
f =Css*kf *pow( x, pf)-(CO-x);

n++;
if (f*f1<0)
{
x0=x
f O=f
}
el se
{
X1=x;
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return Xx;

doubl e river::getCameq(doubl e Css, double CO, double kf, double pf)

{
doubl e x0=1e-30, x1=2.0, fO0, f1, x, f=1.0;
f 0=Css* kf * pow( x0, pf)-(CO-x0);
f 1=Css*kf *pow( x1, pf)-(CO-x1);
i nt n=0;

while ((fabs(f)>=le-5) && (n<100))

x=(x0+x1)/ 2;
f =Css*kf *pow( x, pf)-(CO-x);

n++;
if (f*f1<0)
{
x0=x
fo=f
}
el se
{
X1=x;
f1=f
}
}
return x;

doubl e river::getQ ateral (int iOf Section)

{
doubl e ¢l ;
while (Qateral[indicator9][0] <tine)
i ndi cat or 9++
gl=(time-Q ateral [indicator9-1][0])/
(Qateral[indicator9][0]-Q ateral [indicator9-1][0])*
(Qateral[indicator9][i Of Secti on] -
Q ateral[indicator9-1][i OFf Section])+
Qateral[indicator9-1][i O Section];
return ql;
}

doubl e river::getCslateral (int iCOf Section)

{



doubl e sl

while (Cslateral [indicator10][O0]<tinmne)
i ndi cat or 10++;

sl=(time-Cslateral [indicator10-1][0])/
(Cslateral [indicatorl10][0]-Cslateral [indicator10-1][0])*
(Cslateral [indicator10][i Of Secti on] -
Cslateral [indicator10-1][i O Section]) +
Cslateral [indicatorl10-1][i Of Section];

return sl;

doubl e river::getPO4l ateral (int i Cf Section)

{

doubl e pl;

while (POl ateral [indicatorl11][0]<tinme)
i ndi cat or 11++;

pl =(time-PMl ateral [indicator11-1][0])/
(PAl ateral [indicator11][0]-POXl ateral [indicator11-1][0])*
(Pl ateral [indicatorl1ll][i O Section] -
PO4l ateral [indicatorll-1][i Of Section])+
PO4l ateral [indicatorl1l-1][i Of Secti on];

return pl;

A.10. Functions That Compute Coefficient Matrices Of Different Water
Constituents

/1 file river9.cpp

11

i rpl ement ati on of class river

# include "hyd. h"

voi d river::conmput ePhos(doubl e Ep, doubl e kPhos, double | anda,

{

doubl e Cpint, double kf, double pf)

Io----- > assign values for the coef matrix el enents

/1 in the expression Ax=b, Ais the coef matrix (tridiagonal),
/1 x is the concentration vector to be solved, and b is the
/'l RHS of the eq.

/1 Description of the tridiagonal matrix A
/1 beta0 gama0

/1 alfa0 betal ganal

/1 alfal beta2 gama2

/1 alfa2 beta3 gam3

/1 .. .

225
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/1 .. .. ..

/1 alfa beta gam
!/ alfa beta
int i;

doubl e

/1 tridiagonal elenments in solving the advection-diffusion eq
al fa[ maxNunSect], beta[ maxNunSect], gama[ maxNunSect],

/1 RHS of the ad-df difference eq, source/sink term delta X,

/1 concentration of phosphate adsorbed on particle surfaces (this
/1 is a function of the concentration of SS

del t a[ maxNunSect], product, dx, Cpeq[mxNunmSect],

11, 12, @21, @22, gl, pl; //conPhoslnSsS;

bet a[ 0] =1. 0; ganmm[ 0] =0. 0; del t a[ 0] =get UpPhos() ;
Cpeq[ 0] =get Cpeq(suspLoadAct[0][1], phos[O][O0], kf, pf);

for (i=1; i<=nunBections-2; i++)

{
dx=(sectionbDi stance[i-1] +sectionbi stance[i])/2;
al fa[i-1] =-discharge[i][1]/(2*dx)-Ali][1] *Ep/ (dx*dx);
beta[i]=A[i][1]/timelnterval +2*A[i][ 1] *Ep/ (dx*dx);
gama[i]=discharge[i][1]/(2*dx)-A[i][1]*Ep/ (dx*dx);

sl1l=susplLoadAct[i][0] *discharge[i][0]/2650;
s12=suspLoadAct[i][1] *discharge[i][1]/2650;
s21l=suspLoadAct[i-1][0] *di scharge[i-1][0]/2650;
s22=suspLoadAct[i-1][1] *di scharge[i-1][1]/2650;

Cpeq[i]=get Cpeq(suspLoadAct[i][1l], phos[i][0], kf, pf);

gl =getQ ateral (i);
pl =get P04l ateral (i) ;
if (B11+E12- x21- @22 <= 0)
product = - kPhos*(phos[i][0]-Cpeq[i])+
(-(>d1l1+@x12- @21-E22)) *Cpi nt *2*| anda/
((1-lamda) *(A[i-1][1]+A[i][1])*sectionDi stance[i-1])+
2xql*pl /(AT -1][1] +A[T][1]);
el se
product =- kPhos* ( phos[i][ 0] - Cpeq[i]) +
25ql*pl/ (ALT-1][1]+A[T][1]);

[/l product=0.0; // in case of no source/sink effect
delta[i]=Ali][1] *phos[i][O]/timelnterval +
Ali][1]*product;

al f a[ nunBect i ons- 2] =-di scharge[ nunSecti ons-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSections-1][ 1] *Ep/
(sectionDi st ance[ nunSecti ons-2] *
sectionDi st ance[ nunSections-2]) -
(di scharge[ nunSections-1][1]/
(2*sectionDi st ance[ nunSecti ons-2]) -
Al nunSect i ons- 1] [ 1] *Ep/
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(sectionDi st ance[ nunSecti ons- 2] *
sectionDi st ance[ nunSecti ons-2]));
bet a[ nunSect i ons- 1] =A[ nunSecti ons-1][1]/ti nel nterval +
2* Al nunfSecti ons-1] [ 1] *Ep/
(sectionDi st ance[ nunSecti ons- 2] *
secti onDi st ance[ nunSecti ons-2]) +
2*(di scharge[ nunSections-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSect i ons- 1] [ 1] * Ep/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]));

s ll=suspLoadAct [ nuntSecti ons-1][ 0] *

di schar ge[ nunSecti ons- 1] [ 0] / 2650;
(s12=susplLoadAct[ nunSections-1][ 1] *

di scharge[ nunBecti ons-1][ 1]/ 2650;
s2l1l=susplLoadAct[ nunSections-1-1][0] *

di scharge[ nunecti ons-1-1][0]/2650;
s22=suspLoadAct [ nunSecti ons-1-1][ 1] *

di scharge[ nunSecti ons-1-1][1]/2650;

Cpeq[ nunSect i ons- 1] =get Cpeq( suspLoadAct [ nunSecti ons-1][ 1],
phos[ nunSecti ons-1][0], kf, pf);

gl =get Q at er al (nunSecti ons-1);
pl =get PO4l at er al (nunSecti ons-1);
if (G11+Ex12- x21- @22 <= 0)
product = - kPhos* ( phos[ nunSecti ons-1][ 0] -
Cpeq[ nunSecti ons-1]) +
(-(>B1l1+B12- B21- @22))*Cpi nt *2*| anda/
((1-1amda) * (Al nunSecti ons-2][ 1] +A[ hunBections-1][1])*
secti onDi st ance[ nunSections-2]);
el se
product =- kPhos* ( phos[ nunSecti ons-1][ 0] -
Cpeq[ nunSecti ons-1]) +2*ql *pl / (Al nunSecti ons-
2] [ 1] +A[ nunBecti ons-1]1[1]);
[/l product=0.0; // in case of no source/sink effect
del t a[ nunSect i ons- 1] =A[ nunmSecti ons-1][ 1] *
phos[ nunSecti ons-1][0]/ti nel nterval +
Al nunSections-1][ 1] *product;

[ <----- end assign..

sol ve(al fa, beta, gama, delta);

for (i=0; i<nunBSections; i++)
phos[i][1]=(solution[i]>=0.0? solution[i]:0.0);

void river::computeNitr(double En, double kDeN, double kNitr,
doubl e Wn, double Mam
{
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int i;

doubl e

/1 tridiagonal elenments in solving the advection-diffusion eq
al f a[ maxNunSect], beta[ maxNunSect], gama[ maxNumSect],

/1 RHS of the ad-df difference eq, source/sink term delta x,

/1l concentration of phosphate adsorbed on particle surfaces (this
/1 is a function of the concentration of SS

del t a[ maxNunSect], product, dx, o02;

beta[ 0] =1. 0; gama[ 0] =0.0; delta[0] =getUpNitr();

for (i=1; i<=nunSections-2; i++)

{
dx=(sectionDi stance[i-1] +sectionDi stance[i])/?2;
alfa[i-1]=-discharge[i][1]/(2*dx)-Ali][1]*En/ (dx*dx);
beta[i]=Ali][1]/tinmelnterval +2*Ali][ 1] *En/ (dx*dx);
gama[i]=di scharge[i][1]/(2*dx)-Ali][ 1] *En/ (dx*dx);

o2=oxygen[i][0];
product =-kDeN *nitr[i][ 0] +o2/ (Mh+02) *kNi tr*
amm[i][0]/(amm[i][0] +Mam) ;

product=0.0; // in case of no source/sink effects
delta[i]=Ali][21]*nitr[i][0]/timelnterval +
A[i][1]*product;

al fa[ nunSect i ons- 2] =-di scharge[ nunSecti ons-1][ 1]/
(2*sectionDi st ance[ nunSecti ons-2]) -
Al nunSecti ons-1][ 1] *En/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSections-2]) -
(di scharge[ nunSections-1][1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSecti ons- 1] [ 1] *En/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]));
bet a[ nunfecti ons- 1] =A[ nunSecti ons-1][1]/ti nelnterval +
2* Al nunSect i ons- 1] [ 1] *En/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]) +
2*(di scharge[ nunSections-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSecti ons- 1] [ 1] *En/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]));

o2=oxygen[ nunmSect i ons- 1] [ 0] ;

product =-kDeNi *ni tr[ nunmSecti ons-1][ 0] +
02/ (Mh+02) *kNi t r *amm[ nunSecti ons- 1] [ 0]/
(amm[ nunBecti ons-1] [ 0] +Mam ;

product=0.0; // in case of no source/sink effects
del t a[ nunSect i ons- 1] =A[ nunfSecti ons-1][ 1] *
nitr[nunSections-1][0]/timelnterval +
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Al nunSect i ons- 1] [ 1] *pr oduct ;

[ <----- end assign..

solve(al fa, beta, gama, delta);

for (i=0; i<nunBSections; i++)
nitr[i][1]=(solution[i]>=0.0? solution[i]:0.0);

voi d river::conput eAnmmo(doubl e Eammo, double kNitr, double kAmAd,
doubl e kanf, doubl e panf, double
th

{

doubl e Mam)

int i;

doubl e

// tridiagonal elenents in solving the advection-diffusion eq
al f a[ mxNunSect], beta[ maxNunSect], gama[ maxNunSect],

/1 RHS of the ad-df difference eq, source/sink term delta x,

/1l concentration of phosphate adsorbed on particle surfaces (this
/1 is a function of the concentration of SS

del t a[ maxNunSect], product, dx, Caneq, 02;

bet a[ 0] =1. 0; gama[ 0] =0. 0; del t a[ 0] =get UpAmmo() ;

for (i=1; i<=nunBections-2; i++)

{
dx=(sectionDi stance[i-1] +sectionDi stance[i])/?2;
alfa[i-1]=-discharge[i][1]/(2*dx)-Ali][1] *Eamo/ (dx*dx) ;
betal[i]=Ali][1]/tinmelnterval +2*A[i][ 1] * Eammo/ (dx*dx) ;
gama[i] =di scharge[i][1]/(2*dx)-Ali][ 1] *Eammo/ (dx*dx);

Canmeqg=get Caneq(suspLoadAct[i][1], ammo[i][0], kanf, panf);

o02=oxygen[i][0];
product =- 02* (Mh+02) *kNitr*amm[i ][ 0]// [/ (amo[i][ 0] +Mam
- KAmAd* (anmmo[ i ] [ 0] - Caneq) ;

product=0.0; // in case of no source/sink effects
delta[i]=Ali][1]*amm[i][0]/timelnterval +
Ali][1]*product;

al fa[ nunSecti ons- 2] =-di scharge[ nunSecti ons-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSect i ons- 1] [ 1] * Eamrmo/
(sectionDi stance[ nunSecti ons-2] *
sectionDi stance[ nunSections-2]) -
(di scharge[ nunSections-1][1]/
(2*sectionDi st ance[ nunSecti ons-2]) -
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Al nuntSecti ons- 1] [ 1] * Eanmo/
(sectionDi st ance[ nunSecti ons-2] *
sectionDi st ance[ nunSecti ons-2]));
bet a[ nunBecti ons- 1] =A[ nunSecti ons-1][1]/ti nelnterval +
2* Al nunSect i ons- 1] [ 1] * Earmo/
(sectionDi stance[ nunSecti ons-2]*
sectionDi st ance[ nunSections-2]) +
2*(di scharge[ nunSections-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nuntSect i ons- 1] [ 1] * Eanmo/
(sectionDi st ance[ nunSecti ons-2] *
sectionDi st ance[ nunSecti ons-2]));

Canmeqg=get Caneq( suspLoadAct [ nunSections-1][1], ammo[i][0],
kanf, panf);

o2=oxygen[ nunBecti ons-1][ 0] ;

product =- 02/ (M+02) *kNi t r *anmm[ nunSecti ons-1][0]// [/
/I (anmo[ nunSecti ons- 1] [ 0] +Mam)
- KAMAd* (anmmo[ nunBSect i ons- 1] [ 0] - Caneq) ;

product=0.0; // in case of no source/sink effects
del t a[ nunSect i ons- 1] =A[ nunmSecti ons-1][ 1] *

ammo[ nunSections-1][0]/ti nel nterval +

Al nunSecti ons-1][ 1] *pr oduct;

[ <----- end assign..

sol ve(al fa, beta, gama, delta);

for (i=0; i<nunBSections; i++)
ammo[i][1] =(solution[i]>=0.0? solution[i]:0.0);

void river::conmput eOxy(doubl e Eoxy, doubl e rPhoto,
doubl e rResp, double rAlgal Gowth, double rAl gal Resp,
doubl e rSOD, doubl e al fa5, double betal)

int i;

doubl e

/1l tridiagonal elenments in solving the advection-diffusion eq
al fa[ maxNunSect], beta[ maxNunSect], gama[ maxNunSect],

/1 RHS of the ad-df difference eq, source/sink term delta X,

/1 concentration of phosphate adsorbed on particle surfaces (this
/1l is a function of the concentration of SS

del t a[ maxNunSect], product, dx, oxySat, T, u, kreQ

const doubl e al gae = 0. 005;

bet a[ 0] =1. 0; ganm[ 0] =0. 0; del t a[ 0] =get UpOxygen() ;

T=get Temp() ;
oxySat =14. 6*exp(- T*(0. 027767- 0. 00027* T+0. 000002* T*T) ) ;



for

{

(i=1; i<=nunBSections-2; i++)

dx=(sectionbi stance[i-1] +sectionbi stance[i])/?2;

al fa[i-1]=-discharge[i][1]/(2*dx)-Ali][ 1] *Eoxy/ (dx*dx);
betal[i]=Ali][1]/tinelnterval +2*A[i ][ 1] *Eoxy/ (dx*dx);
gama[i]=discharge[i][1]/(2*dx)-A[i][ 1] *Eoxy/ (dx*dx);

u=di scharge[i][O0]/A[i][0];

kreO=2. 6*pow(u, 0.273)/powm(R[i][0], 0.894)/86400;

/lin original form 1.923*pow...

/lin original form pow(u, 0.273), pow(R[i][0], 0.894)

product =kr eO* (oxySat - oxygen[i ][ 0] ) +(r Phot o*r Al gal G owt h-
r Resp*r Al gal Resp) *al gae-
rSOD/R[i][0]-
al fab*betal*amm[i][0];

/I product=0.0; // in case of no source/sink effects
delta[i]=Ali][1] *oxygen[i][O]/timelnterval +
A[i][1]*product;

al fa[ nunSecti ons- 2] =-di scharge[ nunSecti ons-1][ 1]/

(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSecti ons- 1] [ 1] * Eoxy/

(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSections-2]) -

(di scharge[ nunSections-1][1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSect i ons- 1] [ 1] * Eoxy/

(sectionDi st ance[ nunSecti ons- 2] *
secti onDi st ance[ nunSecti ons-2]));

bet a[ nunSecti ons- 1] =A[ nunSections-1][1]/timelnterval +

2* Al nunecti ons- 1] [ 1] * Eoxy/
(sectionDi st ance[ nunSecti ons-2] *
secti onDi st ance[ nunSecti ons-2]) +
2*(di scharge[ nunSections-1][ 1]/
(2*secti onDi st ance[ nunSecti ons-2]) -
Al nunSect i ons- 1] [ 1] * Eoxy/

(sectionDi st ance[ nunSecti ons- 2] *
secti onDi st ance[ nunSecti ons-2]));

product =kr eO* (oxySat - oxygen[ nunSecti ons-1][0]) +

(rPhot o*r Al gal Growt h-r Resp*r Al gal Resp) *al gae-
r SOD/ R[ nunSections-1][ 0] -
al f ab*bet al* anmm[ nunBecti ons-1][0];

/I product=0.0; // in case of no source/sink effects
del t a[ nunSect i ons- 1] =A[ nunfSecti ons-1][ 1] *

/1

oxygen[ nunfSections-1][0]/tinmel nterval +
Al nunSecti ons-1][ 1] *pr oduct;

----- end assign. ..

solve(al fa, beta, gama, delta);

for

(i =0; i<nunBections; i++)
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oxygen[i][1] =(solution[i]>=0.0? solution[i]:0.0);

A.11. Functions That Compute Hydraulic Variables Of A Cross-Section

/1 file x_sectn.cpp
/1 inplenentation of class x_section

# include "hyd. h"

X_section::x_section()

{
}
voi d x_section:: set Gauge(doubl e gauge)
{
| evel = gauge;
}

void x_section::setProfile(int n, double profile[150][2])
{
int i, j;
for(i=0; i<=1; i++)
for (j=0; j<=n-1; j++)
pri[jIli]=profile[j][i];
nuntt n=n;

voi d x_section::setfeature(void)

{
int i;
doubl e stnStart, stntEnd, P, A, B, R max, nin;
max=prf[ 0] [1];

m n=prf[0][1];
for (i=1; i<nunBStn; i++) [/ -1; i++)

{
if (prf[i][1]>mex)
max=prf[i][1];
if (prf[i][1]<mn)
mon=prf[i][1];
}

if (level >max)

{

/[l cout << "Stage |evel higher than |evee." << endl
I evel = max - 0.001;



(i+1)

(i+1)
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if (level <nin)

{

[l cout << "Stage |level |ower than thelwag." << endl;
level = mn + 0.05;

P=A=B=R=0. le- 10;

for (
{

i =0; i <nunBStn-1; i++ ) // for i=1:n-1

if ( ( prf[i]l[1] >= level ) &
( prf[i+1][1] <= level ) )
/'l surface |l evel |lower than point (i) but higher than

/1 point where water surface begins
stnStart = prf[i+1][0] + ( level - prf[i+1][1] )

* ( prf[i][0] - prf[i+1][0] )

[ oprf[i][1] - prf[i+1][1] );

o
1

P+ sgrt ( ( stnStart - prf[i+1][0] ) *
( stnStart - prf[i+1][0] ) +
( level - prf[i+1]]1] ) *
( level - prf[i+1]]1] ) );

>
I

A+ fabs ( ( level - prf[i+1][1] ) *
( prf[i+1][0] - stnStart ) [/ 2);
}

if ( ( prf[i][1] < level ) &
( prf[i+1][1] < level ) )
/1l surface | evel above both point (i) and (i+1)

sqrt ( ( prf[i][O] - prf[i+1][0O] ) *
prf[i][O0] - prf[i+1][0] ) +
pri[i][1] - prf[i+1][1] ) *
pre[i][1] - prf[i+1][1] ) );

—~ 4

>
I

A+ fabs ( ( level - ( prf[i][1] +
prf[i+1][1] ) / 2 ) *
( pri[i+1][0] - prf[i][O] ) );

} /1 end if

if ( ( prf[i]l[1] <= level ) &
( prf[i+1][1] >= level ) )
/'l surface | evel higher than point (i) but |ower than

stnEnd = prf[i+1][0] +
( level - prf[i+1]]1] ) *
( prf[i][0] - prf[i+1][O0] ) /
( pri[i][1] - prf[i+1][1] );



P=P

| evel -
| evel -

A=A+ fabs ( (
( stnkEnd -
B =B + stnEnd -

} /1 end if
} // end of for Ioop
R=A/ P

wi dt h
depth
wet Ar ea
wet Per i
hydR = R

o
noi>m
o>

} /1 end of function

doubl e x_section::get Wdth(void)
{

}

return w dth;

doubl e x_section:: get Dept h(voi d)
{

}

return depth;

doubl e x_section:: get Area(void)

{
}

return wet Area,;

doubl e x_section::getP(void)

{
}

return wetPeri;

doubl e x_section::get R(void)

{
}

return hydR

+ sqgrt ( ( stnEnd -
( stnEnd -
(
(

pri[i][0] )

pri[i][0] ) +
pri[i][1] ) *
prifi][1] ) );

pri[i][1] )

pri[i][0] ) / 2);
stnStart;

*

*
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A.12. Application File
/1l main.cpp

/1 application

# include "hyd. h"

int main()

{

doubl e roughmax, roughm n, Hmax, Hmin, //roughness,

theta, d50, Es, kSedDep, kSedEnt, | anda,
kPhos, Cpint, kf, pf, En, kDeN, kNitr,

kAmAd, kanf, panf, M1, Mam Eoxy, rPhoto,
rResp, rAlgal Gowh, rAlgalResp, rSOD, alfab,

bet al, J;
char datafil e[40];

river testRiver;

cout << "Please type in nane of datafile: ";
cin >> datafile;

cout << endl

testRiver.setInfo(datafile);

Es=50.0; //50.0; // 500.0 for a trial on June 30.
roughmax=0.030; // 0.020 for Weihe...; 0.030 for
roughm n=0.030; // 0.015 for Weihe...; 0.030 for

Hmax=3. 0; //depth when roughness=roughnmax
Hm n=4.5; //depth when roughness=roughnm n

/I roughness =0.020; //0.020 for Wihe; //0.030 for

kSedDep = 4.8128e-009;
//1.3e-9 for Weihe //4.8128e-009 for Cconee;
kSedEnt = 0.0028;

//11.8194e-006; //1.875e-6; //0.0028 for Cconee,

t het a=0. 65;
d50=6. 2745e- 004;

/16.2745e-004 for the Oconee ... //4.3585e-004 for

| anda=0.4; //0.5; //0.4 for COconee;

Ep=500. 0; //865.191; //1500.0; //
kPhos=8e-6; //8e-6 for Oconee; //5e-6;
Cpi nt =0. 005; //0.005 for Qconee;
kf=2.5e-3; //2.5e-3 for Oconee; //1.3e-3;
pf=0.05; //0.05 for Cconee; 0.02;

En=500. 0; //1000. 0;
kDeNi =0. 2e- 5;
kNi tr=1. 6e-5;

Eammb=1000. 0;
kAmAd=5e- 2;
kanf =8e- 6;
panf =0. 02;
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Vnh=4. 0,
ManrO0. 05;

Eoxy=10. 0;

r Phot o=1. 8;

r Resp=1.9;

r Al gal Growt h=2. 0/ 86400. 0;
r Al gal Resp=0. 25/ 86400. 0;

r SObD=3e-5; //0.8e-6; // variable according to Qual-Il mannual
// = 3e-5 with out consideration of sedi nent concentration
al fab=3. 5;

bet al=0. 6/ 86400. 0;

J = testRiver. conmput eMbdul e(roughmax, roughm n, Hmax, Hm n,
theta, Es, d50, kSedDep,
kSedEnt, | anda, Ep, kPhos, Cpint, kf, pf, En, kDeN,
kKNitr, M1, Eammo, kAmAd, kanf, panf, Mam Eoxy,
rPhot o, rResp, rAlgal Gowth, rAlgal Resp, rSOD, alfab,
bet al);

cout << " J = << J << endl;

return O;



